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Abstract

This thesis is based on extensive experimental woet a three year Ph.D. studentship
program sponsored by the AWE on laser induced lbi@ak spectroscopy (LIBS) for
elemental analysis in the water environment. Anaestive up-to-date literature review
has revealed widely different results on the depaod of some of the LIBS parameters
on both laser and target parameters. In this resggarametric measurements of the
laser-water interaction events were undertakenal@ate some quoted values and to
attempt to resolve discrepancies within the publishiesults. Analysis of dielectric
breakdown in water bulk by focussed laser beanshawn that the threshold laser pulse
energy for this was approximately 60% lower in tegter than in distilled water due to
impurity content of the former. However, the effe€analyte concentration was found to
be much less drastic, giving only a 10% reduction 2 orders of magnitude of
concentration increase of dissolved sodium. Pammeif cavitation bubbles, resulting
from the laser induced breakdown process in themlaalk, were measured using two
different techniques i.e. probe beam deflection@PBnd high speed imaging (HSI).
Values of bubble diameter before collapse (maximwmny the frequency of the
oscillation were found to be different, by 27% fiie diameter and by 22% for the
frequency, in the results obtained using the twitedint techniques. The values of the
parameters obtained in this study and those fomrle literature vary widely and do not
show any trend on their dependence with laser petezgy. It is concluded that large
uncertainty in the estimation or control of sampl@iume defined by the waist of the
laser beam focus render large errors on such nevasuats. The present work includes
parametric measurement of signal-to-noise ratidl$ér the detection of signals from
analytes dissolved in water for different varialeleperimental parameters. Optimum
values for achieving maximum S/N were obtained.abidition to the spectral and
temporal filtering for improving S/N, mechanicalltéring techniques were also
investigated. This has resulted in the improvenaér@/N by more than 25%. The thesis
concludes with remarks, based on the analysis ®fettperimental data, on work for
further improvement of sensitivity of the LIBS tettjue and its wider application as a

portable device foin sity, real time point monitoring of elemental contanmisain water.
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Chapter One
INTRODUCTION

“During the last few generations mankind has madesgtraordinary advance in the natural
sciences and their technical application, and hstalglished his control over nature in a way
never before imagined. (But) ... this subjugatiothefforces of nature, which is the
fulfilment of a longing that goes back thousandgeafrs, has not made them feel happier.”
Sigmund Freud

11 Spectroscopic Techniques in an Environmental @text

Laser induced breakdown spectroscopy (LIBS) is tam& emission spectroscopy
(AES) technique in which a focused laser pulsesedufor plasma generation. Rapid
heating of the target occurs within the focusedunw, for the duration of the laser
pulse. When irradiance exceeds dielectric breakditweshold of the target medium
molecular dissociation occurs, followed by excdatiand ionization of individual
atoms. For aqueous media, with laser pulse focusetie liquid bulk, dielectric
breakdown is characterized by cavitation and shagkw emission. Radiative
emissions from ionized and excited atoms gener@&eradle lines unique to the
emitting species. Emission lines are superimposedaocontinuum background
emission profile, typically referred to Bsemsstrahlungmission. For effective LIBS
elemental monitoring, discrete atomic emissiondingust be discriminated from the

intense continuum background.

Established analytical techniques and methodologietude atomic absorption
spectroscopy (AAS), mass spectroscopy (MS), x-tagréscence (XRF) and high
performance liquid chromatography (HPLC). The #&pilof these techniques to
achieve limits of detection (LoD) in the order @ris per billion (ppb) and lower is
well documented. The principal disadvantages ofséheechniques are their
requirement for elaborate sample preparation, fsogmt sample analysis times,
considerable expense, and difficulty in achievigtability due to the inherent bulk
of their equipment. These disadvantages are inrasintvith LIBS, which benefits
from having no requirement for elaborate sample paration, relatively

unsophisticated sample presentation, potentiah&ar real time anth situ sample



analysis and minimal target ablation. In additiba tIBS technique has the potential
for application in hostile (chemically, biologicaland radiologically) environments,
via the use of optical fibres for laser beam delivand signal collection. In the
interests of balance, it is important to emphastieenot insignificant cost of state-
of-the-art LIBS system. A disadvantage of LIBS is the potanfor significant
interference between unresolved emission lines fthentarget species, and other
species contained within the target substrate. f@sslts in difficulty in emission line
discrimination, and relatively poor data precisitm.addition, LIBS detection limits
are inferior (typically parts per million) compareid conventional laboratory
techniques, particularly when utilizing the liquibulk sample presentation

configuration.

AES equipment has four principal sectionshigh heat sourcei;. monochromator or
polychromator;iii. detection device(s)iv. control and display electronics. High
temperature is generated in several ways e.g. ivélc coupled plasma (ICP) torch,
low voltage direct current (d.c.) arc, high voltageernating current (a.c.) spark, and

oxyacetylene flame.
It is noted that qualitative sensitivities for flaratomic absorption spectroscopy (F-
AAS) and flame-atomic emission spectroscopy (F-AEShniques are dependent on

element type, as illustrated in Table 1.1.

Table 1.1: Qualitative Sensitivity of F-AAS and F-AS Techniques

F-AES Superior to F-AAS F-AES & F-AAS F-AES Inferior to F-AAS
Approximately Equal
Al, Ba, Ca, K, Na, Sr Cr, Cu, Mn, Sc, Ti As, Cd,,HRb, Sb, Se

!: adapted from Skoog & Leary: p.229

The data in Table 1.1 implies F-AES is typically mmosensitive technique for
elemental analysis of volatile species i.e. Graqup & Il metals. In contrast, F-AAS

technique is typically more sensitive for many itiadal D-block metals. These



include species of interest to the current reseaapinopos contamination of the

agueous environment by toxic heavy metals i.e. argréead, cadmium and others.

Reported detection limits for conventional (laborgt based) methodologies and
techniques are typically in the parts per billiquplf) and parts per trillion (ppt)
ranges. Detection limits vary depending on the i§ipetechnique used and target
species. Lighter elements which are more readiporiaed e.g. sodium and calcium,
are typically reported at ppt range. By contrastavier elements emitting a
significantly larger number of emission lines, aypically reported at ppb levels.
Reported detection limits for mercury and leadngstonventional AAS and AES

techniques, are presented in Tables 1.2a & 1.Xpertively. Reported detection

limits based on the LIBS technique are includedctamparative purposes.

Table 1.2a: Limits of Detection for Mercury: Convertional Techniques and LIBS

Method LoD Remarks Reference
CV™-AAS | 0.2ppt | city lake & deep well water | Duan Tet al (2006)
ICP-MS 31.5ppb | mercury in blood McShane W&t al (2008)
ICP-OES | 0.93ppb | environmental water samplesChen Det al (2009)
HPLC 0.4ppb mercury species in river watelin Y-G et al (2009)
LIBS 7ppm liquid jet sample presentation Fang X & Ahmad SR (2007)

1 cV - cold vapour®; OES—

optical emission spectroscopy

Table 1.2b: Limits of Detection for Lead: Conventimal Techniques and LIBS

ET-AAS 11lppb | food colourants Vinias Pet al (2001)
ICP-MS 0.01ppb | lead in blood Bonnefoy Cet al (2002)
ICP-MS | 251.2ppb| lead in blood McShane Wt al (2008)
ICP-OES | 0.96ppb| environmental water samplesChen Det al (2009)
SP-LIBS 18ppm | trace elements in oil samples| Yaroshchyk Ret al (2005)
DP-LIBS | 3ppm

LIBS 30ppm | bulk liquid sample presentatiphang X & Ahmad SR (2005)

. SP— single pulse”; DP — double pulse




It is clear from Tables 1.2a & 1.2b that limitsd#tection for the LIBS technique are
several orders of magnitude higher than those dowentional methodologies. The
main reason for the relatively poor sensitivitytioé LIBS technique, using the liquid
bulk sample presentation configuration, is the affef ‘quenching’. This is the
process involving transfer of energy from the esditand ionized atoms to the
molecules within the surrounding environment. Egasytransferred in the form of
phonons i.e. non-radiatively, when electrons datextithin vibration manifolds. The
fluid density of the liquid bulk environment is @rd of magnitude higher than that
for plasma expanding into a gaseous atmosphere. efleet of ‘quenching’ is
therefore significantly greater in the liquid bulkading to significant reduction of
plasma temperature and lifetime. It is important niote that ‘quenching’ is a
phenomenon common to the expansion of an energyifiio all fluid media i.e.
liquid and gaseous/ vapour. This is acknowledged guote from a reported study
(Shaikh et al 2006) concerning the expansion of mercury plasnia an air
atmosphere: “The nature of the ambient gas playspartant role in theonfinement

and expansion ratef plasma” {talics mine).

1.2 Historical Development of Laser Induced Breakdwn Spectroscopy

Crucial to the development of the laser was it'seeedent, the maser (‘microwave
amplification through stimulated emission of radiat). This represented the first
practical realization of Einstein’s 1917 postulatiof stimulated emission, when it
was demonstrated at Columbia University in the &880s (Gordoret al 1954,
1955). The utilization of a three level stimulatedhission configuration, using a
crystalline ruby rod as lasing medium, led to tegedlopment of the first optical laser
(‘light amplification through stimulated emissiofh @diation’). Invented at Hughes
Research Laboratories (Maiman: 1960), the laser pegiseived as a revolutionary
technological breakthrough for which applicationsr& not immediately apparent.
Within a decade of being patented, however, thdiamn of the laser in multiple
areas of science, engineering and technology haéased at a significant rate. The
laser is one of the more significant discoveries\dstern Science in the Twentieth

Century.



One of the earliest applications of the laser wathe field of plasma generation. The
naescentfield of laser induced plasma (LIP) has since rherpinto the atomic
emission LIBS technique. The maturity of any safentechnique may be objectively
measured by the volume of peer reviewed publiskeséarch papers and academic
textbooks it has given rise to. According to thigecion LIBS matured during the late
1990s, a decade which witnessed an order of matgndrowth in published research,
compared to previous decades. The 1990s also wédea broadening of LIBS
applications, as well as an increasingly diversegeaof theoretical and modeling
issues developed by researchers, at a number stigioeis learning Institutes. The
proliferation of LIBS research is illustrated in gbre 1.1 (http://www.
scopus.com/home.url: search criterion = “laser +uced + breakdown +

spectroscopy”).
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Figure 1.1: Peer Reviewed LIBS Research from pre-B®s to Present

As with other novel scientific techniques, theresexa dialectic between potential
clientelefor the new technique, and the ability of the teghe’s would-be champions
to convince saiclienteleto invest in its development. This concept is etated by

the following quote: “The laser and maser beadtifdemonstrate the interchange of

ideas and impetus between industry, governmentuangrsity research.” (Slusher:



1999). Within this paradigm there exists a completaety between original
experimental research, and innovative theoriedemaately describe empirical data.
This is a manifestation of the classical ‘observati—~ inference’ rationale

underpinning the physical sciences.

This rationale is exemplified by the earliest LIBS research, whgenerated LIP in
steel samples for analysis of Ni and Cr contenn@®et at 1964). This was followed
by researclvis a visthe multi-photon (two- and three- photon) modeowiization of
solid and gaseous target media (Gold & Bebb: 18#Hb: 1966, 1967; Gontier &
Trahin: 1968; Braermaet al 1969).

Increased confidence in the veracity of the lasduced breakdown (LIB) technique
led to greater involvement from the academic reseaommunity throughout the
1970s and 1980s. The success of LIBS as a unigu® tAéhnique was assured as
LIBS applications diversified. Further interestrfracorporate vested interests led to
increased funding for the refinement of the LIB®ht@que within the research

community.

Significant progress was apparent during this peiio theoretical and modeling
aspects of LIP formation in a range of target medm well as modeling of the
temporal and spatial evolution of expanding lasgluced plasma. The commercial
success of LIBS is demonstrated by the number gflicgtions based papers
published during recent decades, as illustratd€igare 1.2. It is noteworthy that the
context for the current research i.e. environmeftater) contamination, had no

presence within the LIBS researauvreuntil the 1990s, and thabeit a limited one.
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Interested partieyvis a vis LIBS research and applications are hinted at gy th
principal publication sources. In the earliest daf4.IBS research, publication was
limited to specific laboratories and organizatioof like-minded scientists and

engineers. As LIBS grew in popularity as an anedtitechnique, peer reviewed
journals began to dominate the promulgation of LIBSearch within the broader

scientific community. This trend is illustratedkigure 1.3.
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From an examination of LIBS research it is cleaat tthe majority of studies and
applications have involved solid target media. Carapvely little research effort has
been devoted to plasma generation in gaseous dndizez targets, with still less to
the study of laser induced plasma generation inidignedia. This discrepancy
between target media is illustrated in Figure fodresearch published in the journal
Spectrochimica Acta B. The significant percentafgneoretical and modeling papers

is a trend apparent from the 1990s onward.
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Figure 1.4: Dominance of Solid Target Media for LIBS Applications

The challenge of demonstrating successful LIBSamiese for characterization of trace
elements in the liquid bulk sample presentatiorfigonation, provides the context for

the current research.

1.3 Advantages and Disadvantages of Using Lasers in Atoc Emission
Spectroscopy

Lasers are a unique ‘light’ source, producing danse, coherent and monochromatic

beam of electromagnetic radiation. One of the mmostmon solid state lasers utilizes

neodymium: yttrium aluminium garnet (Nd:YAG) as tlasing medium. Efficiency



for this lasing medium is typically in the order4. This figure is derived from the
efficiencies for pumping the lasing medium, radiatitransfer, absorption into the
upper states, beam overlap, as well as extracfitaser energy. Efficacious physical
and optical features of the Nd:YAG lasing mediurdude optical isotropy and high

hardness.

The fundamental lasing wavelength for Nd:YAG is 406 (1.064um), in the near
infra-red (NIR) window of the electromagnetic spant. Photon energy at 1064nm is
1.86x10'°J, equivalent to ~1.17eV. Frequency multiplyintpab the fundamental
wavelength to be blue-shifted into the VIS and Wgions i.e. 532nm, 355nm and

266nm, with equivalent increases in photon energy.

A high degree of monochromicity and negligible bedinergence allovstate-of-the-

art lasers to deliver irradiance (on focusing of lapefses) sufficient to induce
dielectric breakdown in a diverse range of targetlim. Monochromicity is a measure
of the deviation of the laser spectral profile frone central (nominal) wavelength.
The Nd:YAG laser delivers a spectral profile wittelwidth of 4.5x10nm about the
fundamental wavelength. This represents the spefgvgation at which intensity falls

to a defined fraction of peak intensity. For Gaassemission profiles, the line width
represents that spectra deviation for which intgnfills to 1/é (17%) of peak
intensity. Beam divergence defines the spatiale@se in laser beam cross section as
a function of beam trajectory. To illustrate thioerty, a light bulb emits energy
omni-directionally i.e. into a solid angle oft4teradians. By comparison a parabolic
searchlight typically has beam divergence of 0.&dians. A typical gas laser e.g.
HeNe probe laser operating éw mode, has beam divergence in the order of mrads,
whilst state-of-the-artsolid state pulsed lasers have beam divergentteeisub-mrad

range.

Irradiance (power density) for a pulsed laser éeaved quantity describing the rate
of energy delivered per unit area, and is a functd pulse power and laser beam
waist. Focal beam waist is a function of laser betiameter, focal length of the

focusing lens, and laser wavelength. Typical beaistwor a pulsed Nd:YAG laser is



in the order of 1Am, providing irradiance in the order of ¥/cm?, for pulse energy
and duration in the mJ & ns regimes, respectivEtys level of irradiance is sufficient
to produce dielectric breakdown in a range of lgtarget media, including aqueous
solutions containing trace concentrations of comants.

One of the principal disadvantages of using lasera scientific or engineering
context has traditionally been the prohibitive cadt hardware, and support/
maintenance infrastructure. As with any technolalgibreakthrough, and this is
particularly true for the laser during the previdhsee decades, the proliferation of
the technology within the research and commeradahraunities has delivered the
advantage of ‘economy of scale’. Another traditiopeoblem with the laser in it’s
earliest form was considerable bulk and weight.as been the case with other
technologies e.g. the ubiquitous personal compuwed cellular telephone,
miniaturization of components and sub-assemblie® l@ought forth the realization
of portability. Whilst solid state lasers have ask@d sufficient size and weight
savings to be ‘man-portable’, the same conveniéasenot yet been achieved for the
typical LIBS system as a whole. Despite the dematieh of prototype LIBS
apparatus for operation “in the field” (Harmenal 2006; Cufiaet al 2008, 2009;
Harmanet al 2009, Gottfriedet al 2009) LIBS remains at the present time an AES
technique that is typically confined to the laborgt

14 Dielectric Breakdown in Water

Photolysis is a mechanism of light induced ionmatand dissociation. Within the

context of plasma generation in the liquid bulk,ltiqohoton absorption ionizes and
dissociates the water molecules, generating phgitolyroducts in the focused laser
volume. These products include quasi-free electamashydroxyl radicals, which are
highly absorbing in the IR & VIS wavebands. Thiads to intense heating several
orders of magnitude in excess of predictions frémssical physics. There is a lack of
consistency, both experimentally and in terms @&dmtions from various models,

regarding the dielectric breakdown threshold of ematEstimation of breakdown

threshold based on a non-interfering three atomemod. two hydrogen and one
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oxygen atoms comprising a molecular unit, is sigaiitly different from
experimentally measured values. Water is a stropglgr solvent, possessing relative
permittivity (€) of 80.10 at 293K (the organic solvents octankamdl and benzene
have equivalent values of 1.95, 25.70 & 2.28, reypely). Weakvan der Waals
force causes molecules to form loosely bound dssthis “clustering” phenomenon
suggests the necessity of a physico-chemical geegeriof liquid water at the macro-
molecular level. A more sophisticated approach iciems liquid water as possessing
bulk properties analogous to those of an amorpbolid. This approach considers the
valence and conduction bands for electrons witlhie molecular structure, and
estimates the breakdown threshold for ionizatiosedaon the energy band gap.
Predictions of dielectric breakdown threshold basedhe amorphous solid model are
more consistent with experimental data. Detailsegperimentally measured and

theoretically predicted breakdown thresholds foteware discussed in Chapter Two.

Investigation of the dissociative and excited statk fragmented water radicals has
been an area of active research for at least ttheeades. Details of the polarized
nature of excited hydroxyl radicals has been regb(Beckeret al 1981), for water
vapour subjected to impact by energetic electrdme concept of dissociation by
incident high speed electrons may be extendedaoctimtext of incident energetic
photons. The authors reported an excitation minimaf®.3eV for elevation of
dissociated hydroxyl fragments from their groundtestvibration manifold to the
excited A" vibration manifold. A vibration manifold bandgap @3eV implies the
dominance of the multi-photon ionization (MPI) manism for dielectric breakdown,
given photon energy of ~1.17eV for the Nd:YAG fundmtal wavelength of
1064nm.

The potential energy manifest in electronic andration manifolds of the water
molecule has been reported as a function of OH-IHdbseparation (Stalder &
Woloszko: 2007). This relationship is reproducedrigure 1.5. It is important to note
the stability of water in its ground state, reprged in Figure 1.5 by the "%,

vibration manifold, up to potential energy of ~5€khis implies the absorption of at
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least four photons at 1064nm, at a temporal flwexcess of equivalent excitation
manifold lifetime, for MPI to be an effective mecism for dielectric breakdown.
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Figure 1.5: Influence of Bond Separation on Poteial Manifolds in Water
from Stalder & Woloszko: 2007

Given the inherent complexity of water it is perbagnic that a resource taken so
much for granted is not only the key to survivabadanic life, but also a (deceptively
simple) substance whose properties and behavieuslaouded in nuance. Water is
surely the ‘ghost in Nature’s machine’, which isfigetly resisting Renaissance

Mans’ attempts at exorcism!

The efficiency of absorption of incident laser &tdin in water bulk is a function of
wavelength. The spectral absorbance of distilledewan the UV-VIS-IR regions,
encompassing the Nd:YAG fundamental lasing wavelend 1064nm, is illustrated
in Figure 1.6. Absorption co-efficient for water #64nm is ~0.1cth It is only
below ~200nm, in the far ultraviolet (UV) regionhere water becomes opaque to
electromagnetic radiation. For this reason, thézation of Nd:YAG second, third
and fourth harmonics (532nm, 355nm and 266nm) sffierited advantage in terms
of improved absorption co-efficient. As will be seén a later chapter, where
ionization mechanisms are discussed, higher phetmrgies at lower wavelengths
prove potentially advantageous for LIB, despite kdygorption co-efficient.

12
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Fig 1.6: Absorption Spectrum for Distilled Water
D & A Instrument Company:
http://www.d-a-instruments.com/light_absorption.htaccessed 15 June 2010

The ionized plasma within the focused beam warsingty absorbs incoming laser
radiation (for the duration of the laser pulseuisg in plasma expansion along the
laser trajectory i.e. in the direction of the iremd pulse train. Plasma volume and rate
of expansion are limited by the ‘quenching’ effeat water molecules in the
immediate vicinity of the plasma, which restrictenits lifetime and plasma
temperature. Plasma temperature is a key determofahe relative population of
upper energy levels in excited atomic and ioniccegse Theoretical analyses utilize
plasma temperature, as well as the critical conoéghermodynamic equilibrium
(TE), for accurate prediction of dynamic plasmaditons. The related concept of
local thermodynamic equilibrium (LTE) is a complard troublesome one, which
will be reprised in Chapter Three.

Limited plasma lifetime in the liquid bulk limithé population of excited states for
dissociated atoms and ions, thus limiting atomme kemission intensity. This has the
effect of reducing LIBS sensitivity of trace elentsggrcompared to other liquid sample
presentation configurations. In the immediate aftgh of plasma generation, the

emission spectrum is dominated by a broadband raonta background, including
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contribution fromBremsstrahlungemission. It is only slightly pedantic to emphasiz
that Bremsstrahlungs not a category of noigger se insofar as it is generated by
predictable physical mechanisms. A significant dbaotion to Bremsstrahlungis
inelastic scattering of electrons by the radiafietd. Another process occurring in the
early stage of plasma expansion is collisional zation of neutral atoms by high
speed electrons, which increases plasma free @tectensity. Electron density is
subsequently reduced by the inverse process otéthody re-combination”. In
addition to these processes, radiative re-comlmindietween ionic species and free
electrons contributes to theontinuumbackground. By optimizing the delay time
between plasma formation (synchronous, for allintgend purposes, with delivery of
the laser pulse) and exposure of detection apmatatplasma emission, it is possible
to take advantage of the finite lifetime of tBeemsstrahlungprofile, to maximize

emission lines signal-to-noise ratio (S/N).

In reality experimental limitations, including eteanic “shot” noise, impose an upper
limit for emission line (S/N), for a specific expreental set-up. The limited plasma
temperature, volume and lifetime for applied LIBSthe liquid bulk typically results

in lower S/N for elemental analysis. This leadgptmr detection limits compared to
other LIBS sample presentation configurations ligquid surface, jet and nebulized
spray. Toxic metals of environmental interest engrcury, lead and arsenic, typically
occur in sub-trace concentration levels, for whathtutory maximum permissible

concentrations (MPC) are in the order of partsijiéon (ppb).

1.5  Aspects of Environmental Contamination

Heavy metal contamination of the environment is/@ni by complex natural geo-
chemical processes, taking place on and betweeRdtth’s surface and atmosphere.
A series of dynamic interactions between atmospheterrestrial and marine
environments influence local, regional and glob@ahtamination trends. The United
Nations Economic Commission for Europe (UNECE) haported significant
contamination of the Arctic Region from sources hmt and beyond the Pan-

European region (McGlade: 2007), as a result of imearand atmospheric
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transportation phenomena. This raises a secondagem i.e. the accelerating trend
in an increasingly corporate and globalized econotoyout-source industrial
production to developing New and Third World naipmvhich typically have less

stringent regulations regarding acceptable levieéeironmental contamination.

The UNECE represents the interests of 900 millidizens in 53 pan-European
countries, in a geo-political zone extending to Atkantic Ocean in the West, the
Mediterranean to the South, the Arctic Ocean to Nloeth, and the Trans-Caucus
Region, Russia and the former Soviet Asian Statethe East. The three principal
challenges defined by the UNECE are air & watefypian, biodiversity loss & river
management, and climate change. These challenge®asidered within the context
of potential environmental pollution from approxitely 12000 industrial facilities
within the European Union (McGlade: 2007). Theseiés are cast in sharper focus
by the observation that the rate of growth of thiedBemical industry exceeds growth
in gross domestic product (GDP). The economic oanie illuminated by the
observation that the fiscal return on metal recedefrom contaminated areas is

typically all but worthless.

In order to maintain perspective it is important &ppreciate natural, as well as
anthropogenic, sources of toxic heavy metal specfes of 2004 there were
approximately 2000 lead & zinc smelting facilitigbally (Batonneawt al 2004),
providing the principal source of airborne partates from these two metals. Same
year estimates for global emission of Hg are indtaer of 2000 metric tonnes each
from natural and anthropogenic sources (Streettgd 2005), plus a similar tonnage
via re-cycling of ‘old’ mercury i.e. material prexisly deposited within the terrestrial

system from anthropogenic sources.

Virtually all heavy metals ingested at high concatbn are harmful to animals,
including humans. Some atomic species (cadmiund, lassenic & mercury) are
highly toxic and harmful to animal health at trag ppm and lower, concentrations.
Identification and extraction of toxic heavy metaioom the environment is

problematic due to the trace concentrations tha&t generally extant. Marine
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environments typically contain concentrations ia tirder of 100 nmol/L (Teresat

al: 1997). Ground and waste water typically have eatrations in the order of ppb

for lead & arsenic, compared to parts per millipprf) for (less toxic) zinc, copper &

nickel compounds. The issue is, however, more suhdn measured environmental
concentration. The ‘bio-availability’ of a toxic epes is the key factor influencing
bio-accumulation in the food chain. Bio-availalyilis driven by the solubility of the

inorganic metal salt, as well as the mobility ohmmunds containing toxic species
via water transportation. Through absorption, gotsom and surface precipitation,

toxic metal species may become attached to a sibsthus accentuating the role of
solid natural material (soil and sediment) as pdérisources and sinks’ for the

transport and accumulation of toxic species.

As well as the principal elements of concern i.ercuary, lead & arsenic, other metals
present a potential hazard to biological organiswisen critical concentrations are
exceeded. The semi-conductor industry generatespplooous, indium, gallium &
arsenic, which have traditionally been depositedamdfill sinks (Pécheyraet al
1998) from where they are leached into local amoreal water supplies. Silver has
potential for toxicity that is complicated by aatle lack of understanding of the
mode of action for Ag within ecological systems [[@®& et at 2008). Other metals
of concern include copper, chromium & iron, dueth® complication of their
existence in divalent form, and their vulnerability being reduced by the action of
ultraviolet (UV) radiation to more toxic variant§&lagzewski & Morrison: 1996).
Common examples include reduction of organo Cr@4l)inorganic Cr(lll), Fe(lll)
— Fe(ll), and Cu(ll)> Cu(l). It is not unreasonable to suggest thatntiagority of
metal species are a threat to organic life and ahimalth, when present within the

local environment in excessive concentrations.

The maximum permissible concentration (MPC) for afeein surface and drinking
water are generally different. The MPC is steergdhe toxicity of any particular
metal, and its potential to adversely effect thaltheof animals and marine life.
MPCs imposed by legislation and directives havenbst&ndardized for member

nations of the EU. Equivalent maximum contaminavels (MCL) are in place for
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the 50 states of the United States of America (U8g United Nations (UN) has

independently issued its own guidelines. MPCs andvalent limits, for toxic metal

species of most interest to the current researetsiammarized in Table 1.3.

Table 1.3: MPC and Equivalent Limits (ppb) for Seleted Toxic Heavy Metals

Element UN figures | USA MCL® EU MPC EU MPC'
drinking water| drinking water | drinking water | surface water
Arsenic, As 10 10 10 50
Cadmium, Cd 3 5 5 5
Chromium, Cr 50 100 50 50
Lead, Pb 10 15 10 50
Mercury, Hg 1 2 1 5
Selenium, Se 10 50 10 10

-UN, World Health Organisation (WHO):Bedition, volume 1, 2004

2 :US Environmental Protection Agency (EPA) 816-F&8; June 2003
3:Council Directive 98/83/EC; 03-11-1998
“:Council Directive 75/440/EEC; 16-06-1975

It is noted that for a particularly toxic elementdntaminant of drinking water
(mercury) the guideline for MPCs and equivalentittimare practically the same.
However, MCL limits in the US for chromium, leadelsnium & mercury are
significantly higher than their equivalent limits the EU. It is also noted that for
some elements (cadmium, chromium & selenium) th&€NdPthe same within the EU
for drinking and surface water. For other toxic ahespecies (arsenic, lead &
mercury) the MPC for surface water is significarttigher (400%) than for drinking
water. It is entirely reasonable to anticipate Iow#Cs for drinking compared to

surface water, given the former is drawn (literaftpm the latter.

1.6

The objective of the current research is to opt@nexperimental parameters to

Research Objective and Tasks
maximize LIBS detection sensitivity, for charactation of selected heavy metal

species in aqueous media. The successful achievemwierthis objective is

demonstrated within the contents of this Thesis.
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The present chapter describes the role of LIBSiwitfe context of AES techniques,
advantageous characteristics of lasers for LIBSiemns, and the broader geo-
chemical and environmental context of the curretBS.research. Chapter Two
presents a critical review of published researcthéLIBS field, and identifies useful
correlation between important trends in reporteseaech and the present work.
Chapter Three describes the theoretical conceptsrpimning key processes relevant
to the current research. These include absorpfi@iectromagnetic radiation within
the liquid bulk, dynamics of laser induced cavdatinon-linear processes governing
the broadban&remsstrahlungemission profile, and an appreciation of the uitays
‘shot noise’ component in recorded signals wittie tontext of emission line signal:
noise ratio. Chapter Four describes the methodokyy experimental apparatus
utilized for the current LIBS research. ChaptereFpresents a thorough and detailed
description of data acquired during the current &IBxperimental research. These
data encompass the effect of analyte concentratiogielectric breakdown threshold
in the liquid bulk, demonstration of the data agang technique for reduction of shot
noise contribution to emission profile, measurenwntaximum bubble radius and
total bubble lifetime for laser induced cavitatibaobble, optimization of three key
LIBS experimental parameters for maximization dil $é6r analyte contaminants in
aqueous media, and an investigation of two nowertgjues for improvement in
emission line signal: noise ratio i.e. ‘mechanichbpping’ and ‘plasma blocking'.
Chapter Six provides detailed assessment of theiqusly reported experimental
data, within the context of improvements in LIBS1sévity for detection of analyte
in aqueous solution. The potential for the develepnof a portable LIBS system for

in situwork ‘in the field’ is also discussed.
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Chapter Two
REVIEW OF LITERATURE

"There are very many thoughts which have valudiiorwho think
them, but only a few of them possess the povwesrgzfging the
interest of a reader after they have been writtewn"
Arthur Scheepenhauer

With the expansion of LIBS-based research durirgy ghevious two decades, the
contemporary LIBS researcher is faced with an erabament of riches in terms of
peer reviewed data. The challenge for the curresgarch is to analyze this data to
identify and interpret principal LIBS effects, imder to facilitate the realization of
current research objectives. Relevant LIBS reseavels reviewed according to
several key processes and LIBS phenomena. Thekmlénc. dielectric breakdown
thresholds in liquid mediaj. saturation of emission signal as a function dB&.I
experimental parameterdj. influence of LIBS experimental parameters on line
emission signal: noise ratiw,. effect of laser wavelength and pulse duratioh i35
sensitivity; v. comparison of alternative sample presentatiorfigorations; andyi.
efficacy of double pulse LIBS configuration for inoggement in LIBS sensitivity.
Conclusions are presented to provide insight inéogrincipal objective of the current
research i.e. characterization of trace contamispaties in aqueous solution, using

the liquid bulk sample presentation configuration.

2.1 Dielectric Breakdown in the Liquid Medium

Dielectric breakdown in distilled water was consatkas the end-point of a series of
temporally entrained processes i.e. multi-photosogtition — dissociation and
ionization — rapid heating— cavitation effects and acoustic signature. Atotza
was considered synonymous with molecular dissaciatf water molecules into
constituent hydrogen and oxygen atoms. Althoughumaue in this respect, water
molecules possess a relatively high polarity. Molac polarization induces
‘clustering’ of adjacent molecules, which lendsididy to the description of liquid
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water as an ‘amorphous solid’ (Kennedy: 1995). Gllustering phenomenon justifies

modeling the physico-chemical properties of watemacro-molecular terms.

Insight into the behaviour of laser induced plasfbl) in aqueous solution was
obtained by studying the dielectric breakdown thoés of distilled water. Despite

having negligible concentrations of contaminatingeses, for all intents and

purposes, distilled water typically contains lowncentrations of dissolved gases,
resulting in the presence of vapour pockets. Delpgndn their scattering cross-
section, trapped vapour pockets may have a signifieffect on the dielectric

breakdown threshold of distilled water.

Published research data differed considerably bamiwbeoretical estimates for the
dielectric breakdown of water and experimentallyaswed values. Early work in this
field of research was concerned with the applicatd pulsed lasers to eye surgery
(Docchioet al 1986a,b). A comprehensive study, published adketater, compared
theoretical and measured values for dielectric Kkatean thresholds in ocular and
aqueous media (Kennedy: 1995; Kennedyal 1995). Similar research has been
reported, which compared optical breakdown in agaenedia for fs, ps and ns pulse
durations (Vogeét at 1996; Vogelkt al 1999).

Experimentally measured dielectric breakdown dBiacthioet at 1986a,b; Saachi:
1991) for normally incident laser pulses, and tb&oal estimates for ‘initiation” and
‘sustaining’ irradiance thresholds (Kennegtyat 1995), are summarized in table 2.1.
Experimentally measured breakdown threshold datg @haracterized beam waist
(w) according to the 1/e criterion, in terms of daition of pulse power density.
Subsequent theoretical estimates of irradiancestiotds for initiation and sustaining
of cascade breakdowni,(l and L,s respectively), were calculated after re-scaling
beam waist measurements according to the orthodamsstan (1R for pulse

irradiance.
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Data were obtained utilizing = 1064nm and pulse duration = 7ns for plasma
generation in distilled water. NB. normal inciderafeexcitation laser pulse, 1064nm
laser wavelength, and pulse duration in the lonosanond range are laser parameters

common to the current research.

Table 2.1: Comparison of Experimental and Theoretial Breakdown
Thresholds for Distilled Water

|exp Iinit Isus
Beam Waist, (Wcm? Reference | (Wem? | (Wem? Reference
w (Um) x10') x10'% | x109
70.71 2.1 Docchiet at 1.78 1.77 Kennedgt at
1986a,b 1995
106.1 1.73 Saachi: 1991 1.36 0.14 Kennetdat
1995
132.9 1.55 Docchiet at 1.17 0.18 Kennedgt at
1986a,b 1995
325.3 0.685 Docchiet al 0.64 0.19 Kennedgt at
1986a,b 1995
495.0 0.53 Docchiet at 0.49 0.19 Kennedgt at
1986a,b 1995

From the data in Table 2.1 several observationsnaice:
0 theoretical estimates;{l) were consistently lower than experimental values
(lexp), for beam waist in the order of @@ and lower
° theoretical initiation (lx) and experimental {l;) breakdown thresholds
displayed an inverse relationship to beam waittataser focus
0 theoretical sustain breakdown thresholg)(as invariant with beam waist at

the laser focus, for dimensions in excess of #h®0

The relationship between laser beam waigtand dielectric breakdown thresholds

(lexp linit @and L9 is illustrated in Figure 2.1.
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Figure 2.1: Measured and Theoretical Dielectric Brakdown Thresholds as a
Function of Laser Beam Waist for Distilled Water

From the data displayed in Figure 2.1 the followahgervations were made:

0 experimentally measuredey) and theoretical initiation k) thresholds
converged for beam waist in excess of 4800

0 theoretical initiation (li;) and sustaining {lJ thresholds were approximately
equal for lowest beam waist values, correspondmgnaximum delivered
photon flux

° for beam waist in excess of ~100, initiation threshold (i) was
significantly higher that sustaining threshold,d] implying higher free
electron density in the post breakdown initiatitages of plasma evolution.

At supra-threshold laser irradiance plasma temperaéind electron density, and
hence emission line intensity, are correlated wht fraction of absorbed laser pulse
energy. Reported research (Vogdlat 1999) described a comprehensive energy
balance for the interaction of laser energy witlli@lectric medium. The authors
concluded that conversion to mechanical energylu@iicg an acoustic signature,

shockwave propagation and an oscillating cavitatimrbble) was the dominant
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mechanism. Plasma lifetime depends on the commetlietween rates of plasma
heating and cooling, during and after depositiofaeér energy in the target medium.
A comprehensive study (Casavetaat 2003) described the three principal processes
taking place within the expanding plasma, duringa$ition of incident laser energy
l.e. electron impact ionization, three body re-comabon and radiative re-

combination.

2.2 Saturation Effects in LIBS Research

Saturation of line emission signals from plasmaugst! in both barium and copper
solutions has been reported (Knogtpat 1996) for analyte concentrations in excess
of 5ppm. A linear relationship was reported for cemirations lower than 5Sppm.
Signal intensity decreased for both species atéhnigtoncentrations. These data
demonstrated consistently stronger emission sigriedsn Ba(ll) at 455.4nm,
compared to those from Cu(l) at 324.8 & 327.4nme Huthors also demonstrated
consistently higher emission intensities for Grduglements (lithium and sodium),
compared to Group Il elements (calcium and baridmission line intensities from
D-block elements (lead and cadmium) were consistentaker than those of
elements from Groups | and 1.

A recent report (Kochet at 2004) investigated the concentration of potelytial
hazardous chromium in the marine environment. Titbaxs reported a non-linear
profile for analyte concentrations above ~500ppeaching saturation at ~2000ppm,
for the chromium triplet centred at 357.9nm. Ththats reported a linear relationship

between emission line intensity and analyte comagah below ~500ppm.

In addition to saturation of LIBS emission integsiwith increasing analyte
concentration at fixed laser pulse energy, sammahas also been reported with
increasing pulse energy at fixed analyte conceantrald brace of papers (Michelt
al: 2006, 2007) reported saturation of LIBS signdémsity for Na(l) at 588.99nm
with increase in pulse energy. The LIBS signal wegmrted to increase linearly with
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pulse energy up to ~22mJ. At higher pulse enenggralinear increase in LIBS signal
was reported, culminating in signal saturatioraget pulse energy of ~90mJ.

Saturation of LIBS emission signal, as a functiénnareasing incident photon flux
and concentration of emitting species, was recerpprted (Fang & Ahmad: 2007a).
At specific fixed laser pulse energies (35, 50,arsl 100mJ), saturation of Na(l)
emission line was demonstrated, for correspondinifcal analyte concentrations
(140, 120, 100 and 65ppm, respectively). Below ghestical limits, LIBS signal

strength was demonstrated to be linear as a funofi@nalyte concentration, for each

of the four pulse energies.

Critical analyte concentrations for the onset atission, as reported by the authors,
indicated an inverse relationship with excitatiarsp energy. Reported critical pulse
energy (E) and analyte concentrations{ limits are summarized in Table 2.2, and

displayed in Figure 2.2.

Table 2.2: Laser Pulse Energy and Analyte Concentteon for Saturation in
Sodium Chloride Solution

Ey/ mJ Gal PPM
35 140
50 120
75 100
100 65
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Figure 2.2: Relationship between Critical Pulse Emgy and
Analyte Concentration for Sodium Chloride Solution

A linear relationship between saturation concemmnaand pulse energy has been
demonstrated by the data displayed in Figure Br&hke limited range of pulse energy

used.

2.3  Signal-to-Noise Ratio Considerations

Signal-to-noise ratio (S/N) of emission lines h&gm been utilized as a measure of
LIBS sensitivity in reported research. The majoofyreported research used similar
laser parameters as the current research i.e.patsr energy and duration in the low
mJ and ns ranges, respectively; and laser wavélenigi064nm. An early report
(Charfi & Harith: 2002) used a surface sample preg@n configuration, and a Mg(l)
emission line. The authors demonstrated a lindatisaship between S/N and delay
time (t), with S/N reaching a maximum fory +2us. The same authors reported a
positive correlation between S/N andfér a Na(l) emission line, with no reported

S/N maximum.
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A later report (Adamsoast al 2007) used a surface sample presentation coafigar
to generate plasma in water, with negligible cotegion of contaminants, and
plasma expansion into a nitrogen-rich atmospheiaeEtric breakdown was reported
at laser pulse energies in excess of ~20mJ. Saturat S/N, as indicated bygHH,,
N(l) and O(l) emission lines, was demonstratedldser energy ~45mJ. The authors

reported the dominance of ‘plasma shielding’ aglanergy in excess of ~200mJ.

A linear relationship between S/N and laser pulsergy was reported (Fang &
Ahmad: 2007a), for Na(l) and Cu(l) emission linasfixed concentrations of 10ppm
and 300ppm, respectively. Saturation of S/N was atetnated for pulse energy
~100mJ, for both target species. The principal Gtaive difference between the two
emitting species (sodium and copper) was the vafumaximum S/N, which was

approximately double for copper compared to sodium.

2.4 Effect of Laser Wavelength

The importance of laser wavelength for laser indutielectric breakdown is readily
appreciated within the context of multi-photon ajpsion as a precursor to photolysis
of dielectric media. Breakdown is initiated wheratfons are elevated across the
band gap between vibration manifolds in the ligunedium. The number of photons
required is a function of the ratio of band gaprggpeo photon energy. Photon energy
has an inverse relation to laser wavelength, thustrating the advantage of shorter

wavelengths.

A recent report (Lo & Cheung: 2002) demonstrateel ¢fficacy of using an ArF
exiplex laser operating at 193nm (UV), correspogdman equivalent photon energy
of ~6.45eV. Plasma was generated in acidified sodahloride solution via two
photon absorption. The authors also demonstrateadity of emission line S/N as a

function of pump laser energy, up to a limit of #lb

The advantage of shorter pump laser wavelengthgepmsted (Heet at 1997) in an
study which compared laser wavelengths of 193nnpl@x) and 532nm (frequency
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doubled Nd:YAG). The authors reported an increasanalyte signal intensity, at
fixed laser pulse energy, utilizing methyl violelgion which absorbed preferentially
in the UV region. Analyte signal was reported tar@ase by several orders of

magnitude for 532nm & 193nm, respectively.

Another report (Berman & Wolf: 1998) demonstratdek tdependence of LIBS
sensitivity on laser wavelength. The Nd:YAG fundama¢ (1064nm) and third

harmonic (355nm) wavelengths were used, genergilagma in aqueous nickel
solution. Having optimized time delay and gate wjdimit of detection was reported
to be ~20.7ppm and ~36.4ppm, for 355nm and 1064espectively. This represents
an increase in LIBS sensitivity of ~50% for the dbo wavelength. The authors
reported a linear relationship between LIBS signtnsity and analyte concentration

up to a limit of ~1000ppm.

2.5 Effect of Laser Pulse Duration

The effect of laser pulse duration on plasma pitogsehas been reported (Le Drogoff
et at 2004), for laser pulses in the picosecond andidsetond ranges. Emission
intensity, plasma temperature, and free electramsite were measured for plasma
generated at a solid aluminium target and expanditm air, for pulse durations
270ps, 5ps and 500fs. Atomic line emission intgresitd electron density for Mg(l) at
285.21nm were reported to be invariant for thedsepdurations. Pulse duration was
reported to have a more significant influence caspla temperature at longer delay
times i.e. betweenus and 3fs. In this range plasma temperature was reportée to
weakly dependent on pulse duration e.g. at timeydeff 18is reported plasma
temperatures were estimated to be 5750, 5300 & K660 pulse durations 270ps,
5ps & 500fs, respectively. Figure 2.3 illustratée trelationship between plasma
temperature (T) and pulse duration).(tPlasma temperature measurements were
reported in an earlier paper (Le Drogeftfal 2001), for laser pulse duration of 100fs,
which indicated a similar trend.
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Figure 2.3: Log-Linear Plot of Plasma Temperature ad Pulse Duration

The correlation between plasma temperature ane plugation is weak, based on the
limited data displayed in Figure 2.3. An increas@iulse duration by a factor of ~500
(from 500fs to 270ps) is associated with an in@dasplasma temperature by ~25%
(from 4600K to 5750K).

A recent study (Stavropoulost at 2004) compared ns and ps laser pulses, with
respect to principal parameters of plasma indudethe surface of a solid target.
Plasma temperatures were inferred from the cldsdfgdtzmann equation, by
measuring the linear gradient of a natural logarithplot. Plasma was generated in
solid manganese and iron targets, and plasma tatopes measured, using laser
pulses of 5ns and 35ps duration. Temperatures repaeted to be consistently higher
for pulses in the ns range. Similarly, electron siignfor plasma generated in solid
manganese and iron targets was consistently hifgitens pulses compared to ps

pulses, over a common range of delay times.
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The effect on emission line strengths, for lasels@uwurations in the ns and fs
regimes, has been reported (De Giacanhal 2005) for surface plasma generated in
a solid titanium target. LIBS elemental analysidigated an order of magnitude
increase in continuum and atomic line emissionnisitg for Ti(l) at 346.18nm, for

pulse duration of 7ns compared to 250fs. The aatllso reported consistently higher
electron density for 7ns pulse, for delay timethmrange 50ns to 950ns. Utilizing the
Boltzmann plot method the authors reported condistdiigher plasma temperature

for 7ns pulses, for delay times in excess of ~250ns

2.6  Alternative LIBS Sample Presentation Configuraibns

Conclusions were drawn from data published pleghoraof reports which focused
on the effect of sample presentation configurabonLIBS sensitivity. One of the
principal disadvantages of the surface sample ptasen configuration is splashing
of the focus optics. The splashing phenomenon ¢eresequence of conversion of
laser energy to mechanical energy, a portion ofclwvhis manifest as physical
disturbance of the target surface. The problenptaEshing was minimized by the use
of low laser pulse repetition rates, as reportetivim recent papers (Charfi & Harith:
2002; Adamsoret al 2007). The authors utilized pulse repetition saté 0.2Hz &
0.25Hz, respectively.

An early study (Yuetet at 2002) compared the merits of liquid bulk and lihjet
sample presentation configurations, based on tiNe ®iterion for LIBS system
sensitivity. The authors’ effort to detect weaklyniging technetium at trace
concentrations offered insight into the curreneeesh. Using the frequency doubled
Nd:YAG laser wavelength of 532nm, operated at @guépetition rate of 10Hz, and
emitting 5ns pulses in the 100mJ to 320mJ energgesathe authors reported 30%
higher S/N for liquid jet compared to liquid bulkurther, optimum time delay was
35% longer for liquid jet sample presentation cgufation, indicative of the

relatively strong effect of ‘quenching’ for plasrganeration in the liquid bulk.
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The practicalities of developing a portable LIBSteyn for field work have been
described in a recent report (St-Onge at 2004). Three sample presentation
configurations were compared: liquid bulk, statirface, and moving (dynamic)
surface. The principal criterion by which the LIB8nsitivities were compared was
relative standard deviation (RSD) of backgroundssion intensity. Based on this
criterion the liquid bulk sample presentation wased inferior to the others. The
authors concluded that for agueous sodium chlorile, dynamic surface sample
presentation provided superior S/N and measuremeriracy, compared to static

surface and liquid bulk configurations.

The extension of comparative sample presentatisgareh to a non-aqueous medium
(oil samples) has been reported (Yaroshclkykal 2005). LIBS sensitivity was
compared for static surface and liquid jet sampies@ntation configurations. The
authors’ used the fundamental Nd:YAG laser waveleri$j064nm), emitting pulses
of 7ns duration at energy of ~70mJ. Sixteen meaiaties were detected in oil with
reported concentrations typically in the ppm rangbke detection limit for static
surface configuration were typically 2 to 4 timeigher than those for liquid jet
configuration, implying superior LIBS detection séivity in the liquid jet
configuration. The reported detection limits fodoaum, a species of interest to the
current research, were 22ppm and 10ppm, for statidace and liquid jet

configurations, respectively.

A recent report (Boudjemait al 2008) compared Na(l) emission line intensitiess fo
liquid jet and liquid bulk sample presentation dgufations. The authors reported
linear relationships between emission intensity pmchp laser pulse energy, for both
sample configurations, up to a limit of ~60mJ. @utm laser pulse energy was
reported to be in the order of 60mJ, for aqueodsuso concentrations between 5ppm
and 50ppm. Saturation of emission intensity at ~b@was reported for liquid bulk

configuration. This was in contrast to the liquet jconfiguration, for which no

emission intensity peak was reported for the raofgrilse energy used.
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Significant differences in S/N were reported (F&4hmad: 2007b), between liquid
bulk and liquid jet sample presentation configurasi, for detection of several metal
species. Using the fundamental Nd:YAG laser waglen1064nm), with 20mJ
pulse energy and ~10 ns pulse duration, improvenme®/N by a factor of 10 for
liquid jet configuration was demonstrated, for tibdaspecies (sodium and calcium)
at 3ppm analyte concentration. Improvement in SAN & factor of ~4 was
demonstrated for zinc and cadmium, for analyte eotration in the order of
hundreds of ppm. The improvement in S/N by a faofor10 for the Na(l) emission
line, between liquid jet and bulk sample preseatatonfigurations, is of the same
order of magnitude as previously reported data fiitve same authors (Fang &
Ahmad: 2007a). The authors’ earlier research regartaximum S/N of ~90 and ~17,
for liquid jet and bulk sample presentation confagions, respectively. Peak S/N for
jet and bulk configurations were measured usingrlgsilse energies of 100mJ and
20mJ, respectively, for aqueous sodium chloridexat concentration of 10ppm.

Based upon this assessment of peer reviewed Ulterdtis concluded that, in terms of
LIBS sensitivity, liquid jet sample presentationnfiguration is superior to liquid
surface, with liquid bulk being inferior to both.olWever, based on practical
considerations e.g. relative technical simplicitydapotential for portability, it is
concluded that the liquid bulk sample presentatiomfiguration is more suitable than
the alternatives. LIBS sensitivity for differentnsple presentation configurations,
based on the criterion of detection limit of contaamt species, is summarized in
Tables 1 — 4, Appendix Il. The data were groupecbating to volatility of target
species (Groups I, IlI, Il and D-block elementsable 2.3 presents a comparison of
detection limits between alternative sample predent configurations, for species of
most interest to the current research i.e. leadmaam, uranium, manganese and

chromium.

35



Table 2.3: Comparison of Detection Limits for Selded Heavy Metals using
Alternative Sample Presentation Configurations

Sample
Element Presentation| LoD/ ppm Reference(s)
Lead, Pb Bulk 12.5 Knopp (1996)
Surface 100 Charfi & Harith (2002)
Jet 40 Samek (1998)
0.3 Lo & Cheung (2002)
Manganese, Mr Jet 10 Samek (1998)
Nebulized 7.2 Archontaki & Crouch (1988)
Chromium, Cr Surface 10 Charfi & Harith (2002)
Jet 100 Samek (1998)
Cadmium, Cd Bulk 500 Knopp (1996)
Uranium, U Surface 100 Wachter & Cremers (1987)

From the data presented in Table 2.3 it is appdtattreported detection limits, for
elements of most interest to the current resea@er several orders of magnitude.
The reasons for this diversity are the significdiiferences in LIBS experimental
parameters sets used by different research groDpsct comparison between
different target species is practicable only whemmon experimental parameters
sets have been used. It is important, howeverke into account the differences in

relative intensity of emission lines between specie

2.7  Advantages of Double Pulse Excitation

Double pulse laser induced breakdown spectroscB®:L(IBS) uses a secondary
laser pulse, lagging behind a primary pulse by exget inter-pulse separation, to
generate plasma at increased temperature. The tadeanof using DP-LIBS for

improving LIBS sensitivity were reviewed.
Historically one of the earliest demonstrationstiod use of two high intensity flux

sources to generate plasma was reported in the E238Ds (Cremerst al. 1984). The

authors reported greater sensitivity for detectoddra number of volatile metals in
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aqueous solution, by utilizing two sparks for plasgeneration (repetitive spark pair,
RSP), compared to a single spark (repetitive sisglrk, RSS). The authors used a
liquid bulk sample presentation configuration. Expental parameters included
wavelength of 1064nm, pulse duration of 15ns, prjnpalse energy is the range 30-
76mJ, and fixed secondary pulse energy of 125mtér-pulse separation was
optimized at ~1fs, for detection of O(l) emission line at 777.4nime authors
reported maximum increase in emission signal intgm$ ~50 for RSP compared to
RSS plasma generation.

Four principal DP-LIBS configurations have beenadig®d (Nollet at 2004) for the

study of spatial and temporal evolution of plasnemegated from metal targets. A
recent report (Raet at 2003) demonstrated increased LIBS sensitivitydetection

of volatile metal species in aqueous solution. @hbthors used a collinear DP-LIBS
configuration i.e. both ionization laser pulsesrgitaa common trajectory to the
target. With liquid jet sample presentation confggion the authors reported typically
three times stronger emission line intensity for- @Bmpared to SP- excitation, for

neutral and ionic magnesium emission lines.

A recent paper (Koclet al 2005) reported LIBS signal saturation for the tredu
manganese triplet (centred at 403.31nm) for anagtecentration of ~120ppm. The
authors also reported a linear relationship betwsigmal intensity and analyte
concentration in the range ~40ppm to ~60ppm. Insigts gained into the advantages
of DP-LIBS for improvement of LIBS sensitivity byomparing these data with SP-
LIBS data previously reported by the same authdfscly et al 2004), for
characterization of aqueous chromium. In this earksearch linearity between LIBS
emission signal and analyte concentration was dstraited between ~25ppm and
~130ppm, with the onset of signal saturation foalge concentration in excess of
~500ppm. The authors reported LoD for manganeselBB) and chromium (SP-
LIBS) to be in the order of 80ppb and 40ppm, respely. Objective commentary
regarding improvement in LIBS sensitivity betweeR-lIBS and DP-LIBS is

inhibited by inconsistencies in experimental par@msets utilized in this researche.
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This is illustrated in Table 2.4, which summarizegerimental parameters for the
aforementioned LIBS research (Koehal 2004, 2005).

Table 2.4: LIBS Experimental Parameters for SP- andDP-LIBS

SP-LIBS (Kochet at 2004) DP-LIBS (Koctet at 2005)
Laser 1064nm, 5ns, 1Hz 532nm, 6ns, 5Hz
Parameters | <1.3GWcn¥ 7MWcem? & 6.2MWem'2
Exptl. 20x20x10crT cuvette 20x20x10crT cuvette
Parameters | 600mm @ collection fibre 1200mm @ collection fibre
iCCD 756x581 11x1{im? pixels | iCCD 1024x1024 13x18n? pixels
Czerny-Turner spectrometer | Czerny-Turner spectrometer
300 lines mrit blazed at 300nm| 1200 lines mrit blazed at 500nm
tq optimizedwrt analyte conc. |ty 450 & 60Qus
tg=1Qus ty=1to 1Qs
Analyte & | KCr(SQy),2* 12H,0 Mn(NO3), - 4H,0O
Emission Cr(l) 357.9, 359.3, 360.5nm Mn(l) 403.08, 403.31, 403.45nm
Line Details| 40-2200ppm 0.02-100ppm
LoD = 40ppm LoD = 80ppb

The principal parametric difference between theeaesh efforts (Koclet at 2004,

2005) was laser wavelength (1064nm and 532nm, c@gply). As previously

described, laser radiation at shorter wavelengtlaglvantageous, due to its efficacy in
supporting multi-photon absorption in target spgci€he principal difference with
regard to experimental apparatus was the respegtateng specifications. The DP-
LIBS set-up utilized a grating with groove dendiyr times higher than the SP-LIBS

set-up.
Improvement in LIBS sensitivity by utilization ofodble pulse laser excitation has

been reported (Yaroshchyt at 2005b), for characterization of metallic elements
samples of crude oil pre-absorbed onto a filterepagubstrate. The authors chose a
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‘crossed beam DP-LIBS configuration’ i.e. two lapaitses having mutually oblique
trajectories to the target, with plasma formatiotha target surface. In common with
these authors’ companion research (Yaroshclegk al 2005a) experimental
parameters included wavelength of 1064nm, repetitade of 1Hz and pulse duration
of 7ns. Laser pulse energies for double pulse &xait were optimized at 95mJ and
170mJ (primary and secondary pulses) with optiminégr-pulse separation of p4.
Limits of detection for double pulse and singlegauéxcitation, for species of interest
to the research current, included: 18ppm & 3ppmidad, and 7ppm & 4ppm for

cadmium. These data represent a typical increaskid sensitivity of ~100%.

The DP-LIBS technique has matured as an effectar@ation on the LIBS technique,
and several reviews have been published. A reesmtw (Scaffidiet at 2006) was
primarily qualitative in its description of altetnse DP-LIBS configurations, and
speculation as to theodus operandior improvement in DP-LIBS sensitivity. The
most incisive comment from the authors was the magien that cavitation generated
by the primary excitation pulse reduced ‘quenchiofythe plasma generated by the
secondary pulse. Characterization of laser induzadtation will be described in
considerable detail in a later chapter. Anotheeméceview of DP-LIBS (Babushait

al: 2006) provided a comprehensive description of ddeantages of DP-LIBS, as
well as a detailed consideration of the influenédaser parameters (wavelength,
pulse duration, pulse energy, and inter-pulse s¢ipa) on DP-LIBS sensitivity for
characterization of trace elements. The authorsthas review considered the
‘orthogonal pre-ablation’ DP-LIBS configuration gamary laser pulse focused at the
target surface, followed by a secondary laser pidsesed above the target surface)
to be the most efficacious for maximizing DP-LIB®nsitivity. Comparison of
detection limits for single pulse and double pudgeitation modes is summarized in
Tables 5 & 6, Appendix Il. In addition Table 7, Apmlix Il summarizes experimental
parameters and detection limits for LIBS utiliziagolid substrate, onto which liquid

samples were pre-absorbed.
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2.8  Comments in Conclusion

The majority of reviewed LIBS research is applicas based, with laser parameter
sets and sample presentation configuration chosemadtch a specific research
objectives. This critical review allowed two pripal insights, both of which proved
efficacious with regard to the current reseaichhe ubiquity of thestate-of-the-art
laboratory Nd:YAG Q-switched laser, emitting puldasthe low ns and mJ pulse
duration and energy regimes, with the fundamentavelength of 1064nm. This
parameter set closely matched that used in theeuresearch. The similarity of
experimental laser parameters allowed experimérmatls from published work to be
meaningfully compared to equivalent data acquinathg the current researcin; the
investigation by a number of authors into detect@omd characterization of heavy
metal species e.g. manganese and chromium in asjsetution. These species have
line emission characteristics typical of D-blockrakents, a group which includes the
elements of most interest to the current reseagectheiad and mercury.

Increase of incident photon flux and concentratbscattering centres (synonymous
with laser pulse energy and analyte concentratiespectively), up to and beyond
critical limits, resulted in the onset of saturatim LIBS emission intensity. At laser
pulse energy and analyte concentration below théason limiting value, a linear

relationship was typically reported between theseameters and LIBS emission

intensity.

The review of the influence of laser wavelength gmadse duration on LIBS
sensitivity was somewhahoot given the restriction within the current reseaath
these parameters to 1064nm and ~7ns, respectinsight is nevertheless provided
into the dominant mechanisms for laser inducedKol@an in the liquid bulk. As will
be described in the next chapter multi-photon iatan (MPI) and cascade ionization
(Cl) compete as distinct, but subtly inter-relatethdes for dielectric breakdown of

optically opaque media.
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Similarly the review of the influence on LIBS sdngty of alternative sample
presentation configurations was atsoot due to the limitation of the current research
to plasma formation in the liquid bulk. Valuablesight was provided, however, into
the typical lifetime of expanding plasma in ligudlk, compared to that for plasma
expanding into a gaseous medium. This insight vea$uli for optimization of LIBS
temporal parameters for accumulation of line eraissignal. Such optimization is
critical for increasing LIBS sensitivity and wilellcomprehensively demonstrated in a

later chapter,.
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Chapter Three
THEORETICAL CONCEPTS

“It is more important to have beauty in one’s eqaas than to have them fit experiment.”
Paul Dirac

In this chapter, fundamental theoretical concepts relatedormulaerelevant to the
present research are examined. Key processes stebeel, as followst. absorption

of laser radiation by the liquid medium; formation and growth of laser induced
cavitation bubble in the liquid bulkij . interaction between laser radiation and target
medium; iv. continuum complexion oBremsstrahlungemission profile; andy.

reduction of shot noise contribution to line enasssignals.

3.1  Absorption of Laser Radiation in Aqueous Media

Within the context of plasma generation in the iiiqbulk, only that fraction of
incident laser energy absorbed by the agueous mmedsuutilized for dielectric
breakdown. Attenuation encompasses two processeh wémove energy from the
incident laser pulse, during its traversal throtigh liquid medium i.e. scattering and
absorption. Cumulative attenuation as a resultbsogption and scattering losses is

described by the Beer-Lambert Law, as follows:

[(X) = loexp(4(A)-X) [3.1]

where,
lo = non-reflected intensity in target medium
I(x) = attenuated intensity at distance x from goef
x = path length within liquid medium
H(A) = wavelength dependent attenuation coefficient

For the laser wavelength and pulse duration usékerpresent research, contribution
to the overall attenuation from scattering is cdesed to be negligible. This statement
is based upon reported research (Vageht 1999), describing empirical assessment
of the partition of laser energy focussed in theuill bulk. The authors reported
reflected and scattered components of incident le@skation to be less than 1%, for
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laser pulses of 6ns duration, and energy of 1 & lased on these data, absorption
coefficient, pa(A) was synonymous, for all intents and purposesh witenuation
coefficient. For the wavelength used in the curresearch (1064nm), the absorption
coefficient was reported (Voget at 1999) to be 0.13cthfor distilled water.

3.2  Theoretical Analysis of Laser Induced Cavitatia in the Liquid Bulk
Multi-photon absorption of photons by the liquid dnen leads to photolysis i.e.
ionization and dissociation of the absorbing mediBimotolysis products, particularly
quasi-free electrons and hydroxyl radicals, arengfly absorbing in the IR and visible
wavebands. This results in a rapid rise in plasemperature and pressure in the
focussed beam waist, several orders of magnituelatgyr than predicted by classical
theory. Rapid thermal expansion of the focusseerlaolume results in three
principal mechanical effects. These are: acoustic signatureji. shockwave
propagation; andiii. formation of an oscillating cavitation bubble. v@ation in
liquid was originally described algebraically byofd) Rayleigh, following an earlier
hypothetical scenario suggested by Besant. Raytedjssicaformulaehave been oft
utilized e.g. analysis of laser induced cavitati@haviour in the vicinity of a solid
boundary (Gregdic¢ et al 2007).

Rayleigh’s objective was to calculate the energgeexied during the collapse of a
bubble, due to the pressure differential acrosshihigble boundary. Rayleigh'a
priori assumption (following Besant) was a hypothetiegquit of infinite extent,
possessing properties of zero compressibility aadogity. An equation was initially
derived which expressed bubble wall velocitys(\as a function of bubble radius

(Re), as follows:

vs = [(1)PJp - {(R/Re)’ = 11> .. .. 12

where,
P.= pressure in infinite liquid (kg rs?)
o = fluid density (kgri7)
Ry= maximum bubble radius (m)
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Integration of this equation yielded an expressarthe bubble collapse timg,, as a
function of maximum bubble radiusg.RBubble collapse time is the time taken for the
bubble radius to change from maximum to minimum ha&f the bubble oscillation

time (1), and is calculated as follows:

T. = 0.915R - (0/P.)%° = 1y/> w33

where,
Tc
Tp

bubble collapse time (s)
bubble oscillation time (s)

A differential form of the Rayleigh equation wasvdmped by Plesset, to include
bubble radius (R) as well as bubble wall velocitygl acceleration. This equation has

been oft utilized (PetkovSek & Gregot: 2007), and is expressed as follows:

R-d°R/AE +°,(dR/dtf =Yp, -{P(R) - P} .. [34

where,
dR/dt = bubble wall velocity (1}
ofR/d? = bubble wall acceleration (if)s
P(R) = pressure at bubble surface (f&fin
p = fluid density (kgrii)
P.= pressure in infinite liquid (kg rs?)

Rate of bubble expansion reduces asymptoticall}f oreximum radius is achieved.
At this stage the pressure differential acrosstlfeble boundary has reduced to zero,
and the bubble begins to collapse. When the presand temperature within the
collapsing bubble are sufficient to generate ahkntshock wave, subsequent
(secondary, tertiary etc.) phases of expansion eoihpse occur. Oscillation
continues until the energy encapsulated withinkihigble is insufficient to generate a
further shock wave. During the complete bubbletiliie i.e. indicative of multiple
oscillatory periods, energy available to suppotilida oscillation is primarily lost due
to the thermal gradient across the bubble boundeswvell as energy manifest as

shockwave emission.
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Further developments of the Rayleigh formula hagenbreported to account for
liquid viscosity and compressibility. An assessmeainthese equations is beyond the
scope of the present study. A comprehensive sumimas\been reported (A Shima:
1997).

3.3 Interaction between Laser Radiation and Dielecdic Target Medium
Molecular ionization in liquid media may be induced two distinct, but not
independent, mechanisms i.e. multi-photon ionirag(i@lPl) and cascade ionization
(CI). Cascade ionization requires the presenceseéd’ electrons in the volume
defined by the focussed laser beam waist. ‘Seestitreins couple with the laser
electromagnetic field, and acquire sufficient kioetnergy to cause ionization of
adjacent molecules via direct collision. The subseq release of an electron pair
generates a geometric increase in electron denftyning a cascade of free
electrons. If sufficiently high free electron dagss generated, dielectric breakdown
is induced by further collision with molecules imetimmediate vicinity. The pre-
collision and post-collision electrons have diffgrenergy distributionss( €’ and€”,
respectively), the former having a higher mean eauan the latter. The inverse
process of three-body re-combination establishedymamic equilibrium in the
expanding plasma phase. This equilibrium has beparted (Casavolat at 2003),

as follows:

A+€(e) « A"+ €(e) + e(e) o [35]

where,
A = neutral species
A" = ionized species
€ = free (solvated) electron
€ = electron energy distribution pre-collision
€', ¢" = electron energy distributions post-collision

The contrast between the two ionization mechanisnikistrated by consideration of
laser induced breakdown in a liquid medium, whiatis§ies one of two independent
conditions:i. negligible concentration of potential scatteroemtres; orji. scattering
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centres of vanishingly low cross-section. At suéiitly high photon flux, target
molecules are directly ionized by MPI, providingeservoir of ‘seed’ electrons for
the onset of cascade ionization. In MPI each edecindependently absorbs several
photons in order to bridge the energy gap betwekacant vibration manifolds. This
process has been reported (Casagbkt 2003), as follows:

A +n(v) - A" + €(g) [3.6]

where,
A = neutral species
A" = ionized species
e(g) = electron with non-linear energy distribution
hv = absorbed photon
n = number of absorbed photons

The number of photons required to induced multitphaonization is a function of
the ratio between vibration manifold band gap as#t photon energy. The inherent
complexity of the physico-chemistry of liquid wates well as further complications
with respect to hydrolysis of photolysis productsridg the breakdown process,
complicates interpretation of experimentally meaduband gap energy. Reported
values includei. estimate based upon the assumption of two phabsorption of
6.5eV (Longtin & Tien: 1997)ji. classical estimate of 5.8eV (De Giacomtoal
2007); andjii. empirically measured value of 8.9eV (Crowell &rigds: 1996). On
exceeding the ionization threshold for a specHigeét species, free electrons become

subsumed within the reservoir of ‘quasi-free’ elens.

The most significant difference between the twoization mechanisms is the time
scale on which they operate. MPI operates on a soade an order of magnitude
shorter than ClI. This allows the mechanism of MPdéminate for laser pulses in the
sub-ns range e.g. picosecond & femtosecond regimesntrast the longer time scale
for onset of CI allows the dominance of this ioti@a mechanism at longer pulse
durations i.e. in the nanosecond regime. By thasoaing, cascade ionization was
concluded to provide the dominant mechanism foledigc breakdown in the liquid

medium for the present research. A sophisticatethenaatical derivation of critical

49



free electron density thresholds for Cl and MPIwadl as the free electron density
threshold at which MPI induces the onset of Cl, basn reported (Kennedy: 1995).

Such a detailed consideration is beyond the scbffee@resent research.

Irrespective of the ionization mechanism for a fpetarget, and assuming a state of
local thermodynamic equilibrium (LTE) in the expamgl plasma phase, calculations
of the relative populations of neutral and ionizpeécies have been reported (Capitelli

et al 2000) in terms of the Saha-Eggert equation, bewe:

Ne” NYN; = 2Z(T)/Z(T) - (2mmKT/h?)*° - exp(AE/KT) [3.7]

where,
n. = electron density (cf)
N,/ N;= population of neutral / singly ionized speciasi(y
Z,/ Z;= partition function of neutral / singly ionizedespes
m.= electron mass (kg)
k = Boltzmann constant (J¥
T = plasma temperature (K)
h = Planck constant (Js)

AE = energy gap between levels (J)

For the sake of completeness, it is important tecdee a commonly usedile-of-
thumbfor validity of the assumption of LTE i.e. the M¢Wter criterion (McWhirter:
1965). This criterion defines the lower limit oketron density for which the validity
of LTE may be assumed, as a function of plasma ¢eatpre (T) and emission line
energy QAE). The McWhirter criterion is well established exientally, and has
been reported (Le Drogo#t al 2001, Charfi & Harith: 2002, Ismaét at 2004,
Shaikhet al 2006, Adamsoet at 2007), as follows:

ne > 1.6x16%- T°°- (AE)® e [38]

where,
n. = free electron density (CHh
T = plasma temperature (K)
AE = largest energy transition for which LTE hold¥)
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The subtlety of invoking the McWhirter criterionrftesting the validity of LTE is
illustrated by the following quote (Cristoforetet at 2010): “This criterion
(McWhirter) will tell us whether LTE conditiondo not existand not whether LTE

conditionsexist (italics in the original).

3.4  Continuum Complexion ofBremsstrahlungEmission Profile

The principal radiative feature in the early stagéplasma expansion is broadband
(continuum) Bremsstrahlungemission. The dominant process for generation of
Bremsstrahlungs radiative re-combination, during which an iosj@ecies combines
with a free electron, generating a neutral speftigacally in an excited state), with
complementary photon emission. This process has begorted (Casavolat at
2003), as follows:

A" +6(e) > A +hv 3.9]

where,
A" = ionized species
A’ = excited neutral species
€(€) = non-linear electron energy distribution

The continuum complexion oBremsstrahlungemission may be explained by
consideration of the continuum velocity distributiof free electrons, and the
heterogeneity of free electron density, in the exiigg plasma volume. A
Maxwellian velocity distribution is typically repwd (Casavolat at 2003) for free

electrons, for an expanding plasma assumed to beguasi-stationary state (QSS).

Such a velocity distribution is described, as falo

f(u, v, w) = .- (MJ21kT)" - exp{-my(u® + V* + WA)/2kT} [3.10]

where,
n. = number of electrons per unit volume ({®m
m, = electron rest mass (kg)
u, v, w = Cartesian velocity components
k = Boltzmann constant (Ji
Te = electron temperature (K)
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The continuous distribution of electron velocitytire three orthogonal Cartesian co-
ordinates results in a broadband (blackbody) eomsspectrum on interaction with

the laser electromagnetic field..

3.5 Reduction of Shot Noise Contribution to Line Enssion Signals

Efforts to quantify and reduce noise in experimewiark is the proverbial ‘albatross
about the neck’ of the empirical scientist. ‘Shalise’ is a ubiquitous presence is
emission spectroscopy data collection. Shot nagsan example of ‘white noise’
insofar as it is not frequency specific for the parature and system bandwidths used
for the present research. A fundamental propershot noise, $o; is its relationship

to the magnitude of the signal, S, as follows:

St 0 S° e e BAY

The significance of this may be appreciated by hanation of the relative magnitude
of the two signal sources of interest i.e. atonme lemission signal,Sand mean
background signal, )@an from which line emission signal: noise ratio (P/I$

calculated. For any specific emission waveleng)h $/N is calculated as follows:

S/N)\ = (S\ - S’near) /Gbkgnd [3.12]

where,
Opkgnd = Standard deviation of background

The intensity of § is typically an order of magnitude greater thape..$ The
contribution of shot noise at the specific emissizavelength is hence significantly
greater. For this reason, the application of a datxaging algorithm is required i.e.
given the superposition of a statistically sigrafit number (N) of averaged emission
spectra, the coincidence of ‘peaks’ and ‘trougheht these individual spectra will

reduce themsshot noise contribution, at any specific emissi@velength.
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The inherently random nature of shot noise is desdrby the Poisson probability
distribution, as follows:

P() = (& - A9k . v [3.13]

where,
P(k) = probability of k events
A = expected number of events in defined interval
k = number of recorded events in same interva

This equality is subject to thproviso that the time interval over which data is
collected is of sufficient duration such that theidBon distribution may be
demonstrated to be a limiting case of the Binordiatribution. By expressing shot
noise in terms of available noise power, over guescy range representative of the

system bandwidth, shot current may be estimatefillasvs:

ls=(4k- T-AFR)™ . . . . B4

where,

S

k = Boltzmann constant (3K
T = temperature (K)

Af = electronic bandwidth (Hz)
R = ohmic impedanc&]

The following values are pertinent to the currefB& research: boxcar integrator
bandwidth,Af = 400MHz; boxcar integrator ohmic impedance, B0&; T = 298K
i.e. room temperature conditions. Based on thekeesashot currents E 3.6x10'A
(0.36uA). With an impedance matched signal integratiord ahsplay system,
corresponding shot voltageg ¥ 18uV.
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Chapter Four
MATERIALS, APPARATUS AND METHODOLOGIES

“We are no wiser and no less biased than otheppedut as a physicist,
or a biologist, you are certain to have gone throulge experience of
making a confident assertion, and then being provexhg. A philosopher
or a sociologist might never have had this wholesteason”
Niels Bohr

4.1  Atomic Emission Lines of Target Species

Studies on laser induced cavitation were carrietl uging triple distilled water,
prepared in the Department of Engineering and AdplScience (DEAS) Laser
Laboratory. Investigation of variation in dielecttireakdown thresholds was carried
out using both distilled water and tap water. Tétel samples were collected from
the mains supply. Concentrations of dissolved nagiaties of interest to the current
research, as reported by Thames Water, are showalle 4.1. Statutory European
Union (EU) maximum permissible concentrations (MR&)drinking water are also
included for comparison. The complete Water QuaRgport is reproduced in
Appendix I11.

Table 4.1 Measured Concentration of Elements of klerest Compared
to their Statutory Limits

species As Cd Pb Hg Se
measured
concentratioh ppb | 0.52 | <0.2 | 0.62 | <0.12 | 0.82
statutory
limit% ppb 10 5 10 1 10

1

: Thames Quality Utilities Water Quality Report —
2009 Data (Water Supply Zone S26 : Shrivenham)
Council Directive 98/83/EC; 03-11-1998

For optimization of principal LIBS experimental pareters (pulse energy, delay
time, and data average number) the strong Na(I3®am line at 589.00nm was used.
Having completed this preliminary exercise the aesle was primarily concerned

with detection and quantification of two primaryeelents, lead and mercury, in
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aqueous solution. Relative emission line intersifer Pb(l) and Hg(l), normalized

with respect to Na(l), are presented in Table 4.2.

Table 4.2 Line Emission Data for Sodium, Lead an¥ercury

Neutral | Emission| Normalized
Element| Line/ nm | Intensity | Intensity
Na 589.00 1.7x10 1.000
Pb 405.78 2.7x10 0.016
Hg 253.65 1.7x10 0.001

! taken from Payling and Larkins database v1.5.7

In common with most metals occupying the D-blockileé periodic table, lead and

mercury have strongest emission lines in the n&ardgion.

4.2 Methodology and Apparatus

In this research the liquid bulk sample presentatonfiguration was used. This
configuration was preferable compared to other LIB&figurations (surface,
nebulized spray and single droplet) because of nlative ease of sample
presentation. The utilization of liquid bulk sampleesentation configuration is also
advantageous for development of a portable LIBStopype for in situ field

applications.

4.2.1 Experimental Set-up for LIBS
The schematic in Figure 4.1, and photograph in féigu2, show the layout of LIBS

apparatus and various components. The excitatiomcesoused was a Q-switched
Nd:YAG laser (Litron Nano-L 200-20) operating atethfundamental output

wavelength of 1064nm. Pulse duration was fixed &ts; capable of operating at
tunable repetition rates up to 50Hz. Pulse enengsesl were in the range ~15mJ to

~140mJ.
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Figure 4.1 Schematic for LIBS Set-up using LiquidBulk Sample Presentation
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Figure 4.2 Photograph of the Arrangement of LIBS Eperimental Apparatus
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4.2.2 Experimental Set-up for Spatial ProfilingRafmp Laser Pulse

The spatial intensity profile of Nd:YAG laser pudsevas recorded using a set-up
illustrated in Figure 4.3. The beam diameter at ldser head exit aperture had a
nominal diameter of 5mm, with beam divergence i tinder of hundreds qfrad.
The beam was expanded by a concave lens, andteeflédom a suitably positioned
section of plane glass. The expanded beam crosersetatched the area of the CCD
array at the front of the digitizing video camelRecording and analysis was carried
out using proprietary software, loaded onto a dsdit laptop. Owing to the high
sensitivity of the camera, two neutral density (Nigrs (reducing transmission by a

factor of 10) were positioned in front of the detecting surface

concave lens glass plate .

~92% transmissior‘

Nd:YAG
laser head

parallel pulse
divergent pulse

digitising video camer4 \

PC with specialist ND4 & ND3
software filters

Figure 4.3: Schematic for Measurement of Nd:YAG Pude Intensity Profile

A digitized representation of the Nd:YAG beam irsiéy profile is illustrated in
Figure 4.4. The measurement criterion was averag&er density per pixel on the

detecting surface.
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= averaged power
density profile

Figure 4.4: Digitized Intensity Profile for Nd:YAG Laser Pulse

Visual inspection of the digitized intensity prefilin Figure 4.4 lead to two
conclusions:i. the Nd:YAG intensity profile was non-Gaussian; the Nd:YAG

intensity profile demonstrated a high degree of rsatny.

4.2.3 Beam Collimation, Focusing and Radiation Dexte

Laser pulses were directed into the liquid bulknfemed within a quartz cuvette)
vertically, as shown schematically in Figure 4.8ing a plane mirror fixed at 45° to

the horizontal.
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Figure 4.5 Schematic for Delivery of Focused Lasdtulse to Target Medium
and Subsequent Collection of Radiative Emissions
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Laser pulses were focused by a 50pneonvex quartz lens (L1) with focal length of
50mm. The focal point of the lens was ~25mm belbw liquid meniscus The
capacity of the quartz cuvette was 20x50x50mrfihe plasma was formed
approximately half way between the centre of theette and the cuvette wall
adjacent to the collection optics. Radiation erdifrem the laser-induced plasma was
collected by a nominally F#1 convex lens (L2) wiftital length of 50mm. The
diameter of the collection lens, and its proximity the plasma emission source,
governed the proportion of emitted radiation cagduby the optics. The solid angle,
[, subtended by a circular lens with focal lengtrarfd diameteny, is calculated as

follows:

Mo = W4 x (@) = 04 x (F#)° e 4]

For the F#1 collection lens (L2) used in the curresearch the solid angle subtended
was calculated to beTt#4, representing a signal collection efficiency ©7%
assuming a spherically uniform radiative emissioofife. A F#7 convex lens (L3)
with focal length of 350mm focused the collimatethspna radiation onto the
monochromator entrance slit. This lens arrangemed optically matched to the
monochromator, which had focal length of 850mm arichary mirror diameter of
120mm.

Another crucial aspect of collection optics was irth#ansmission properties.
Bremsstrahlungis characterized by a broadband emission profiiéh a spectral
distribution synonymous with that of a classicadibody (assuming validity of the
assumption of LTE in the expanding plasma). A @mging task for the current LIBS
research was to detect and identify, from withia Bremsstrahlungprofile, discrete
atomic emission lines in the near UV region. Tleiguirement governed the choice of

quartz glass lenses which have relatively highsimassion in the UV region.
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For the current LIBS research the monochromatairgyapecification was matched
to the atomic emission wavelength of interest. detection of Na(l) emission line at
589.00nm a visible dispersion grating, blazed d&nB0, was used. For detection of
Hg(l) emission line at 253.65nm a UV grating, blkhzat 250nm, was used.
Manufacturers transmission characteristics for bgthtings are re-produced in
Appendix IV. For the current LIBS research a phatoHiplier tube (PMT) was used
for detection of plasma emission. The PMT moduleupe in relation to the

monochromator entrance slit, is shown in the phaiolg in Figure 4.6.

spectromete § A
4 internal slit  [FE8 S monochromator
photo-multiplier tube s 4 controls 3 entrance slit

Figure 4.6 Photograph Showing Photo-Multiplier Tule and
Monochromator Entrance Slit

For the PMT based system the detected optical Isigrere accumulated by a box-car
integrator (BCI - HP5411D), before being displayat recorded by a digitizing
oscilloscope (Agilent DSO5054A). Key performancegpaeters for the PMT, BCI

and oscilloscope used in the research are presenfggpendix .
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4.3  Characterization of Laser Induced Cavitation

Two independent techniques were used for the ctearzation of the laser induced
cavitation bubblei. probe beam deflection, anil, high speed imaging. The probe
beam deflection (PBD) technique is indireabsofar as the behaviour of the
oscillating bubble boundary is inferred, via intefation of deflected probe beam
signal profiles. In the current research a HeNeberdaser (Uniphase 1125P),
operating in continuous wave (cw) mode and emitih§33nm at 6mW, was used. In
the high speed imaging (HIS) technique the dynamidke oscillating bubble were
observed directly.

4.3.1 Experimental Set-up for Profiling of ProbeseaBeam

The intensity profile of the probe beam was measbreexpanding the beam with a
short focal length concave lens onto a semi-tralespacreen, and using a photodiode
to measure the intensity at incremental points ssctbe maximum beam diameter.

This arrangement is illustrated schematically iguFe 4.7.

A
“““““ \
parallelcw beam ‘ & i photodiode
e —
[
| |
| |
““““ [
R ‘ ‘
HeNe - circular beam
probe laser cross section -
..... \ vernier
o, I controlled
| translation
concave lens
’diffusecwbeam ‘ e

Figure 4.7 Schematic for Measurement of Probe Beaimtensity Profile
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Precision of photodiode positioning was maintaifgdfixing the photodiode to a
travelling microscope. A single rotation of the Ked adjustment screw, on an
attached vernier scale, translated the photodigde1bl6mm across the expanded
probe beam image. The increment of photodiode latos for measurement of
expanded probe beam intensity was fixed at ~0.58mamhalf a complete rotation.
Given a linear expansion factor of ~15, between inahmand expanded probe beam
dimensions, the equivalent resolution was M0 given nominal probe beam

diameter of ~2mm. The measured intensity profilghiswn in Figure 4.8.
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Figure 4.8 Measured Probe Beam Intensity Profile

The probe beam intensity profile was symmetrical, &ll intents and purposes.
Anomalous data were likely due to inconsistenamgsrobe laser intensity output.

4.3.2 _Probe Beam Deflection Technique

Two configurations of the PBD technique, denotedafid (II), were used. Both

configurations shared a common experimental setaspshown in Figure 4.9.
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Figure 4.9 Schematic for Probe Beam Deflection Thaoique: Configurations | & 1l
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The trajectory of the probe beam, in relation te thain components of the
apparatus, is shown in the photographs in FiguEs dnd 4.11.

laser puls
; probe beam pump
steerable plane mirro l trajectory

probe beam
focussing lens

in cuvette

'»\;if

detecting 2

\ ; i ) 2 probe beam td
d photodiode

i \ﬂé(

?

. trigger signal V probe beam signa
Figure 4.11 Photograph Showing Typical Probe Bear@ignal Profile
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For the PBD configuration (l), the focus of the puiaser pulse was fixed to coincide
with the centre of the probe laser beam. The phmaan is initially focused by a convex
lens (L4) into the pump laser focal volume. By &roenting the horizontal position of
this lens, parallel to the probe beam axis, th@cugsed diameter of the probe beam in
the plane of the focused pump laser pulse wasaserk At a critical displacement of this
lens, the defocused probe beam diameter exceedadakimum diameter of the primary
cavitation bubble. The relative decrease in tratisghiprobe beam signal intensity
allowed inferences to be made regarding spatialtamgoral evolution of the primary

cavitation bubble.

In the alternative configuration (II) of the PBDclmique, the trajectory of the probe
beam was fixed in the horizontal plane of the @btlench, orthogonal to the (vertical)
direction of the Nd:YAG pump laser pulse. The pulaser pulse was focused by a
convex lens (L5) fixed in the horizontal plane. Tdeparation between the pump laser
focus and the fixed probe beam was altered incréatigwia a vernier screw thread, with
resolution of 1qm. The pump laser focus position was varied incraaily above and
below the probe beam axis, for comparison of tfecebf bubble expansion on the probe
beam signal. For each separation between pump fases and probe beam axis, the
expanding bubble wall crossed the probe beam afferite time delay. In the interval
between the occlusion of the probe beam by therekpg bubble, and the bubble wall
re-crossing the probe beam on bubble collapse,ptiobe beam was subject to a
transmitting medium with refractive index significly different from that of the
unaffected distilled water. The change in refraziivdex induced deflection in the probe
beam trajectory, which allowed inferences to be enezbharding spatial and temporal

bubble dynamics.
For both configurations of the PBD technique thebgr beam signal was detected by

photodiode (P2 - Centronic BPX65 series). Tempweealation in probe beam signal

intensity was displayed on a digitizing oscilloseofAgilent DSO 5054A). To avoid
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saturation of the photodiode by the transmittedproeam, an attenuating filter (F1) was
introduced into the probe beam path. A convex Igg was used to focus the probe
beam signal onto the photodiode (P2).

The oscilloscope was triggered synchronously withémission of pump laser pulse via
a second photodiode (P1 - Centronic BPX65 senesich detected laser light reflected
from the upper surface of the focusing convex |@s). This allowed temporally
accurate measurements to be made of changes ie jpedm intensity, and allowed
inferences regarding the dynamics of the expandind contracting bubble wall. A

typical PBD trace is shown in Figure 4.12.
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Figure 4.12 Typical Probe Beam Deflection Profilafter Passage through
Cavitation Bubble

From the recorded probe beam intensity profileeghfundamental parameters were

measuredi. maximum change (decrease) in probe beam sigtelidity; ii. time taken
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for probe beam signal to recover to a pre-set péage of its initial (undisturbed)
intensity; and,iii. time taken for initial deflection of probe lasbeam. By careful
interpretation of these measurements the followahgracteristics were inferred:

maximum primary bubble radiug; primary cavitation bubble lifetime; angi,. bubble

wall rate of expansion.

4.3.3 High Speed Imaging Technique

High speed imaging (HSI) was the complementary oektised for characterization of
laser induced cavitation. In this technique thetiapand temporal behaviour of the
primary cavitation bubble were directly measuredhe Texperimental layout of this

technique is shown schematically in Figure 4.13e Tamera used (Vision Research
Phantom v12.1) had a maximum frame rate of ~3xtdmes per second (fps) and a
1280Hx800V CMOS sensor. Control of the camera iad&spoke software installed on
a dedicated laptop.

Nd:YAG pulse
Q>Z>>>”

focussing lens

filter

multiple

breakdown Ccamera
sites & lens

laptop with
dedicated
software I I

,,,,,,,

TTL trigger

not to scale

Figure 4.13 Schematic for High Speed Imaging Teclue
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The layout for this technique, indicating the piosiing of principal elements of

apparatus, is shown in the photograph in Figuré.4.1

45’ prism to steer pump laser puls| [
T N :.7.
\ P ﬁ intense lighting
i

cuvette with distilled wate

laptop with
dedicated software

scissor jack oy ::' "
8| for alignment N V
_ - .

W

Figure 4.14 Photograph of High Speed Imaging Setpu

The key parameter for this technique was frame, tht reciprocal of which allowed
estimation of interval between frames. The origeiak data (.avi format) was converted,
using post-processing software, to individual franfdmp format). Due to the finite
memory capacity of the camera imaging hardwareretiveas an inverse relationship
between frame rate and size of individual imagese®Gthe timescale of the primary
cavitation bubble (in the order of hundredsusj, a frame rate in the order of 5R¥ps
was preferred. This frame rate, however, generateges lacking sufficient contrast to
differentiate with confidence between bubble wailtl amage background. The highest
frame rate allowing sufficient resolution was ~5%Ifs, corresponding to an interval
between images of ~P8. Improved contrast was provided by illuminatiooni a
standard desk lamp (60W).
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4.4  Optimization of Experimental Parameters for Ingeasing LIBS Sensitivity

For laser-induced plasma in the liquid bulk, ‘qu@ng’ is known to reduce the overall
time scale for radiative emission processes. ThengeBremsstrahlungwas typically
emitted on a timescale in the order of 100s of saoonds. Atomic line emission from
contaminant species was observed on a significéotiyer timescale of typically several
microseconds. By opening the time gate for detadfber theBremsstrahlungemission
had reduced to a negligible level, and operatirg ghte for a duration sufficient to
capture the majority of atomic line emission, LIB&nal-to-noise ratio (S/N) was

increased.

The most critical LIBS temporal variables are deleiye and gate width. The former
equates to the delay between plasma formation hedetectronic opening of the
detection gate. The latter equates to the perioddtection and accumulation of emitted

radiation. Figure 4.15 is a sketch representinglaalized emission profile.

To T1 T2 tail end of

Bremsstrahlung Ts
/ / emission profile /

-
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trigger > > |
time : . . . :
I signal integration I
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L e e e e e e e m e J

Bremsstrahlungpeak (T,)

Figure 4.15 Sketch of an Idealized Representation
of the Temporal Gating Sequence
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Duration of emission profiles was referenced taigger pulse, taken to be the ‘zero’
time, and represented in Figure 4.16 RyThis is the point at which the laser flash lamp
was initiated and was synonymous, for all intemi$ purposes, with plasma formation in
the liquid bulk. The leading edge of the plasma ssion, characterized by a
Bremsstrahlungprofile of rapidly increasing intensity, was reded after a delay
represented by T The interval betweengland T, was typically in the order of 100s of
ns, for plasma formation in the liquid bulk. Theerval between Tand T, represented
that period during which the majority dBremsstrahlungemission occurred. The
maximum intensity of th8remsstrahlungprofile occurred after a time represented by T
For times in excess;,Tthe intensity oBremsstrahlundhad reduced to a negligible level.
In the interval between,land T a significant proportion of detected radiationgorated
from atomic line emissions, line emissions fromaxaltion of molecular vibration
manifolds, and relatively weatontinuumemission from the cooling plasma. In order to
prevent the majority oBremsstrahlungemission from impinging upon the detector the
delay time (§) was typically set to match,TIn addition the gate widthgftwas ideally
matched to the period betweepdnd T to maximize detection of radiation from atomic

line emission.

The other important LIBS experimental parameter thaswavelength range over which
radiation was dispersed by the monochromator graind the increment at which the
grating was advanced (‘stepped’). Estimation of 8tuired a significant spectral range
from which background signal mean and standardatievi calculations were statistically
valid. The current research used a spectral ranigeraly the target line emission
wavelength e.g. Na(l) at 589.00nm, was positioned third of the way between the
lower and upper limits of the spectral window. Rbe current research the spectral
increment (grating ‘step’) was typically set atBnén (0.54).
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4.5  Alternative Techniques for Increasing LIBS Sensvity
4.5.1 Electronic Time Gating

The ‘conventional’ technique used for discrimingtotiscrete atomic emission lines from
continuum background noiseBremsstrahlung was temporal gating. This entailed
configuring the detection apparatus to selectiwagple the emitted radiation envelope
after a pre-determined time delay, beyond whscbmsstrahlungemission had reduced
to negligible levels of intensity. To maximize dgten of discrete atomic line emission
the photo-multiplier tube (PMT) was exposed forra-gpet time interval. This temporal
gate was activated by applying high tension (HTthe&ePMT during this time period. The
rapid application of HT generated electromagnebcsa interference in the detection

system, which contributed to the overall noise laidg

45.2 Experimental Set-up for Mechanical Signali@pt

The ‘mechanical gating’ technique involved the reéang of two independent LIBS
spectra for each experimental run. The first spettwas conventionally gated, and
recorded a peak for the target atomic emission fimen which a S/N was calculated. A
second spectrum was captured in the absence ohplgsneration in the liquid medium,
by physically blocking the laser pulse with the tretical chopping blade. This spectrum
represented the background signal profile for thesen spectral waveband. By
subtracting the latter spectrum from the formebbackground subtracted’ LIBS spectrum
was generated.

The experimental set-up for this work was praclycdhe same as that previously
described (Figure 4.1). A mechanical chopper warporated between the laser
aperture and a plane mirror positioned above thgkacuvette. A fixed pulse energy of
~35mJ induced dielectric breakdown in the focusednb waist. Plasma collection and
detection has been previously described and iHitestr (Figures 4.2, 4.6 & 4.7). The
location of the mechanical chopper between the R Yaser aperture and plane mirror
is shown in Figure 4.16.
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Figure 4.16: Photograph of the Mechanical Gating &-up Showing Positioning
of Chopping Apparatus Relative to Sample

The same Nd:YAG laser was used operating in a itef@etpulse mode. The pulse
repetition rate was synchronized with the mechamicapper rotation rate by means of a
photodiode—LED sensor combination. This was plaaedhe lower periphery of the
chopping wheel, and provided the trigger signalierlaser flash lamp. Eight signals per
rotation were generated corresponding to the eghttures coincident with the position

of this sensor combination. The chopping wheel ddteotation was fixed at 1.25Hz,

which set the laser pulse repetition rate to 10Hz.

A reflective sensor, placed toward the centre & thopping wheel, generated four
signals per rotation. These signals correspondédetdour apertures coincident with the
position of this sensor. For the fixed chopping elhate of rotation (1.25Hz) this sensor

generated signals at 5Hz. Signals were ‘high’ flacked pulses, corresponding to the
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absence of plasma formation in the liquid mediunterate signals were ‘low’ for
pulses successfully traversing an aperture, caoreipg to plasma formation in the
liquid bulk. These ‘high’ and ‘low’ signals were gympathy with the duplex mode of the
in-house software. This allowed simultaneous acdatimm of background and

conventionally gated spectra.

The main practical consideration for the currersesech was to set the maximum
practicable pulse repetition rate at 10Hz. Tad@onale behind this upper limit was
minimization of perturbations in the target liquitedium due to the mechanical effects
of cavitation. An interval of 100ms between conseeuplasma formation in the liquid

bulk was sufficient to reduce heterogeneities seitgulse focusing to a negligible level.

Preliminary studies were carried out with plasmaegated at the surface of an Al alloy
target, with radiation propagating in air at STRt(d pressure and ambient temperature
of ~293K). The target emission line wavelength ®86.15nm, which dictated the use of

the VIS grating with resolution of 1200 grooves thm

Initial liquid bulk sample presentation studies &vamdertaken with sodium chloride
solution at fixed concentration of 3fbm, using the Na(l) emission line at 589.00nm.
Spectrometer entrance slit width and PMT voltageewiexed at 30Q0m and ~1.8kV,
respectively. Signal: noise ratio (S/N) for thegetremission lines were calculated via
egn.[3.14] Improvement in S/N was demonstrated by comparisbrconventionally

gated and background subtracted spectra.

45.3 Experimental Set-up for Plasma Blocking Tagha

For surface generated plasma from a solid targetréjority ofBremsstrahlunggemission

was observed to originate in a compact region tlyrembove the target surface. The
Bremsstrahlungintensity from this region was sufficient to owtpose the photo-

detector in the time period prior to the activatmnthe temporal gate. The technique of
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‘plasma blocking’ involved placing a rigid barribetween the principaremsstrahlung
emission site and the collection optics. By incraetally increasing the height of the
upper horizontal edge of this barrier, the proportof intenseBremsstrahlungemission
incident at the spectrometer entrance slit was ugidd reduced. The barrier was
positioned as close to the leading edge of theetaag possible, without fouling the edge

of the barrier.

Preliminary experiments were performed with an ahiam alloy target with plasma
generation at the target leading edge. The expatahset-up, showing the position of
the physical barrier in relation to the leading edyf the aluminium alloy target, is

illustrated in Figure 4.17.
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Figure 4.17: Schematic for Plasma Blocking Technige for Reduction in
BremsstrahlungEmission
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The position of the physical barrier, in relatian the aluminium alloy target and the
collection optics, is illustrated in Figure 4.18.

plane mirror

focus lens
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Figure 4.18: Photograph Showing Positioning of Ptsycal Barrier in
Relation to Target and Optics

A baseline height for the upper edge of the phy&iaeaier was established, based on the
criterion that a reduction in this height was olisdrto have no significant effect on the
recordedBremsstrahlungemission profile. The reciprocal criterion wasttha increase

in height from this baseline position, commensuratigh blocking an increased
proportion of the intensdremsstrahlungsource, caused a measureable change in
recordedBremsstrahlungemission profile. The height of the upper horizbridge of the
barrier was incrementedl() with a vernier scale. The height was incremerhgd~1/16

of a complete rotation of a knurled adjustment\wcrehich corresponded to an increase
of ~43+4um. This was calculated by previously measuringttaeslation in the vertical

plane (~6.9mm) as a result of 10 complete rotatadrike adjustment screw.
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The effect of ‘plasma blocking’ oBremsstrahlungemission was characterised with
respect to changes in magnitude of specific featmfethe Bremsstrahlungemission
profile. These features were: maximum Bremsstrahlungemission intensityji. time
elapsed between laser trigger and maxinBremsstrahlungntensity; andiii . full width

at half maximum (FWHM) of th&remsstrahlungemission profile. Similarly the effect
of ‘plasma blocking’ on line emission was charasea with respect to changes in
magnitude of specific features of the line emissmofile. These features were:
maximum line emission intensity;,. time elapsed between laser trigger and maximum
emission line intensityiii. full width at half maximum (FWHM) of the line ession
profile; and,iv. normalized equivalent energy encapsulated withm line emission

profile.

A potential problem was anticipated due to matealahtion at the leading edge of the
aluminium alloy target. The formation of a cratdr significant depth, would cause
inconsistency in the proportion &remsstrahlungemission captured by the collection
optics. To overcome this problem the aluminiumaliarget was translated by a pre-set
distance, following exposure to a specific numbérlaser shots. The direction of
translation was mutually orthogonal to both thestgsulse trajectory and the axis of the
collection optics. By refreshing the target surfatéhis way, variation in the proportion
of capturedBremsstrahlungemission was minimized. The increment of targabgfation
was set at an order of magnitude greater than dlwellated focussed laser beam waist.
For the parameters used (wavelength = 1064nm, rarbeam diameter = 5mm, lens
focal length = 50mm) the focussed beam waist wasnated to be ~26m. The
separation between new laser focus sites was trersét at ~26@m. This was sufficient
to overcome the problem of inconsistency in sigleéction from laser generated craters

in the sample surface.

An upper limit for the number of laser shots incideipon each new target site was

estimated from a consideration of the bulk physmalperties of the aluminium alloy
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target (specific heat capacity and melting poifitje limiting assumption was made that
incident laser pulse energy was entirely manifieseimoval of target material. The mass
of ablated material was estimated to b@g-%r each 50mJ laser pulse. By assuming a
cylindrical volume of ablated material, with ciraulcross-section of diameter 10x the
nominal focussed beam waist, the depth of ablatetmial was estimated to ke50um

for each laser pulse. Based upon these calculagiacls new plasma formation site was
exposed to 50 laser pulses.

81



THIS PAGE INTENTIONALLY BLANK

82



Chapter Five
RESULTS AND ANALYSIS

“Once and for all, | wish to record my unboundedrachtion for the work of the experimenter in
his struggle to wreshterpretable facttrom an unyielding Nature who knows so well howmnéet
our theories with a decisivgo — or with an inaudibleres”
Hermann Weyl

The results and analysis of a series of individigeriments are sequentially described
in this chapter, as followsi. effect of scattering centre concentration on etiglc
breakdown thresholdi. spatial and temporal characterization of lasduded cavitation
bubble; iii. demonstration of the data averaging technique $omoothing of
Bremsstrahlungprofile; iv. dependence d8remsstrahlungemission on incident photon
flux and analyte scattering concentrationpptimization of various LIBS experimental
parameters to achieve maximum LIBS sensitivity; application of optimized LIBS
experimental parameters for detection of weaklyttamgi metallic species in aqueous

solution;vii. demonstration of alternative techniques for imprg LIBS sensitivity.

5.1 Dependence of Dielectric Breakdown Threshold orScattering Centre
Concentration
5.1.1 _Experimental Procedure

The layout for this experiment has been previowgipwn (see Figure 4.5). In this
configuration the laser pulse train was focussetdioatly into the water bulk. At the
outset laser pulse energy was selected to be ignffito provide consistent shot-to-shot
dielectric breakdown of the distilled water targetlse energy was reduced at a fixed
increment, and the number of audible shockwaves@ioation of dielectric breakdown)
recorded for 100 laser pulses. Pulse energy wageedto a level at which no dielectric
breakdown was observed, over a series of 100 |[agees. The process was repeated,

with the same experimental parameters, for a tapngample.

83



Probability of dielectric breakdown was calculabsddividing the number of breakdown
events, as indicated by the emission of an audibteckwave, by the total number of
delivered laser pulses i.e. 100. The dielectriakdewn threshold was defined as that
irradiance at which there is a 50% chance of geingraan audible shockwave. Laser
irradiance was calculated by dividing pulse powethe focussed laser pulse waist area,
for pulse duration fixed at 7ns. In the idealizede of a Gaussian pulse energy profile
the waist area would be ~5.3X40", based upon estimated diffraction limited spoe siz
(dspoy Of ~26um (lens of focal length = 50mm, laser beam dianet&émm, wavelength =
1064nm).

5.1.2 Dependence of Dielectric Breakdown Probahilit Laser Irradiance

Probability of dielectric breakdown was plotted iaga delivered laser irradiance, for

samples of distilled and tap water, as shown infed.1.
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Figure 5.1: Probability of Dielectric Breakdownvs Laser Irradiance for
Distilled and Tap Water Samples
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As indicated Figure 5.1, dielectric breakdown thadds for the distilled water lgistilied)
and tap water {l,) samples were estimated to be 7.0%Mem? & 2.8x10"Wem?,

respectively.

The same experimental procedure was carried ot ®@ppm, S5ppm and 500ppb
NaClaq samples i.e. covering two orders of magnitudectmmcentration. Based on the
criterion of an audible shockwave, the percentagdability of dielectric breakdown
was calculated, for laser pulse energy in the rdraye 22.0mJ to 37.0mJ. These data are

presented in Table 5.1.

Table 5.1: Probability of Dielectric Breakdown asa Function of
Laser Pulse Energy and Irradiance: NaChg Samples

Laser Pulse Parameters Probability (%) of Dieled@reakdown
Energy/ Irradiance/

mJ wem? (x104 500ppb 5ppm 50ppm
22.0 5.93 23 18 26
24.0 6.47 36 34 49
26.5 7.14 51 49 62
29.0 7.82 60 64 73
31.5 8.49 60 73 87
34.0 9.16 67 81 95
37.0 9.97 70 92 98

Probability of dielectric breakdown as a functidrdelivered laser irradiance is shown in

Figure 5.2. Data are included for the three comaéinhs of NaGlq) used.
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Figure 5.2: Probability of Dielectric Breakdownvs Laser Irradiance for

Aqueous Sodium Chloride Samples

From the data shown in Figure 5.2, and using tmees&0% probability criterion for
dielectric breakdown, a dielectric breakdown thotdtof 6.5x16"* Wemi” was estimated
for NaClaq) at 50ppm concentration. An equivalent dielectrieakdown threshold of
7.2x10" Wem® was estimated for Nagd) at both 5ppm and 500ppb concentrations.

Dielectric breakdown threshold estimates for Nag$amples are compared to equivalent

data for distilled and tap water in Table 5.2.

Table 5.2: Summary of Dielectric Breakdown Threshtuls

Water Concentration of Nagd,
Samples Distilled Tap 500ppb Sppm 50ppn
Threshold/ Weritx 10 7.0 2.8 7.2 7.2 6.5
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5.1.3 Analysis of Calculated Dielectric Breakdowmrdsholds

The estimated dielectric breakdown threshold fpriater was ~60% lower than that for

distilled water. A further quantitative compariseas made between the tap and distilled
water samples by measuring (from Figure 5.1) thegeaof irradianceAlp, which
corresponded to the 9%ind 75" percentiles for dielectric breakdown. Values\tf were
measured at 2.2x¥Wwem? & 0.9x10"wWcm? for distilled and tap water, respectively.
These values represent a reduction of ~59% fomtater compared to distilled water.
The correspondence between these two comparisterizri.e. dielectric breakdown
threshold and 2%75" percentile range for delivered irradiance, werdidative of a
single factor influencing dielectric breakdown hettwo target media i.e. concentration

of scattering centres.

Dielectric breakdown thresholds for aqueous sodithitoride were not significantly
different to the breakdown threshold for the distil water sample. Further, they
demonstrated a weak correlation with analyte camagon, for concentrations

representing a range of two orders of magnituddeaveen 50ppm and 500ppb.

5.2 Dynamics of Laser Induced Cavitation in Liquid

5.2.1 Preamble

The aim of this experimental work was to inveskgtite dynamics of the formation and
expansion of laser induced cavitation bubbles & ltguid bulk. The two independent
techniques used have been previously describegriobe beam deflection (PBD) and
high speed imaging (HSI). It was envisaged thatchgracterizing the spatial and
temporal properties of the cavitation bubble, adddl pulses from the ionization (pump)
laser may be targeted within the bubble volume. fidwuired pulse repetition rate to
realise this aim is a function of the primary catidn bubble oscillation period.
Information regarding the buoyancy of the bubble atso required, in order to facilitate

accurate aiming of subsequent laser pulses.
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5.2.2 Characterization of Cavitation Bubble Dynamidsing Probe Beam Deflection

Technique
Two experimental configurations (I & 1) were usé&d the application of the PBD

technique. The set-up applicable to both configonathas been previously described in
Figures 4.10, 4.11 & 4.12.

a. Experimental Configuration |
Using the principle of ray optics, the probe beaamtter in the focal plane of the pump
laser, D*, referred to hereafter as ‘de-focussesb@rbeam diameter’, was estimated as
illustrated in Figure 5.3. Probe beam diameterwBs ~200im, based on the measured
probe beam intensity profile, as previously repbifgee Figure 4.9). Focal length of the

convex lens, f, was measured at 100mm.

bubble
diameter, ¢

Ik laser pulse

Figure 5.3: Geometry for Estimation of De-focusse@robe Beam Diameter
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The convex lens was initially positioned such tkia¢ focal point of the lens was

coincident with the centre of the cavitation bubblbe separation, L, between convex
lens focal point and the cavitation bubble centes increased in increments of 5Smm. By
using a vernier scale, the precision in L was#t00.01mm). For each value of L, de-

focussed probe beam diameter, D*, was calculagethliows:

D*=L-(D/f) [5.1]

The decrease in recorded probe beam inter88y, was anticipated to be proportional
to the relative amount of blocking of the proberhday the expanding cavitation bubble.
Based upon this hypothesis, for those values obleutiameter, g in excess of de-
focussed probe beam diameter, D*, measured valuaS§,g would tend to a maximum.
This would correspond with negligible transmissiohthe probe beam through the
cavitation bubble volume. Based eqgn(5.1)it follows there will exist a lower limit of
separation, L, for whiclASy, will tend to a maximum. By interpreting the decean
probe beam intensityASy,, for higher values of separation, L, the maximuuoblile

diameter, @ was inferred.
Temporal histories of probe beam signal inten$dyrepresentative values of separation,

L, are shown in Figure 5.4. A complete record aflygr beam deflection traces, for the

full range of L used, is presented at Appendix V.
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Figure 5.4: Probe Beam Deflection Traces for L = (15, 30, 45, 60 & 75mm

Data for decrease in probe beam intendifyy, as a function of de-focussed probe beam
diameter, D*, and separation, L, are summarize@ahles 5.3a & 5.3b. NB. For L =0
the value of D* based oeqgn.[5.1]is zero. A more reasonable estimate for D* is gias
the diffraction limited spot size,sg, for the specific lens focal length (f), beam vaidt
(D) and wavelengthA) used. For the present research f = 100mm, D = 2md\ =
632nm, resulting in an estimated value fgh@f ~774m (0.08mm).
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Table 5.3a: Reduction of Probe Beam Intensity withncreasing
De-focussed Probe Beam Diameter: L <45mm

L/ mm D*/mm | AS,, | Normalized
(#0.01mm)| (£10%) | /mV | ASy, (25%)
(x3mV)
0 0.08 191 1.00
5 0.10 190 0.99
10 0.20 186 0.97
15 0.30 190 0.99
20 0.40 186 0.97
25 0.50 184 0.96
30 0.60 177 0.93
35 0.70 172 0.90
40 0.80 165 0.86
45 0.90 164 0.86

& diffraction limited spot size ~ Zn

Table 5.3b: Reduction of Probe Beam Intensity withincreasing
De-focussed Probe Beam Diameter: 50L < 90mm

L/mm | D¥mm | AS,, |Normalized
(#0.01mm)| (£10%)| /mV | ASy,(£5%)
(x3mV)

50 1.00 159 0.83
55 1.10 149 0.78
60 1.20 135 0.71
65 1.30 128 0.67
70 1.40 112 0.59
75 1.50 89 0.47
80 1.60 81 0.42
85 1.70 34 0.18
90 1.80 32 0.17
95 - - -
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Normalized reduction in transmitted probe beamnsity, as a function of de-focussed
probe beam diameter, is shown at Figure 5.5.
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Figure 5.5: Dependence of Decrease in Probe Beantdnsity on
De-focussed Probe Beam Diameter

The reduction in probe beam intensity tended towanthaximum at the limit where
maximum bubble diameter exceeded the de-focusselteppeam diameter. Deviation
from this maximum value indicated that de-focusgetbe beam diameter had exceeded
maximum bubble diameter. Despite using a fixed erpental parameter set (pulse
energy, repetition rate, data average number)atians in maximum bubble diameter
were anticipated. Such variations were attributeddviations in laser pulse energy from
the pre-set (and fixed) value, as well as variatiofiocussed laser beam waist due to
inconsistencies in properties of the water bulk. aba@ount for these inconsistencies a
95% criterion was invoked for estimation of maximimbble diameter. According to
this criterion maximum bubble diameter, dvas defined as numerically equal to de-

focussed probe beam diameter, D*, which correspridea 95% reduction in probe
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beam signal intensity. Application of this criterido the data shown in Figure 5.5,

enabled an estimate to be made for maximum bubbieader, ¢, of 0.67mm +10%.

Interpretation of the temporal probe beam deflectiaces (see Figure 5.4) provided
insight into bubble lifetimet,. Examination of the probe beam deflection traesealed
a significant variation in signal intensity follomg maximum deflection. This
phenomenon was typically observed in the period SO 120@is after bubble
formation. Due to the limited measurement precisimposed by this phenomenon, a
criterion of recovery to 75% of unaffected signafensity was used for estimation of
bubble lifetime. Based on this criterion, and araftected probe beam intensity of

~236mV, the bubble duration was estimated to be-3@0s.

b. Experimental Configuration I
The probe beam was fixed in the horizontal planel, iaitially aligned to the centre of
the cavitation bubble i.e. the focal point of tlemd focussing the Nd:YAG pulse train.
The separation parameter, z, was defined as ti@ndes between the bubble centre and
the central axis of the probe beam. The separatiomas adjusted at fixed increments, by
altering the vertical position of the pump lasecus. Reduction in probe beam signal
intensity ASyp) was recorded for each separation. This was chaug for bubble centre
above and below the central axis of the probe bd&suming that probe beam diameter
is smaller than the maximum bubble diameter (i.es @), the effect of the expanding
cavitation bubble on probe beam intensity was desdrwithin the context of two critical

values of separationmg & zmayx illustrated as follows:
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Figure 5.6: Relationship between Bubble Diameter, g Probe Beam Diameter, D
and Probe Beam Separation Parameter, z

As illustrated in Figure 5.6, the critical sepawatiz,,, was defined as that separation (z)
such that the probe beam is completely encapsulaiuin the maximum cavitation
bubble volume. Similarly, the critical separati@ana., was defined as that separation (z)
such that the probe beam is not affected by thé@atenn bubble at maximum volume.
The critical separation limits (& & zmay allowed reduction in probe beam intensity

(ASyp) to be interpreted with respect to three regirdescribed as follows:
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For |z| < Zin : AS;p — maximum ]

For  Zmin < |Z| < Zax . maximum >AS,;, > zero fii]
For |z| > Zuax . AS,, — zero fiii.]
Where Znin=(b—-D) /2 iv]

Zmax= (b + D)/ 2 [v.]

In the case of conditiofi.] it was anticipated that the reduction in probe b&atensity
would tend to a maximum, due to refractive effegithin the cavitation bubble. In the
case of conditiofiii.] it was anticipated that reduction in probe beatansity would be
negligible, in the absence of significant diffractieffects. In the case of conditifin] it
was anticipated that reduction in probe beam signahsity would continuously change
between maximum and minimum limits. Interpretatairmprobe beam intensity temporal
histories for separation, z, in the range defingdcondition[ii] , allowed estimates of
both d and D to be made.

Temporal variation in probe beam signal intensityrresponding to a representative set
of values of separation, z, is shown in Figures &d 5.8. These represent bubble
formation above and below the fixed probe beanrJasspectively. A complete record

of probe beam deflection traces, for all valueg oéed, is presented in Appendix VI.
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Figure 5.7: Probe Beam Deflection Traces for Sepatians of 0, 300, 600, 900, 1200
& 1500um Above Fixed Probe Beam Position
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Figure 5.8: Probe Beam Deflection Traces for Sepatians of 0, 300, 600, 900
& 1200um Below Fixed Probe Beam Position
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From the temporal traces shown in Figures 5.7 & & minimum values of probe of
beam intensity were measured, for each separaidReduction in probe beam intensity
was calculated by subtraction from the maximum fie@cted) probe beam intensity
(161mV), corresponding to t = O i.e. prior to deliy of laser pulse and subsequent
bubble formation. These data are summarised ineT&b, including normalised
reduction in probe beam intensity.

Table 5.4: Reduction in Probe Beam Intensity for Fli Range of Separations

Pump Laser Pulse Focussed Pump Laser Pulse Focussed
Below Probe Laser Beam Above Probe Laser Beam

z/ ym AS,y/ mV | Normalized| z/um | AS,y mV | Normalized

(£5um) (£#3mV) | ASy(¥2%) | (#5um) | (3mV) ASp, (£2%)
-1500 0 0.00 1500 0 0.00
-1400 0 0.00 1400 0 0.00
-1300 5 0.04 1300 2 0.01
-1200 32 0.24 1200 5 0.04
-1100 77 0.57 1100 35 0.26
-1000 104 0.76 1000 65 0.48
-900 115 0.85 900 99 0.73
-800 127 0.93 800 116 0.85
-700 128 0.94 700 117 0.86
-600 130 0.96 600 121 0.89
-500 133 0.98 500 131 0.96
-400 133 0.98 400 133 0.98
-300 136 1.00 300 135 0.99
-200 136 1.00 200 135 0.99
-100 136 1.00 100 136 1.00
0 136 1.00 0 136 1.00

To illustrate the effect of the expanding cavitatioubble on the probe beam signal,

normalized probe beam intensity,,$as opposed to reduction in probe beam intensity,
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AS,p), was plotted as a function of separation, z. Taiationship, for bubble formation

above and below the fixed probe beam, is showngarg 5.9.
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Figure 5.9: Normalized Probe Beam Intensitws Separation

From the data shown in Figure 5.9, the values p&sgion, z (positive and negative)
which represented the critical limit,% i.e. probe beam signal intensity tending to a
maximum value, were identified. The values of saflan, z (positive and negative)
which represented the critical limit,z i.e. probe beam intensity tending to zero, were

similarly identified.

As previously mentioned, differences in maximum itzdion bubble diameter were
anticipated, due to variations in delivered lasals@ energy, and inconsistencies in
focussing precision in the water bulk. For thissmgaa similar criterion was invoked for
estimation of critical limits (Zn & Zmay, based on the data shown in Figure 5.9. The
critical limit represented by conditiofiv] (zwin) was estimated as that separation for

which probe beam intensity is equal to 10% of maximvalue (equivalent to a
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normalized value of 0.10). Similarly, the critidahit represented by conditioN] (zmnay
was estimated as that separation for which prol@mmbmtensity is equal to 90% of
maximum value (equivalent to a normalized valu®.®0). Based on these conditions,
Zmin and zax were estimated to be 7154%5@ and 1225+50(m, respectively. These
represented the mean of estimates fgr and za, for bubble formation above and
below the probe beam axis. By simple manipulatibnamditions[iv] & [v], maximum
cavitation bubble diametergdwas estimated to be 19404i#0.

As with configuration | of the PDB technique, ingegtation of the temporal probe beam
deflection profiles (see Figures 5.7 & 5.8) allowesdimation of bubble lifetimey. The
same inconsistency of signal intensity was appadkmtng the period of signal recovery
following maximum deflection. This phenomenon weggidally observed in the period
75Qus to 150@s after bubble formation. Due to the limited measunt precision
imposed by this phenomenon, the criterion of recpwe 75% of unaffected signal
intensity was used. Based on this criterion, anduaaffected probe beam intensity of
~160mV, bubble lifetimes were estimated to be 7&ps6and 910+6(s, for bubble

formation above and below the probe beam axisertyely.

C. Expansion of the Bubble Wall
Probe beam signal temporal profiles were produeeth expanded time scales in the
period immediately following delivery of the laseulse. This was represented on
oscilloscope traces as t = 0, and was synonymotis the onset of laser induced
cavitation. The expanded probe beam traces wer@ taseneasure the time delay)(t

before the onset of probe beam deflection.
Using these values, the speed of bubble wall expar(s,) was calculated for a set of

separation (z) values. Bubble wall expansion spedls calculated from original datg (t

and z) averaged over 16 laser shots. Calculatieare wade for positive separation (+z)

99



and negative separation (-z), corresponding totat#wn bubble formation above and

below the fixed probe beam, respectively.

Expanded probe beam temporal histories are showamrefpresentative incremental
separations above and below the fixed probe beasitigrg in Figures 5.10 and 5.11,
respectively. Oscilloscope traces correspondingexpanded probe beam deflection
profiles for all separations used, for bubble fatioraabove and below the fixed probe

beam axis, are presented in Appendix VII.
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Figure 5.10: Probe Beam Deflectiows Time Post-Trigger: Bubble Formation
Above Probe Beam Axis (NB. Expanded Time Scale)
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Figure 5.11: Probe Beam Deflectiows Time Post-Trigger: Bubble Formation
Below Probe Beam Axis (NB. Expanded Time Scale)

The expanded probe beam deflection profiles inféig%.10 & 5.11 demonstrated a non-
linear positive correlation between separatiora(m) time for onset of deflection)tThe
gradient of the deflection curves were unchangedh wa, within the limits of
experimental error, for times in excess gpf@ata for incremental separation (z), time
delay to onset of probe beam deflectiqy), @nd bubble wall expansion velocity)yvare

summarized in Table 5.5.
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Table 5.5: Time Delay for the Onset of Probe Beamddlection
and Derived Rate of Bubble Wall Expansion

Pump Laser Pulse FocussedPump Laser Pulse Focussed
Above Probe Laser Beam| Below Probe Laser Beam
z/lum | typs | v ms' | z/pm | ty/ps | vo/ ms?

(z5um) | (#5us) | (¥10%) | (z5um) | (¢5us) | (¥10%)

0 0 - 0 0 -

100 2 50.0 100 50.0
200 6 33.3 200 4 50.0
300 11 27.3 300 33.3
400 17 23.5 400 12 33.3
500 23 21.7 500 17 29.4
600 30 20.0 600 22 27.3
700 42 16.7 700 28 25.0
800 52 15.4 800 34 23.5
900 70 12.9 900 47 19.1
1000 87 11.5 1000 68 14.7
1100 102 10.8 1100 84 13.1
1200 122 9.8 1200 111 10.8
1300 - - 1300 117 111

Bubble wall expansion ratep,\as a function of separation, z, is shown in Fedud 2, for
cavitation bubble formation above and below thediprobe beam axis.
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Figure 5.12: Estimated Bubble Wall Speeds Separation

Examination of the data in Table 5.5 revealed $icgmt differences in time to onset of
probe beam deflection, and hence derived bubbleexphnsion rate, between cavitation
above and below the probe beam axis. This effest hygothesized to be due to the
effect of buoyancy of the expanding bubble. Buoyameas assumed to act uni-
directionally i.e. upward, and to have a fixed magfe, and therefore had the effect of
decreasing the time to onset of probe beam defleddr bubble formation below the
probe beam axis. The same buoyancy phenomenorhbambhverse effect of increasing
the time for onset of probe beam deflection for idakformation above the probe beam

axis.
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d. Interpretation of Bubble Buoyancy

Arrival times of the expanding bubble wall were treg for pump laser focussed above
the fixed probe beam than those for below, for esmparation, z, due to the effect of
bubble buoyancy. The derived parameter of bubbl# wepansion speed {v— as
summarized in Table 5.5) was re-interpreted toasgmt the ‘apparent’ bubble wall speed
i.e. the combination of the ‘actual’ rate of bubl¥all expansion, y, and the rate of
motion due to bubble buoyancys.y The combination of ‘actual’ rate of bubble wall
expansion (y), and rate of motion due to bubble buoyangyjus illustrated in Figures
5.13, for cavitation bubble centre above and belmwprobe beam.

Nd:YAG focus
above probe beam

buoyancy rate, ¥, M

+z 1| actual wall rate of expansion,V

probe beam *
diameter, D |

actual wall rate of expansion,V

buoyancy rate, Y, M

\

Nd:YAG focus
below probe beam

Figure 5.13: Bubble Expansion and Buoyancy Effect®r Cavitation
Formation Above and Below the Probe Beam Axis
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The rate of motion due to bubble buoyancy.fy and the actual rate of bubble wall
expansion (¥), were independent parameters. Given that thesengependent rates of
motion were applied to the cavitation bubble inommon direction i.e. vertically, their
mutually effect was calculated by summation of thespective magnitudes, without

recourse to vector addition.

The additive relationship between ‘apparent’ rdtéubble wall expansion {y, ‘actual’
rate of bubble wall expansiony( and rate of motion due to bubble buoyanayjvs

summarized as follows:

For bubble centre above probe beam:

Vb= Vi — Vhey [vi]
For bubble centre below probe beam:

Vb= Vi + Viey [vii.]
For each separation, z:

Vi(below) — Vb(above™ 2Vbey [viii.]

Further: Vb(below) + Vb(above)™ 2Vb* [ix.]

In defining conditiongvi.-ix.] the assumption was made that the magnitude ofléubb
buoyancy was constant, over the time intervals esponding to the full range of
separation, z. Estimates were made for ‘actuag odtbubble wall expansion gy, and
rate of motion due to buoyancy§), based on empirically measured rates of bubble wa
expansion (). These data are summarized in Table 5.6, forrdmge 10Qm < z <
120Qum.

105



Table 5.6: Estimated ‘Actual’ Rate of Bubble Wall Expansion and
Rate of Motion Due to Buoyancy

z/ um v/ ms' | v/ mst | v/ mst | vy ms?
(#5um) | (£10%) | (+10%f | (x14%) | (+14%)
100 50.0 50.0 50.0 0.0
200 33.3 50.0 41.7 8.4
300 27.3 33.3 30.3 3.0
400 23.5 33.3 28.4 4.9
500 21.7 29.4 25.6 3.9
600 20.0 27.3 23.7 3.7
700 16.7 25.0 20.9 4.2
800 15.4 23.5 19.5 4.1
900 12.9 19.1 16.0 3.1
1000 11.5 14.7 13.1 1.6
1100 10.8 13.1 12.0 1.2
1200 9.8 10.8 10.3 0.5

% bubble formation above probe beam axis
®: bubble formation below probe beam axis

Estimates for ‘actual’ rate of bubble wall expams&nd rate of motion due to bubble

buoyancy are shown in Figure 5.14.
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Figure 5.14: Variation in Bubble Motion with Increasing Separation

The data shown in Figure 5.14 indicated the ratmation due to bubble buoyancy was
an order of magnitude lower than the ‘actual’ ratexpansion of the bubble wall. The
rate of expansion of the bubble reduced asymptbtidca a minimum value, for

separation (z) in the region of 1300. The non-zero value of this limit was attributed

limitation in the accuracy of the original probealre deflection traces, which prevented
inference with regard to the maximum bubble diameide decrease in the rate of
bubble motion due to buoyancy is approximately dmeas a function of separation,

within the limits of experimental error.
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e. Comparison with Theory
The original Rayleigh Equation relating the bubkiall velocity, \kay, with bubble
radius, R, is given as follows:

Vray = {(/2)p/p1 - [(RI/Ry)° — 1]}7° . 152

where
Ry = maximum bubble radius
p = density of the fluid medium (kg
p. = pressure in the infinite liquid (Nf)

Taking natural logarithms of both sidesegh.[5.2] gives the expression:

IN(Vray) = 0.5IN{(/5)p./p} + 0.5IN{(Ry/Ry)° - 1}
= 0.5In{(Ry/Ry)*— 1} + k . 53]

The constant, k = 0.5In{2/(3p))}, and is therefore independent of the oscillating

bubble radius.

Greater accuracy was possible for measurement aalgisés of probe beam deflection
profiles for elapsed times significantly greateartithe zero (trigger) time i.e. in excess of
~10Qus. With respect to the radius of the expandingtation bubble, this time regime is
synonymous with bubble radius g)Rsignificantly greater than zero, and of the same

order of magnitude as the maximum bubble radigs (R
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Bubble radius for times in excess of ~l80following the onset of cavitation are

characterized by the condition:

0<<R <R P 4

Condition [x.] may be used to derive an approximatiore¢m.[5.2], applicable to this

specific range of bubble radius, as follows:

For Ro> R, — (RJ/Ry)®>>1 S N
Hence IN{(Ro/Ry)°> — 1} = IN(R/Ry)® = 3In(RYRy)  [xil
With reference t@qn.[5.3]

IN(Vray =~ 1.5IN(R/Ry) +k v B4

By plotting the experimentally measured kY against In(R/Ry), the gradient and y-
intercept were measured, and compared with thasgiqted byeqn.[5.4] These data are

summarized in Table 5.7, and shown in Figure 5.15.

In the interests of clarity, the following are ndite
I. the bubble wall velocity which appears in the ReyleEquation, denoted by,
is synonymous with the ‘actual’ rate of bubble weadpansion, denoted by \{see
Table 5.6, column #4).
ii.  the maximum bubble radiuspyRvas fixed at half the estimated maximum bubble
diameter, obtained using configuration Il of theDP@chnique.
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Table 5.7: Comparison of Empirical and ApproximatedRayleigh Data

vo/ ms' | Ry um
(£10%) | (#5um) | (Ro/Ry)® | In(viy) | IN(Ry/Ry)
50.0 83 12.00 3.91 2.48
41.7 167 6.00 3.73 1.79
30.3 250 4.00 3.41 1.39
284 333 3.00 3.35 1.10
25.6 417 2.40 3.24 0.88
23.7 500 2.00 3.17 0.69
20.9 583 1.71 3.04 0.54
19.5 667 1.50 2.97 0.41
16.0 750 1.33 2.77 0.29
13.1 833 1.20 2.57 0.18
12.0 917 1.09 2.48 0.09
10.3 1000 1.00 2.33 0.00
% normalized w.r.t. empirically measured @ee note ‘b’)
P R, < 100Qum based on empirical data, as described above
4.00 i //‘,
3.75 1 *
350 /! =" /l gradient~0.45 | |
r ,’/ ’,/”
3.25 : ,::’/} :
3 301 “
£ 27154 ¥
250 | &%
225 | oradient -1.30
.00
0.0 0.5 1.0 15 2.0 25 3.0
IN|Ro/Ry|

Figure 5.15: Rayleigh Bubble Expansion Velocitys Normalized Bubble
Radius Satisfying the Condition (R/Ry)% >> 1

110



The data shown in Figure 5.15 demonstrated twoindistfunctional relationships
corresponding to two distinct regions separatedti®y value In(R/Ry) = 0.55. The
relationship between Infy and In(R/Ry) is approximately linear for both regions. The
gradients were ~1.30 & 0.45, for IfRp) < 0.55 and In(#Ry) > 0.55, respectively.

The lower gradient in the region correspondingn@4/Ry) > 0.55 was interpreted as
evidence of fundamental changes in the processesrogy in the material encapsulated
within the expanding bubble. Further, the appamistontinuous change of gradient

implies a sudden change in these processes, fodxaulii corresponding to ~580n.

5.2.3 Evaluation of Cavitation Dynamics by High Egeémaging

The set-up for the high speed imaging technique been previously illustrated in
Figures 4.14 & 4.15. Still images were created towa direct measurement of the
dynamic evolution of the cavitation bubble voluriiee frame rate was fixed at ~5.4X10
frames per second (fps) which fixed an intervaweein imagest(y) of ~2Qus. Still
images were generated using the dedicated softwrakeded with the camera. A series
of post-processing procedures (including enlargemetlipping of extraneous
background, and contrast enhancement) were caotgdto facilitate accurate bubble
measurements. The sequence of images in Figure sha@s the evolution of the
cavitation bubble over the primary oscillation peki The stated times represent the
interval following delivery of the laser pulse. Thaset of cavitation in the liquid bulk
was considered to be equivalent, for all intentd purposes, with the generation of laser
induced plasma. The millimetre scale was addeast-processing. A complete record of
images, covering the time period from P80to 66Qus post-trigger, is presented in

Appendix VIILI.
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a. 20Qus b. 24Qus c. 28Qus

d. 32Qus e. 36Qis f. 42Qus

Figure 5.16. Dynamics of Cavitation Bubble at Set¢ed Times
after Delivery of Pump Laser Pulse

The primary, secondary and tertiary bubble osaiiatifetimes {,) were estimated by
visual inspection of post-processed images, bageth® criterion of time taken for the
bubble to oscillate between sequential states afrmim volume. The bubble collapse
time (tc) was classically defined (Lord Rayleigh) as timeetitaken for a cavitation bubble
to collapse from maximum to minimum volume. No da&re available in the interval
between delivery of the laser pulse (zero timeti®.0) and 20Qs post-trigger, due to
over-exposure of the imaging apparatus by sigmficapectral emission which

accompanied dielectric breakdown of the target omadi
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For estimation of bubble volumé&/£) over the duration of the oscillation period sahti
symmetry was assumed in the plane orthogonal tdr#pectory of the delivered pulse.
This assumption was justified by the knowledge that sole impulse to the cavitation
region was provided by mechanical effects (inclgdicavitation and shock wave
emission) resulting from dielectric breakdown. Giva reasonably high degree of
homogeneity of the physical properties in the watdk in the vicinity of the cavitation

region, this assumption was deemed valid.

Examination of the bubble images indicated substhnton-uniformity of bubble
morphology, as well as multiple bubble formatiotesj during the primary oscillation
cycle. Initially there were multiple (smaller) bubeb in the cavitation region, which
exhibited lateral motion toward the centre of ttagion as they increased in volume. As
the bubble radius R approached a maximum ¢R individual bubbles gradually
coalesced to form a single bubble with a high lewélsphericity i.e. negligible

eccentricity.

Three regimes were identified with respect to estiom of the total bubble volume in the
cavitation region. These regimes are particulgh&time scale of bubble evolution, and

are described as follows:

Multiple bubbles with negligible overlap - see ilmagAppendix IX)
pertaining to 200s to 26Qs inclusive [xiii.]
Two distinct bubbles with varying degrees of overa&ee images
(Appendix IX) pertaining to 28G5 to 34Qus inclusive [xiv.]
Single distinct bubble - see images (Appendix IX)

pertaining to 36Qs to 42(@us inclusive [xv.]
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Bubble volumes were estimated over the primary llason cycle, based on
measurements from contrast enhanced and enlardeslebunages. The eccentricity,

of the cavitation region was defined as the ragtwieen minor and major axes. The
major axis was co-linear to the trajectory of theident laser pulse. The minor axis was
any axis in the plane orthogonal to the trajectofythe laser pulse. The change in
eccentricity during the primary oscillation cycgeshown in Figure 5.17.
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Figure 5.17. Eccentricity of Cavitation Bubble Duing Primary Oscillation Cycle

The trend shown in Figure 5.17 corroborated theipusly noted observation of multiple
cavitation bubbles in the early stages of the prynascillation cycle, which coalesced
toward the centre of the cavitation region. Trati@ha of multiple cavitation bubbles
along the trajectory of the incident laser pulsesveincident with a tendency to
sphericity of the resultant (single) bubble i.eadency of eccentricity towards unity, as

shown in Figure 5.17.
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Errors in bubble volume were estimated based uperifficulty in resolving the bubble
wall from the ambient background in the post-preeeésstill images. Equivalent bubble
radii (Ry) were derived, based upon a single bubble witlumel equal to that of the
cumulative individual bubble volumes in the cavdat region. These data are
summarized in Table 5.8, and shown in Figure 5&l8omplete record of measurements

in support of estimation of bubble volume is présdrat Appendix IX.

Table 5.8: Bubble Volume and Equivalent Radius: Pmary Oscillation Cycle

time/ | Vg/ | errorin| eccen- | Ry/ | errorin

us | mm’ | Va/% | tricity, e | mm | Ry/ %
200 0.62 40 0.25 0.53 34
220 158 20 0.38 0.72 2.7
240 316 15 0.63 0.91 2.5
260 413 10 0.62 1.00 2.2
280 5 05 10 0.70 1.08 2.2
300 574 10 0.70 1.11 2.2
320 4.87 10 0.73 1.05 2.2
340 4.92 10 0.85 1.06 2.2
360 4.42 10 0.96 1.02 2.2
380 335 20 0.96 0.93 2.7
400 153 20 1.00 0.71 2.7
420 0.22 40 1.00 0.37 34
440 0.20 75 1.00 0.36 4.2
460 0.20 75 1.00 0.36 4.2
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Figure 5.18. Bubble Volume Profile During PrimaryOscillation Cycle

From the data shown in Figure 5.18, maximum bubbleme,V,, was estimated to be
5.8mn? +10%. This corresponded to an equivalent maximsphérical) bubble radius,
Ro, of ~1.1mm (110@m). Maximum volume was reached ~3&Oafter the onset of
cavitation. The bubble volume profile exhibited aan degree of asymmetry during the

primary oscillation period.

The primary bubble oscillation tim&,, was estimated to be ~34€) notwithstanding the
non availability of data in the time period <2@0following the onset of cavitation.
Secondary and tertiary oscillation lifetimes, basgdn examination of the still image
sequences representing these time periods (seeefigi4, H5 & H6, Appendix VIII),
were estimated to be ~13® & ~9Qus, respectively. The total bubble lifetime,
incorporating the three complete imaged oscillatyoles, and the period representing
the initial 20Qus after bubble formation, was estimated to bgu86T he precision of this

estimate was limited by the interval between images-2Qus.
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By reprising the integrated form @fgn.[3.3] (Rayleigh Equation), a comparison was
made between theoretical and experimental valuassuDstituting oscillation timery)
for collapse time 1), the integrated form of the Rayleigh Equationetakhe following

form:
T, = 1.83R - (0/p.)°° e . 1B

On transposingqn.[5.5] followed by substitution for estimated oscillatiome (t,) and
maximum radius (), the value of@§/p..) was calculated to be ~1.40x4Rgm™*N™. This
compared with an value of ~1.0x4&gm*N™, based on values of bulk densify)(and
pressure (p) of 1000kgnT and 1x18Nm?, respectively (atmospheric pressure is three
orders of magnitude higher than fluid pressure)e BHgreement within an order of
magnitude, between values based on the first plieei theory and empirically
measurement, lends validation to thepriori assumptions implicit in the original

derivation of the Rayleigh Equation.

5.2.4 Comparison of Estimates by Different Witnegsi echniques

Estimates of spatial and temporal bubble charatiesi obtained by the probe beam
deflection (PBD) and high speed imaging (HIS) teghes were compared. These

estimates are summarised in Table 5.9.

Table 5.9: Comparison of Estimates for Critical Bulble Parameter

Technique
Bubble Characteristic PBD() PBD(I) S|
Maximum Radius, & um | 335+10% 900+50 1100450
Bubble Lifetime,ty/ pus 460430 83560 660+20
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The data in Table 5.9 indicated reasonable agreefoerestimates of maximum bubble
radius and bubble lifetime between the HIS and RB@D¥chniques. Estimates of these
critical bubble parameters obtained using the PBEEthnique, however, displayed

significant differences compared to the other tachhiques.

The fundamental difference between the probe beafteation (PBD) and high speed
imaging (HSI) techniques was the direct witnessihthe latter, in contrast to the indirect
witnessing of the former. For this reason it wasaboeded that interpretation of data
acquired by the HSI technique was intrinsically enaccurate than that acquired by the
PBD technique. Of the two configurations of the P&Bhnique, configuration (Il) was
considered to have superior precision than cordigom (1), due to the fixed nature of the
probe laser beam. A further advantage with PBRY{H} the facility to discretely infer the
separation (z) at which the maximally expandedtatien bubble wall impinged upon

the edge of the probe beam.

5.3  Shot Noise Considerations Relating tBBremsstrahlungEmission

5.3.1 Preamble

The aim of this experimental work was to demonstthe efficacy of data averaging for
reducing the shot noise component in Bremsstrahlungemission profile, which was a
ubiquitous emission feature in the post-dielectsieakdown phase. The successful
application of a data averaging algorithm to limeission signal data was considered to

have significant potential for improving LIBS seinsty.

5.3.2 Results and Analysis

The set-up for plasma generation and collectioremitted radiation were illustrated
previously (see Figure 4.5). Radiative emissiomsnfrthe laser induced plasma were
dominated by continuunBremsstrahlung with a contribution from discrete atomic

emission lines. The contribution from statisticalise was reduced using a box car
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integrator unit, which accumulated plasma emisssggnal over a pre-set temporal
window. Data averaging was performed over an actatedi number (N) of
Bremsstrahlungprofiles with fixed experimental parameters i.asdr pulse energy
~80mJ, pulse repetition rate = 10Hz, spectromeatgaece slit width ~20@m, and pulse

duration = 7ns.

The intrinsic inconsistency in intensity Bfemsstrahlungemission was demonstrated by
recording five separate profiles corresponding single laser shot i.e. N=1. With respect
to data averaging this represented the ‘null’ casd, served asa@atumto which profiles
averaged over larger values of N were comparedeel beparate emission profiles were
recorded for N = 2, with two being recorded for Nd=Averaged profiles were then
recorded for higher values of data average numbéeNi= 8, 16, 32, 64, 128, 256, 512 &
1024 to demonstrate the significant reduction imtsimoise component of the
Bremsstrahlungemission profiles. By using a range of N coveritwgp orders of
magnitude it was intended to demonstrate optinopatf data average number with

respect to reduction in shot noise component.

The data shown in Figure 5.19 represBremsstrahlungemission profiles, normalized
with respect to peak emission intensity, for a egpntative selection of data average
number i.e. N = 4, 16 & 25@remsstrahlungemission profiles for the complete range of

data average numbers (N) used are presented ahAigpé.
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Figure 5.19: Data AveragedBremsstrahlungEmission Profiles

For eachBremsstrahlungemission profile the peak intensityn.2 was measured. Key
temporal characteristics of tiBremsstrahlungprofiles were also measuredi. time
between plasma generation and pBaémsstrahlungntensity, eax ii. full width at half
maximum ofBremsstrahlungprofile, twuw; and,iii. duration ofBremsstrahlungrofile
during which Bremsstrahlungintensity is greater than 10% of peak intensitysmts
Bremsstrahlungprofile characteristics are summarized in TablO5Data for N = 1, 2,
& 4 represent mean values calculated from multigleorded spectra, as previously

described.
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Table 5.10: Measured Properties of Data Averaged
BremsstrahlungEmission Profiles

Data BremsstrahlungProperties
Average
Numbgr Sma)l tpeal[ tFWHM/ tBremsé

"| £0.04V | +2ns | #4ns | #4ns

l].l -1.43 199.0 14.0 31.0
2 -1.40 199.0 13.0 29.5
4
8

-1.46 200.0/ 135 28.5
-1.36 199.5| 13.0 34.5

16 -1.38 199.5] 14.0 31.5
32 -1.32 1995 12.0 30.0
64 -1.30 1995 115 28.5
128 -1.24 200.0p 125 28.0
256 -1.28 200.0p 125 28.0
512 -1.28 200.0p 125 28.0
1024 -1.30 200.00 125 28.(

Examination of the data in Table 5.10 indicatedststency ofBremsstrahlungprofile
temporal characteristics, within the limits of expeental error, over the complete range
of data averaging used. It was noted, however,geakBremsstrahlungntensity ($hax
was consistent only for R 8. This suggested a lower limit of N for which thiect of

data averaging for smoothiyemsstrahlungpeak emission intensity was demonstrable.

By integrating the plasma emission intensity over tluration of the profile envelope,

with reference to the previously defined 10% criiter the energy encapsulated within
the Bremsstrahlungprofile (E.e) was estimated. The effect of data averaging @n th
standard deviationa of Bremsstrahlungntensity was also investigated. The temporal

period between 300ns and 500ns after plasma genemaas chosen, to demarcate the
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region of theBremsstrahlungprofile with emission intensity significantly lowehan

peak intensity. Data forfg ando are summarized in Table 5.11.

Table 5.11: Net Emission and Standard Deviation Giracteristics of
Data AveragedBremsstrahlungProfiles

Bremsstrahlung
Emission, Bet Standard
N log(N) +1% Deviation,o
1 0.000 20.66 0.0100
2 0.301 21.74 0.0081
4 0.602 21.65 0.0091
8 0.903 20.83 0.0112
16 1.204 20.20 0.0089
32 1.505 17.79 0.0078
64 1.806 17.43 0.0076
128 2.107 16.66 0.0075
256 | 2.408 17.45 0.0074
512 | 2.709 17.16 0.0076
1024 | 3.010 17.47 0.0072

The efficacy of data averaging for reduction in siti@ndard deviationoj of the residual
Bremsstrahlungemission intensity is shown in Figure 5.20. A makdogarithmic scale
was used to improve clarity for lower values of N.
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Figure 5.20: Natural Log-Linear Plot of Reductionin Standard Deviation of
Residual Bremsstrahlungintensity

The standard deviation &remsstrahlungemission intensity, as shown in Figure 5.32,
tended to a minimum for values of In(N) in exceds~d. This asymptotic trend
demonstrated a lower limit for N at which shot meorsontribution was reduced to a

minimum.

Reduction of shot noise contribution from tBeemsstrahlungemission profile was
considered advantageous for improving LIBS sengjtivThis was demonstrated by
calculating signal-to-noise ratio (S/N) for the alalveragedBremsstrahlungprofiles. As
previously shown (see Table 5.10), measured @Brakisstrahlungntensity (S, was
unchanged for N> 8. The S/N was calculated usirgn[3.18] for Bremsstrahlung
profiles averaged for & 8, using standard deviatioo)(values previously calculated

(see Table 5.11). These S/N data are summariZedhales 5.12.
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Table 5.12: Signal-to-Noise Ratio for Data AveragkeBremsstrahlungProfiles

N 8 16 32 64 128 256 512 1024
o | 0.0112] 0.0089| 0.0078| 0.0076| 0.0075| 0.0074| 0.0076| 0.0072
SIN| 120 151 172 176 179 181 176 186

Normalized S/N estimates, as a function of datasmesnumber, N, are shown in Figure

5.21.
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Figure 5.21: Normalized Signal-to-Noise Ratio foBremsstrahlungProfiles as a

Function of Data Average Number

The trend shown in Figure 5.21 demonstrated theaely of using a data averaging
algorithm for increase in S/N, by reduction of tiras contribution of shot noise in

plasma emission. Further, the asymptotic trend shaw Figure 5.21 indicated an

optimum value for data average number, N, in tiggoreof 120.
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54 Dependence ofBremsstrahlung Emission Parameters on Contaminant
Concentration and Photon Flux

5.4.1 Preamble

The aim of this experimental work was to quantiely demonstrate the effect on the

Bremsstrahlungemission profile of two experimental parameteiis:scattering centre

concentration; and, ii. laser photon flux. These parameters are indepgndad

synonymous with analyte concentration and pulseggneespectively. Characterization

of Bremsstrahlungemission profiles, with respect to analyte coneditn and pulse

energy, was considered important for understandiitigal processes taking place during

plasma formation and expansion.

5.4.2 Results and Analysis

The experimental set-up for this series of expentsavas previously illustrated (see
Figure 4.5). Experimental parameters were fixedd amcluded laser pulse energy
~100mJ, pulse duration = 7ns, pulse repetition+at@Hz, and monochromator entrance
slit width ~20Qum.

In the first part of this experimerBremsstrahlungemission was investigated as a
function of scattering centre concentration. Thrggamedia chosen for the first phase of
this investigation was aqueous sodium chloridejtéd from stock solution to represent
an order of magnitude range of concentration. Bremsstrahlungmission profile from

a sample of distilled water was used as a referstazelard. A sample of tap water was
used to provide a further comparatiBgemsstrahlungemission profile. A series of
equivalent tests was also undertaken with aqueairsury Il chloride, similarly diluted
from stock solution to represent an order of magigtrange of concentration. As with
the NaCl.q) sampleBremsstrahlungmission profiles were recorded for distilled dayl

water samples for comparison.
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In the second part of this experimaBtemsstrahlungemission was investigated as a
function of laser pulse energy, for a target medaamsisting of 500ppm Nagd) Seven
pulse energies were used in the approximate rabgesBmJ, separated by an increment
of typically 12-16mJ. Comparativieremsstrahlungemission profiles were also recorded
for distilled and tap water samples.

a.  Effect of NaGly on Bremsstrahlungmission
The temporal window of interest was between 175k 225ns after plasma formation.
Typical Bremsstrahlungemission profiles are shown in Figure 5.22 for NaC
concentrations of 112ppm and 1100ppm. Emissionlesofor distilled and tap water are
shown for comparisorBremsstrahlungemission profiles for the full range of Nag)
concentrations used are reproduced at Appendix XI.
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Figure 5.22: Temporal History of BremsstrahlungProfiles for Sodium Chloride,
Distilled Water and Tap Water Samples
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The presence of ppm concentrations of NaQlvere demonstrated, on examination of
the data shown in Figure 5.22, to significantly rease the peak intensity of
Bremsstrahlungemission. Increases of approximately 38% and 6 #¥ewalculated for
112ppm and 1100ppm concentrations, respectiveljpaoed to pealBremsstrahlung

intensity for the tap water sample.

Bremsstrahlungemission profiles for Nagl, were integrated over the duration of the
profile in order to quantify the radiated energg@sated withBremsstrahlungemission.

A 10% criterion was used which limited integratitm the temporal range within the
Bremsstrahlungprofile for which intensity was >10% of peak insgéy. Results for all
concentrations of Nagly are summarized in Table 5.13 and shown in Figug3.5
NormalizedBremsstrahlungemissions for distilled and tap waters were calad to be
0.28 & 0.71, respectively.

Table 5.13: NormalizedBremsstrahlungEmission Energy
as a Function of Sodium Chloride Concentration

NaClaq) Conc./ ppm Normalized Area
1100 1.00
550 0.96
225 0.99
112 0.86
56 0.69
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Figure 5.23 Saturation ofBremsstrahlungProfile with Increasing Concentration of
Aqueous Sodium Chloride

Radiative emission associated with tBeemsstrahlungemission profile increased
linearly with increasing Nagil) concentration, up to a limit of ~75ppm. For higher
analyte concentrations the rate of increase Boémsstrahlungemissions reduced
asymptotically, reaching a saturation maximum foalgte concentration of ~225ppm.
No significant change iBremsstrahlungemission was demonstrated for higher analyte

concentrations in excess of ~225ppm.

b.  Effect of HQGlag) on Bremsstrahlungmission
The temporal window of interest was between 200ns23ns following plasma
formation. Typical Bremsstrahlungemission profiles are shown in Figure 5.24 for
HgClyaq) concentrations of 50ppm and 500ppm. Emission @®fibr distilled and tap
water are shown for comparisdBremsstrahlungemission profiles for the full range of

HgClyaq)concentrations used are reproduced at Appendix XI.
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Figure 5.24: Temporal History of BremsstrahlungProfiles for Mercury Il Chloride,
Distilled Water and Tap Water Samples

The presence of ppm concentrations of Hgglwere demonstrated, on examination of
the data shown in Figure 5.24, to increase the p#aksity ofBremsstrahlungemission.
Increases of approximately 19% and 31% were estunddr 50ppm and 500ppm
concentrations, respectively, compared to peamsstrahlungntensity for the distilled

water sample.

Bremsstrahlungemission peak intensity displayed greater seiityitito increases in
NaClaq) concentration than equivalent increases in Hggtoncentration. Based on data
shown in Figure 5.2Bremsstrahlungpeak intensity increased by ~21% for an order of
magnitude increase in Nagg concentration (112ppm to 1000ppm). An equivalent
increase in HgGlag) concentration (50ppm to 500ppm), based on datevrshio Figure

5.24, generated at increaseBremsstrahlungeak intensity of ~10%.
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Bremsstrahlungemission profiles for HgGq) Were integrated over the duration of the
profile in order to quantify the radiated energg@sated withBremsstrahlungemission.

A 10% criterion was used, which limited integratitimnthe temporal range within the
Bremsstrahlungprofile for which intensity was >10% of peak inséy. Results for all
concentrations of HgGhq) are summarized in Table 5.14, and shown in Figugs.
NormalizedBremsstrahlungemissions areas for distilled and tap waters wateulated

to be 0.64 & 0.96, respectively.

Table 5.14: NormalizedBremsstrahlungemission Energy
as a Function of Mercury Il Chloride Concentration

HQgCly@aq) Concentration 1000 500 100 50
Normalized Area 0.96 1.0¢ 0.94 0.9
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Figure 5.25 Saturation ofBremsstrahlungProfile with Increasing Concentration of

Aqueous Mercury Il Chloride
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As with the equivalent data for Nag), radiative emissions associated with the
Bremsstrahlungemission profile were positively correlated withcieasing HgGlag)
concentration up to a limit of ~30ppm. For highealgte concentrations the rate of
increase ofBremsstrahlungemissions reduced asymptotically, reaching a attur
maximum for analyte concentration of ~400ppm. Nan#gicant change in
Bremsstrahlungemission was demonstrated for analyte concentstio excess of

~400ppm.

C. Effect of Laser Pulse Energy on Bremsstrahlangssion

The temporal window of interest was between 160ns2&ns following plasma
formation. TypicalBremsstrahlungemission profiles are shown in Figures 5.26 foe¢h
representative pulse energies. A complete sBr&insstrahlungemission profiles for the

range of pulse energy used is presented at Appetitix
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Figure 5.26: Temporal History of BremsstrahlungProfiles for
Different Pulse Energies
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The data shown in Figure 5.26 demonstrated sigmfiancrease irBremsstrahlung
emission peak intensity as a result of increagriise energy. Increases of approximately
17% and 40% were recorded for pulse energies ofoh@P and 140.5mJ, respectively,

compared to pulse energy of 86.5mJ.

Bremsstrahlungmission profiles were integrated over the duratibthe profile in order
to quantify the radiated energy associated wBttemsstrahlungemission. A 10%
criterion was (again) used, which limited integoatito the temporal range within the
Bremsstrahlungprofile for which intensity was >10% of peak inséty. Results for each

pulse energy are summarized in Table 5.15, and shoWwigure 5.27.

Table 5.15: NormalizedBremsstrahlungemission Energy
as a Function of Laser Pulse Energy

Pulse Energy, EmJ | 86.5| 102.0 116.5 127|5 140.5 15B8.0 164.5
Normalized Area 034 066 076 085 093 088 100

1.00 — -
e
0.90-f - IR
8 /’/ gradient tending to
% 0807 s asymptotic maximum
4 | ¥
F
N 0.707 sl linear gradient
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Pulse Energy/ mJ

Figure 5.27 Saturation ofBremsstrahlungProfile with Increasing Pulse Energy
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The data shown in Figure 5.27 demonstrated a linearease in normalized
Bremsstrahlungemission intensity with pulse energy up to a liofit-130mJ. For higher
pulse energies thBremsstrahlungemission intensity tended asymptotically to anarpp

limit, reaching a saturation maximum at ~150mJ.

5.4.3 Dependence @remsstrahlundgemission Parameters on Concentration of Target

Species and Laser Pulse Energy

The gradient (@ of the linear portion of thBremsstrahlungrofile was measured, for
increasing Bremsstrahlung intensity, for profiles corresponding to different
concentrations of Nagly and HgClq (see Figures 5.22 & 5.24 and Appendix XI), and
different pulse energies (see Figure 5.26 and AgigeXll). The temporal region/t;)
over which the rate of increaseBnemsstrahlungntensity was linear was also measured.
In addition peakBremsstrahlungntensity (S and the time taken to reach this value
(toeay Were measured. Finally the durationBremsstrahlungmission based on the 10%
intensity criterion @remsd, and FWHM of the continuum emission envelop.(t) were

measured. These properties are shown in Figure 5.28
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Figure 5.28 Sketch of Key Characteristics for Typmal BremsstrahlungProfile
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These Bremsstrahlungemission profile characteristics, correspondingct@anges in
aqueous sodium and mercury concentration, are suzedain Tables 5.16 & 5.17,

respectively. Equivalent data corresponding to gkanin laser pulse energy are
summarized in Table 5.18.

Table 5.16: BremsstrahlungProfile Properties for Different NaCl Concentrations

Characteristics Emission Properties
Target G/ mvnst /

Solution At/ 1/ mMVns Shad tpeal[ trwHm/ | tBremsd

+0.5ns +15% +40mV | £2ns | #4ns | 4ns
56ppm 4.5 100 750 190 16.0 33.b
112ppm 4.5 125 990 1875 14.0 31,0
225ppm 4.0 152 1130 188 14.0 32/0
550ppm 5.0 152 1140 1875 13.0 31)0
1100ppm 4.5 182 1190 1876 140 29|5
tap water 3.5 123 730 197 17.0 325
distilled water 4.5 31 270 200 20.5 36.0

Table 5.17: BremsstrahlungProfile Properties for Different HgCl, Concentrations

Characteristics Emission Properties
Target Gy mVns” t trwrn | €
Solution At/ 1/ MvVNs Smad peal( FWHM Brems¢
+0.5ns +15% +50mV | £2ns | #4ns | #4ns
50ppm 4.5 478 3100 219 26.5 39.0
100ppm 4.0 520 3200 218 25.0 395
500ppm 4.0 575 3350 216 25.0 395
1000ppm 4.0 563 3400 2158 21.5 355
tap water 4.5 533 3350 217 23.0 37/0
distilled water| 5.0 330 2600 222 24.0 38.0
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Table 5.18: BremsstrahlungProfile Properties for Different Laser Pulse Energes
Pulse Characteristics Emission Properties
Energy, GJ mVns? t trwrd/ | €
Ey/ mJ At/ 1/ MVNs Smad peal[ FWHM Bremsé
+0.5ns +15% +50mV | +¥2ns | *4ns | #4ns
86.5 4.0 62 490 1925  13.0 27.5
102.0 55 75 560 189.0  13.0 27.5
116.5 4.5 93 670 185.0 12.% 30.0
127.5 5.0 88 680 1835 12.5 28.0
140.5 4.5 96 675 1825  13.5 28.0
153.0 4.5 119 720 179.0 135 27.5

From the above data it was concluded that the temhpharacteristicsydax trwrm and
teremsswere unchanged, for all intents and purposes, epect to analyte concentration
(for both sodium and mercury) and pulse energyntimation of the data in Tables 5.16
& 5.17 suggested positive correlations between [Beaknsstrahlungntensity ($ay and
analyte concentrations, as shown in Figure 5.29.
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Figure 5.29 Correlation between PeaBremsstrahlunglintensity
and Analyte Concentration
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For both aqueous sodium and mercury species thease inBremsstrahlungpeak
intensity was linear for concentrations below ~1f@p For higher analyte concentrations
the rate of increase iBremsstrahlungpeak intensity decreased asymptotically, and

reached a saturation limit for concentrations icemss of ~750ppm.

Review of the data in Table 5.18 suggested a sirodarelation betweenygx and pulse

energy, as shown in Figure 5.30.
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Figure 5.30 Correlation between PeaBremsstrahlungintensity
and Pulse Energy

Increase inBremsstrahlungoeak intensity was linear for pulse energy betwe8tmJ
and ~115mJ. At higher pulse energies Bremsstrahlungpeak intensity tended to a
saturation limit. No increase iBremsstrahlungpeak intensity was demonstrated for

pulse energy in excess of ~150mJ.
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Examination of the data in Tables 5.16 & 5.17 iatkd no significant change in time
period Qt;) for which Bremsstrahlungintensity increased linearly as a function of
increase in analyte concentration. This was dematest for both chloride solutions
(sodium and mercury), as well &emsstrahlungemission profiles corresponding to
distilled and tap water samples. Examination ofdat in Table 5.18 indicated a similar

insensitivity for changes in pulse energy.

A correlation was apparent, however, between the od change oBremsstrahlung
intensity (@) and analyte concentration (Tables 5.16 & 5.1%)weall as pulse energy
(Table 5.18). These correlations are shown in leig®:31 and 5.32, respectively.
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Figure 5.31 Rate of Increase in LineaBremsstrahlungProfile Intensity
as a Function of Analyte Concentration

137



130
110 - -

90 - -

70 -

BL Profile Linear Gradient

50 +

30 : ! ! f ! ! ! 1 ! ! ! f
80 100 120 140 160

Pulse Energy/ mJ

Figure 5.32 Rate of Increase in LineaBremsstrahlungProfile Intensity
as a Function of Pulse Energy

The linear gradient of thBremsstrahlungemission profiles reached a saturation limit for
analyte concentration in the order of 200ppm (fmthkNa and Hg species). Interpretation
of the relationship between gradient and conceaatrdielow 200ppm was limited due to
the lack of data for lower analyte concentratidds.saturation limit foBremsstrahlung
gradient was evident as a function of increasingefapulse energy. Detailed
interpretation of this relationship was similarignited by the absence of data at higher

pulse energies.
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55 Optimization of Experimental Parameters to Incease LIBS Sensitivity

5.5.1 Rationale

The research reported in this section was undertaxeémprove the sensitivity of the
LIBS system through optimization of specific expgental parameters. These parameters
were delay time, gate width, data average numberiaser pulse energy. LIBS system
sensitivity was quantified by the signal-to-noiaéa (S/N) for the target atomic emission
line, which has been previously defineeiqr{.[3.12). The conventional equation for
calculating sensitivity of a LIBS system, Dbased on the construction of a calibration
curve covering an order of magnitude of analyteceotration (number of atomic species

per unit volume), is expressed as follows:

D|_ = %bkgnd/r [5.6]

Obkgnd = Standard deviation of background signal
[~ = gradient of calibration curve

A comprehensive review of the concept of ‘limit gliantitation’ has been reported
(Mermet: 2008). In the idealized case where thibdlon curve intercepts the origin i.e.
mean background intensity tends to zexgn.[5.6] may be expressed (Charfi & Harith:
2002) as follows:

D. = 3¢ /(S/N) [5.7]

G = analyte concentration
S/N= emission line signal-to-noise ratio

5.5.2 Temporal Gating of Emission Signals

The principle of temporal gating for increasing ssmn line S/N was demonstrated with
respect to the contribution to emission profilemfBremsstrahlungnd discrete atomic

line emissions. Emission profiles were recordechgisi sample of Nagly at 100ppm
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concentration. The spectrometer grating was ihtset to the strong Na(l) emission line
at 589.00nm, and subsequently to a wavelengthrafisent spectral distance from the
Na(l) emission wavelength i.e. 590.10nm. These sonsprofiles are shown in Figure
5.33.
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Figure 5.33: Temporal Emission Profiles for StrongNa(l) Emission Line and
Representative Background Wavelength

As shown in Figure 5.33 thdé&remsstrahlungprofiles were unchanged for the
wavelengths used. The principal difference betw#en emission profiles was the
significant increase in radiated energy for speun#ter grating set to 589.00nm, in the
period afterBremsstrahlungcontinuum had reduced to negligible intensity ice.times

in excess of ~130ns after plasma formation. Theseiase was attributed to the specific
atomic line emission at 589.00nm. Using a suitaldky time, guided by the temporal

profiles shown in Figure 5.33, emission spectraeaneicorded over a time period (gate
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width) during which Bremsstrahlungcontribution to the total emission profile was

minimal.

a. Optimum Delay Time
For analysis of the dependence of detection seitgitbn gating delay time,qt laser
parameters were set, as follows: pulse energy =J3puoise repetition rate = 10Hz and
spectrometer entrance slit = 280. The delay time was increased from 200ns to 362ns
in steps of 10ns, with gate width fixed at 400ngti@ized emission spectra for delay
times of 220, 252 & 296ns are shown in Figure 584complete record of LIBS

emission spectra for the full set of delay timesduis presented in Appendix XiIIl.
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Figure 5.34: LIBS Emission Spectra for Delay Timesf 220, 252 & 296ns

Data for Na(l) emission line intensityns mean background intensity ,ighe Standard

deviation of the backgroundy,gne and signal-to-noise ratio, S/N, are summarized in
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to 591.00nm inclusive, at an increment of 0.05nm.

Table 5.19. Values for gyng andopgnd Were calculated over the spectra range 590.00nm

Table 5.19: Measured and Calculated LIBS Datav.r.t. Delay Time

ty ns S\a Mokgnd AS S/N
(x4ns) | (5%) (£5%) Obkgnd (#5%) | (£7%)
200 586.36 444 .92 14.64 141.44 9.7
212 476.65| 348.26 8.81 128.39 14.6
220 399.58| 274.52 8.54 125.06 14.6
228 384.86 237.41 10.25 147.45 14.4
240 340.70 212.26 8.40 128.44 15.3
252 334.23 200.97 9.79 133.26 13.6
262 315.69| 193.14 4.79 122.55 25.6
274 325.84 173.21 8.06 152.63 18.9
284 294.07 | 165.28 8.37 128.79 15.4
288 275.97 151.34 1.77 124.63 16.0
296 271.09 | 149.39 5.97 121.70 20.4
310 337.80 185.11 7.09 152.69 21.%
318 308.20 180.74 7.30 127.46 17.%
324 309.08 173.67 5.76 135.41 23.%
334 263.58 | 149.90 5.38 113.68 21.1
340 255.28 | 146.34 6.38 108.9¢4 17.1
348 256.90 | 142.05 5.86 114.85 19.6
354 253.14 | 138.06 4.66 115.08 24.7
362 250.00| 134.53 5.56 115.47 20.8

Figure 5.35 shows the influence of delay time on(INamission line and mean

background intensities.
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Figure 5.35: Emission Line & Mean Background Intemitiesvs.Delay Time

The profiles shown in Figure 5.35 demonstrate wiglalecreasing relationship between
delay time and both emission line intensity and mieackground intensity, for value of
delay time between ~200ns & ~360ns. This was comsorate with the gradual decrease
in overall radiative emission from the cooling ples The significant increase in
intensity for delay times less than ~230ns reflédtes rapid change in emission line and
background radiated energy as the signal accuroolatindow was ‘gated into’ the
trailing edge of the decayirgremsstrahlungprofile.

Figure 5.35 included three pairs of data pointsyesponding to delay times of 310ns,
318ns and 324ns, which indicated intensities sicamtly higher than estimated values
interpolated from the overall trend. The reason tfeese high intensity readings was
attributed to fluctuations in the HT applied to tAMT during accumulation of emitted
radiation. Evidence for a systemic source of anoosldata was based on the ratio of
these outlying data pairs i.e.n=S Mpkgna Which was equal (within the limits of

experimental error) to the ratio of equivalent datach were consistent with the overall

143



trend. This was demonstrated as follows: for délags of 310ns, 318ns and 324ng§: S
Mokgna Were 1.82, 1.71 & 1.78, respectively; for delagds in the range 334ns to 362ns,

the mean @ Mygnawas 1.80; for delay times in the range 240ns &ng9the meanya
Mpkgnd Was 1.73.

Figure 5.36 shows the effect of delay time on SéX the Na(l) emission line at
589.00nm.
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Figure 5.36: Signal-to-Noise Ratiws.Delay Time

The data is Figure 5.36 showed an increase in StN increasing delay time over the
range of delay times used. The correlation wasngto for shorter delay times i.e.
<260ns. For delay times up to ~360ns the correlatias significantly weaker. There was

an indication of the onset of S/N saturation fdagléimes in the range 310ns to 360ns.
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b. Optimum Gate Width
For investigation of optimum gate width, with respect to S/N of Na(l) emission line,
LIBS spectra were generated for the same experahgmdrameters as previously
described. The gate width was increased from 28030ns in steps of 10ns. Delay
time was fixed at 320ns based on the data showfigare 5.36. Emission spectra for
gate widths of 310ns, 390ns & 1000ns are shownigare 5.37. A complete record of

emission spectra for the full range of gate widthed is presented in Appendix XIV.
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Figure 5.37: LIBS Emission Spectra for Gate Widthf 310, 390 & 1000ns

Data for Na(l) emission line intensityns mean background intensity,wighae Standard
deviation of the backgroundi,gna and signal-to-noise ratio, S/N, are summarized in
Table 5.20. Values for gryng andopgng Were calculated over the spectra range 590.00nm

to 591.00nm inclusive, at an increment of 0.05nm.
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Table 5.20: Measured and Calculated LIBS Datav.r.t. Gate Width

ty/ ns S\a Mpkgnd AS S/N

(£4ns) (5%) | (5%) | (¥5%) | Opkgna | (£7%)
280 386.66| 184.69 201.9y 10.75 18.8
290 359.25| 176.77 182.48 11.9y 15.2
300 369.17| 174.00 195.1y 10.26 19.0
310 349.64| 171.76 177.88 9.95 17.9
320 348.94| 169.14 179.80 11.64 15.4
330 343.99| 166.93 177.06 10.44 17.0
340 339.75| 161.1§ 178.60 9.75 18.8
350 339.97| 158.32 181.6% 9.35 19.4
360 313.51| 162.46 151.0% 9.36 16.1
370 301.54| 171.84 129.70 8.35 15.5
380 306.21| 170.7§ 135.4% 8.55 15.8
390 314.34| 168.48 145.86 6.78 21.5
400 334.93| 179.66 155.2} 8.8( 17.6
410 308.17| 182.69 125.48 7.23 17.4
420 316.28| 185.84 130.44 6.81 19.2
430 311.86| 189.89 121.9y 6.54 18.6
1000 240.36| 137.32 103.04 7.64 13.4

Figure 5.38 shows the influence of gate width on(INamission line and mean

background intensities.
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Figure 5.38: Emission Line & Mean Background Intemsitiesvs Gate Width

The data in Figure 5.38 showed a reduction of ~Ib#®mission line signal intensity for
gate widths between 280ns and 430ns. This wadbwatd to the averaging effect of
signal accumulation in the box car integrator as ¢fate width was increased. This
decrease reflected the gradual decrease in emiBs@imtensity in the temporal region
between 600ns and 750ns (i.e. the sum of delay &g gate width) after plasma
formation. No statistically significant variatiom imean background intensity was
indicated by the data shown in Figure 5.38.

Figure 5.39 shows the effect of changing gate wadttS/N for the Na(l) emission line at
589.00nm.
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Figure 5.39: Signal-to-Noise Rativs. Gate Width

The data in Figure 5.39 showed that there is noatgah in S/N, within the limit of
experimental error, over the range of gate widgeduNo change in S/N as a function of
gate width, in the range 280ns to 430ns, was @atied. Given the previously
demonstrated decrease of ~15% in emission linasitie(Figure 5.38) over this range of
gate widths, the consistency of estimates for SAY attributed to an equivalent decrease
in standard deviation of the background signal ¢kiesrrange of gate widths.

C. Optimum Data Averaging
For analysis of the dependence of detection seitgiton data averaging number (N)
pulse energy was fixed at 31.7mJ, with a pulsetitape rate of 10Hz. Guided by the
previous research for optimizing temporal paransetdelay time was fixed at 320ns,
with gate width fixed at 400ns. LIBS spectra fotadaverage numbers of 48 & 112 are
shown in Figure 5.40. A complete set of optimizedssion spectra for the full range of
N used is presented in Appendix XV.
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Figure 5.40: Optimized LIBS Emission Spectra for N= 48 & 112

.00

Data for Na(l) emission line intensityns mean background intensity,pighe Standard

deviation of the background,gng and signal-to-noise ratio, S/N, are summarized in

Table 5.21. These data were acquired using théc'sean’ software mode NB. in this

mode the grating is fixed at a specific wavelengtid multiple spectra are accumulated

to generate an averaged spectrum.

The wavelengths used for generation of Na(l) limession and background spectra were

589.00nm & 590.90nm, respectively. The defaultisgttor the data averaging algorithm

was 16 (accumulated spectra). By incrementing defgult setting between 2 and 10

inclusive data averaged spectra were obtained fimiciasing arithmetically between 32

and 160, respectively.
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Table 5.21: Measured and Calculated LIBS Datav.r.t. Data Average Number

Sva | Muga | AS SIN
N | (#5%) | (#5%) | (+5%) | Opana | (£7%)
16 | 258.85| 150.73] 108.12 290  37.3
32 | 292.71| 149.24 14347 432  33.2
48 | 255.87| 151.68 104.20 3.00  33.7
64 | 267.20| 151.12] 116.08 356  32.4
80 | 276.95| 160.57] 116.38 168  69.2
96 | 272.18| 163.360 12011 511 235
112 | 261.02| 14930 111.72 2.3p  48.1
128 | 280.52| 11429 16630 32D  52.0
144 | 274.08| 109.35 16478 4.66  35.3
160 | 271.10| 107.20 16391 3.90  42.1

Figure 5.41 shows Na(l) emission line and mean d¢packnd intensities as a function of

data average number, N.
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Figure 5.41: Emission Line & Mean Background Intemsitiesvs
Data Average Number
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The data in Figure 5.41 showed an increase of ~itb&nission line intensity as data
average number was increased from 16 to 160. Iseré@ emission line intensity
indicated an increase in the population of a higkeergy level in the emitting (Na)
species. With reference égn.[3.7]this indicated an increase in plasma temperatutiea
emitting plasma volume. Such an increase in plagmgerature was consistent with
delivery of increased net laser energy into thesmpk volume for emission spectra
accumulated over higher values of N.

An increase of ~13% in mean background intensity wWamonstrated for the same
increase in data average number. The conventiomdingy technique measured
background data originating from the decaying “tail the Bremsstrahlungemission
profile. With reference teqn.[3.9] the main source dBremsstrahlungvas attributed to
radiative re-combination between free electrons @&nmdzed species in the plasma
volume. As such thBremsstrahlungntensity was considered to be primarily a funetio

of the concentration of ionized species.

As described above an increase in the concentrafiemitting species was attributed to
an increase in temperature in the plasma volume Measured increase in mean
background intensity, as a result of increasinga daterage number by an order of
magnitude, was therefore consistent with the measuncrease in emission line intensity.

Figure 5.42 shows the influence of data averagebeuran S/N for the Na(l) emission
line at 589.00nm.
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Figure 5.42: Signal-to-Noise Ratiws.Data Average Number

The data shown in Figure 5.42 was characterizedwly distinct regions. For lower
values of N an non-linear increase in S/N was im@id. For values of N >100 the S/N
reached a saturation maximum of ~18. Optimum deéaage number was estimated to
be ~100. The changing trend between signal-to-n@se and data average number, as
shown in Figure 5.42, was consistent with reduciiothe shot noise contribution to the

overall noise budget.

d. Optimum Laser Pulse Energy
For analysis of the dependence of detection seitgitn laser pulse energy,Edelay
time and gate width were fixed at 320ns and 40@sectively, based upon previous
optimization of LIBS temporal parameters. The speueter entrance slit was fixed at
250um, with pulse repetition fixed at 10Hz. LIBS spectwere averaged over 48 laser
shots. Pulse energy in the range 10.5mJ to 88.0e1é wsed increased at a step of

~4.5mJ. Plasma was generated in sodium chlorideigolat a concentration of 260ppm.
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Emission spectra for selected laser pulse ene(@e®, 37.7 & 64.0mJ) are shown in
Figures 5.43. A complete record of LIBS emissioectfa for the full range of pulse

energies used is presented in Appendix XVI.
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Figure 5.43: LIBS Emission Spectra for Pulse Energis of 24.0, 37.7 & 64.0mJ

Data for Na(l) emission line intensityns mean background intensity ,ighe Standard
deviation of the backgroundy,gne and signal-to-noise ratio, S/N, are summarized in
Table 5.22. Values for gynq and opgng Were calculated over the spectral range from

590.00nm to 591.00nm, inclusive, at an increme@.05nm.
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Table 5.22: Measured and Calculated LIBS Datav.r.t. Pulse Energy

Ep/ mJ S\a Mpkgnd AS S/N
*0.5mJ)| (#5%) | (+5%) | (+5%) | Owana | (+7%)
10.5 111.04 79.54 31.50 14.69 2.

14.5 196.30 125.03 71.27 10.01 7.
16.8 235.15 136.65 98.50 11.26 8.
19.0 263.61 141.70 121.91 8.84 13|
21.5 260.67 141.35 119.3: 11.70 10
24.0 260.68 143.74 116.94 6.51 18|
26.5 245.65 148.51 97.14 5.49 17
29.0 259.12 149.27 109.8% 5.91 18|
31.7 262.13 154.77 107.3¢ 6.09 17
34.5 259.11 155.37 103.74 5.24 19
37.7 242.65 157.22 85.43 5.22 16
41.0 260.64 160.77 99.87 5.62 17
43.7 242.71 161.79 80.92 4.88 16
46.5 247.16 166.30 80.86 6.27 12
49.5 232.22 166.86 65.36 4.99 13
52.5 251.72 168.71 83.01] 8.00 10
55.5 236.74 171.28 65.46 6.49 10
58.5 233.70 173.62 60.08 5.06] 11
64.0 236.63 174.01 62.62 5.21 12
76.0 230.70 177.07 53.63 5.92
88.0 212.77 178.98 33.79 4.63

™o

U7

WP "5 ©r M P ©O © MM 0o 0o N~ O N 0 IHEF

Dependence of the Na(l) emission line and meandvaakd intensities on laser pulse

energy is shown in Figure 5.44.
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Figure 5.44: Emission Line & Mean Background Intersitiesvs Pulse Energy

The data in Figure 5.44 showed an initially rapidrease in Na(l) emission line intensity
with increase in pulse energy, at an estimatedabBimV/mJ. Maximum emission line
intensity was reached in the region of 18mJ. Neuhjssion line intensity subsequently
decreased at higher pulse energies up to ~90mad, egtimated rate of 0.72mV/mJ. Mean
background emission intensity also displayed atialty rapid increase for lower pulse
energies, at an estimated rate of 8mV/mJ. Maximutensity was reached in the region
of 16mJ. Mean background intensity continued togase, at a reduced estimated rate of

1.0mV/mJ, at higher pulse energies up to ~90mJ.

The difference in intensityAS) between the Na(l) emission line and mean backgio

intensities, as a function of laser pulse enegghown in Figure 5.45.
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Figure 5.45: Difference between Emission Line anillean Background
Intensitiesvs Pulse Energy

The data in Figure 5.45 showed maximum backgrownccted Na(l) emission intensity
at ~19mJ. This was consistent with the peak Naflission intensity shown in Figure
5.44. The rapid increase in background correctgdl) Menission intensity at lower values
of pulse energy had an estimated rate of 11mV/rhik dorresponded approximately to
the average of the rates of increase previoustutatked (Figure 5.44) for Na(l) emission
line and mean background intensities. The reduciioackground corrected Na(l)
emission intensity was commensurate with the trgmedsiously shown (Figure 5.44) for
Na(l) emission line and mean background intensities

Figure 5.46 shows the relationship between S/Npnse energy for the Na(l) emission
line at 589.00nm.
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Figure 5.46: Signal-to-Noise Ratiws Pulse Energy

The data in Figure 5.46 showed an initially rapidrease in S/N for lower pulse energies.
A maximum of S/N was reached for pulse energy m thgion between ~25mJ and

~29mJ. A gradual decrease in S/N was shown forenighlse energies up to ~90mJ.

Comparison of the data shown in Figures 5.45 adAfl Bevealed a significant difference
in the pulse energy corresponding to peaks in backgl corrected Na(l) emission
intensity and signal-to-noise ratio. The pulse gigsr corresponding to these peaks were
~19mJ and ~26mJ, respectively. This was explaingd rgspect to the competing and
complementary mechanisms for ionization in theitqbulk i.e. cascade and multi-
photon ionization. As previously discussed (sect®B) these two mechanisms are
distinct in terms of theimodus operandibut are related in terms of critical free eleotro
densities for their respective onset. At suffichkenhigh incident photon flux the
mechanism of multi-photon ionization has the po&ndo generate free electron density

of sufficient magnitude to trigger the onset of czake ionization, in the focussed laser
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beam waist. It was suggested that an increase atophflux, commensurate with
increased pulse energy and derived laser irradjacaesed the S/N peak to occur at a
higher pulse energy compared to the previously detnated peak for background
corrected Na(l) intensity (Figure 5.45).

5.5.3 LIBS System Sensitivity for CharacterizatafrBpecies in Aqueous Solution

a. Sodium Chloride Solution
Having optimized delay time, pulse energy and dagrage number for the strong Na(l)
emission line at 589.00nm, LIBS system sensitivitgs investigated for Nagd) at
concentrations of 260ppm & 50ppm. Pulse energy eameétition rate were fixed at
~29mJ and 10Hz, respectively. Delay time and gatithvwvere fixed at 300ns & 400ns,
respectively. LIBS emission spectra were accumdlateer 48 laser shots. This relatively
low number of data averaged spectra was deemediaidedue the relative strength of

the Na(l) emission line. Optimized spectra for thesncentrations are in Figure 5.47.
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Figure 5.47: Optimized LIBS Spectra for Sodium Chleide Solution
at Concentrations of 50ppm & 260ppm

158



Table 5.23 summarizes Na(l) emission line intené8y,), mean background intensity
(mprgng), Standard deviation of backgrounmhng, difference between line emission and

mean background intensitie&S), and S/N for these solutions.

Table 5.23: LIBS Statistical Data for Sodium Chloide Solution at
260ppm & 50ppm Concentration

Concentration (ppm)
Parameter 260 50
Sya (£5%) 291.35 195.16

Mona(¥5%) | 114.35 131.58

AS (£7.5%) | 177.00 63.58

Obkgnd 4.19 2.98
SIN (+7.5%) 42.2 21.3
D./ppm 18.5 9.6

Applying eqn[5.7] to the data summarized in Table 5.23 the detec@msitivity, D), for
Na, using the current LIBS system, was estimatdzeto10ppm.

b. Lead Acetate Solution

Having estimated LIBS system sensitivity for detactof Na in aqueous solution the
same technique was applied to the detection of [Eadyeting the Pb(l) emission line at
405.78nm, LIBS spectra were generated from plasenrgted in lead acetate solution,
for a range of concentrations in the ppm rangesd®ehergy and repetition rate were
fixed at ~29mJ and 10Hz, respectively. Delay timd gate width were fixed at 300ns &
400ns, respectively. Spectra were accumulated 8¥daser shots. A higher number of
data average spectra was required due to theveelaBakness of the Pb(l) emission line
(compared to Na(l) in the previous section).
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An optimized LIBS emission spectrum for 250ppm leaetate solution is shown in
Figure 5.48. A complete set of optimized emissipactra for the concentrations used is
presented in Appendix XVII.
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Figure 5.48: Optimized LIBS Spectrum for Lead Acetde Solution
at Concentration of 250ppm

Figure 5.49 shows lead emission line intensity,)(Sdifference between lead emission
line and mean background intensiti&S), and standard deviation of background signal

(oukgnd a@s a function of concentration of Pb species.
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Figure 5.49: LIBS Statistical Parametersvs Concentration of Lead Emitters

Figure 5.50 shows the influence of analyte conegiom on estimated S/N for the Pb(l)
emission line at 405.78nm.
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Figure 5.50: Signal-to-Noise Rativs. Concentration of Lead Emitters
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Based on the data shown in Figure 5.50 maximumseomdine S/N is achieved for Pb
concentration in the approximate range 250ppm Gp@B6n.

Table 5.24 summarizes lead emission line inten@ky), mean background intensity
(mprgng, Standard deviation of backgrounsh,g, difference between line emission and

mean background intensitieAS), and signal-to-noise ratio (S/N) for the concainins
used.

Table 5.24: LIBS Statistical Data for Different Cancentrations
of Lead Acetate Solution

Concentration (ppm)
Parameter | 490 425 325 250 200 125 10(
Spp(£5%) 154.80| 179.78| 198.73| 196.09| 183.98| 148.45| 143.37
Mpkgnd (£5%) | 107.48| 119.66| 135.89| 142.12| 141.61| 123.03| 134.47
AS (£7.5%) | 47.32 | 60.12| 62.84 53.9Y 4237 25.428.90

Obkgnd 351 | 323| 3.07] 250 249 265 2.38
SIN (£7.5%) | 135| 18.61 2047 21.6 17.02 9B 3|7
D./ppm 109 | 69 48 35 35 39 81

Applying eqn[5.7] to the data summarized in Table 5.24 the detes@msitivity, D), for
Pb, using the current LIBS system, was estimateddo~40ppm. The relationship

between concentration (Cof lead acetate solution and derived detectiont|{D,) is
shown in Figure 5.51.
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Figure 5.51: Derived Detection Limitvs Concentration of Lead Emitters

Maximum detection sensitivity of ~35ppm has beermmalestrated for analyte
concentration in the approximate range between @25 250ppm. Detection
sensitivity is progressively weaker for higher cemgations, up to a maximum of
~500ppm. The anomalous detection limit for 100pmtuteon (D.~80ppm) is attributed
to a combination of potential factors: these inelwh error in dilution of the 100ppm
solution from the original stock solution, and insstency of focussed laser volume in

the liquid bulk due to splashing of the focussipgias.

5.6 Signal-to-Noise Ratio Improvement by MechanicdFiltering
5.6.1 _Surface Plasma Expanding in Air
In order to demonstrate improvement of LIBS sewigjtiusing this technique initial tests

were carried out with a solid Al alloy target. Thpectrometer grating was set to the
target strong Al(I) emission line at 396.15nm. Rilasgenerated at the target surface

expanded in air at STP. An advantage of plasmarexpa in a gaseous medium,
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compared to the liquid bulk, was the relative lack plasma ‘quenching’. The

experimental set-up for this technique was prewoilisstrated in Figure 4.17.

As with previous LIBS experimental research optmtian of delay time to maximize
emission line S/N was performed. Pulse energy wasl fat ~35mJ and pulse repetition
rate fixed at 10Hz. Conventionally gated and ‘baokgd subtracted’ LIBS spectra were
generated for delay timesj)(tbetween 328ns & 488ns at a step of 20ns. Gatthwig)

was fixed at 350ns. A representative LIBS specrahown in Figure 5.52. Emission

spectra for the full range of delay times usedpaesented at Appendix XVIII.
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Figure 5.52: LIBS Spectra using Mechanical Filterig Technique:
Delay Time = 432ns

For each value of time delay S/N were calculateddmporally gated and ‘background
subtracted’ emission spectra (RN and S/Ncn respectively). Consistency was

maintained for statistical analysis by using a dipspectral range between 380.7nm and
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390.2nm for calculation of mean and standard dewiaaf background emission signal.
Delay time was optimized with respect to S/N fag tange of delay times used, as shown

in Figure 5.53, for conventionally gated and “backod subtracted” LIBS spectra.
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Figure 5.53: Influence of Delay Time on S/N for Coventionally Gated
and Background Subtracted LIBS Spectra

Signal-to-noise ratio for both gating configurasordisplayed a weak non-linear
relationship with respect to delay time, and intidaa maximum of ~25 forgt~
435150ns. The data in Figure 5.53 showed no statilst significant difference between
S/Nemp @and S/NiechOver the range of delay times used. ImprovemehiB$ sensitivity
by the technique of mechanical filtering was codeldl to not have been conclusively
demonstrated.

Initial LIBS spectra obtained were generated usirgingle laser pulse. The next stage of

experimental work took advantage of the optimumayldime (§ ~ 435ns) shown in
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Figure 5.53, and generated data averaged convaltyiogated and ‘background
subtracted’ LIBS emission spectra. Four spectraewganerated in this way of which
Figure 5.54 is a representative example, corresgpgrid data average number, N = 10.

A complete set of data averaged spectra are pessahAppendix XVIII.
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Figure 5.54: Data Averaged LIBS Spectra using Mednical Filtering
Technique: Surface Plasma on Solid Target

Consistency was maintained for calculation of mbaokground intensity (pgnd and
standard deviation of backgroundwgngd by using a fixed spectral region between
381.0nm and 390.2nm. Statistical data for data amest conventionally gated and
‘background subtracted’ spectra are presented lte$db.25a and 5.25b, respectively.
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Table 5.25a: Statistical Analysis of Data Average@onventionally Gated

LIBS Spectra: Surface Generated Metal Plasma

Data Average Number
Parameters ™ 3 10 20 30
Sna 614.32 | 538.91| 132.36 206.0p
Mbkgnd 190.80 | 192.44 45.14 60.03
Obkgnd 10.61 8.25 2.23 4.23
AS 423.52 | 346.47 87.22 146.02
S/Neemp 39.9 42.0 39.2 34.5

Table 5.25b: Statistical Analysis of Data Average8ackground Subtracted

LIBS Spectra: Surface Generated Metal Plasma

Data Average Number
Parameters 3 10 20 30
Sna 571.53 | 498.02| 114.59 176.2
Mbkgnd 150.14 | 151.82 31.69 32.88
Obkgnd 10.84 8.48 1.62 3.34
AS 421.39 | 346.20 82.90 143.3
S/Neemp 38.9 40.8 51.2 42.9

Improvement in S/N between conventionally gated doadtkground subtracted’ LIBS

spectra was demonstrated by simple subtractioratsf oh Tables 5.25a and 5.25b. No
significant improvement in S/N was demonstrateddata averaging over 3 & 10 laser
shots. Improvements in S/N of ~30% and ~25% weraahstrated, however, for data

averaging over 20 and 30 laser shots, respectively.

5.6.2 Plasma Generation in the Liquid Bulk

The mechanical filtering technique was subsequeamid to improve LIBS sensitivity
for plasma generation in the liquid bulk. The expental set-up used was previously
illustrated in Figures 4.6 & 4.17. The target mediuvas NaGhg at 100ppm

concentration. Emission spectra were generateettaggthe strong Na(l) emission line
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at 589.00nm. Pulse energy, repetition rate andispeeter entrance slit width were fixed
at ~35mJ, 10Hz and 2fM, respectively. A series of LIBS spectra were gateel with
fixed delay time ¢ of 300ns, and fixed gate widthg)(tof 400ns. A data average
algorithm was used to accumulate emission spevea 7, 67 & 91 laser shots. A pair
of conventionally gated and ‘background subtractdBS spectra averaged over 67 laser
shots are shown in Figure 5.55. Spectra pairshferfull range of data average numbers

used are presented at Appendix XIX.
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Figure 5.55: Data Averaged LIBS Spectra using Mednical Filtering
Technique: Plasma Generated in the Liquid Bulk

Signal intensity was measured for the Na(l) emisdine. Mean background intensity
(mprgnd and standard deviation of backgroudgd,) were calculated with consistency
being maintained by using a fixed spectral regietween 590.65nm and 592.50nm.
Signal-to-noise ratio was calculated uskqgn.[3.18] Statistical data for data averaged
conventionally gated and ‘background subtractedcsp are presented in Tables 5.26a

and 5.26b, respectively.
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Table 5.26a: Statistical Analysis of Data Average@onventionally Gated

LIBS Spectra: Liquid Bulk Sample Configuration

Data Average Number, N
Parameter 37 67 91
Mbkgnd 133.44 123.67 130.76
Obkgnd 4.24 1.82 3.40
SNa 223.15 187.96 186.31
AS 89.71 64.29 55.55
S/Neemp 21.2 35.4 16.3

Table 5.26b: Statistical Analysis of Data AveragetBackground Subtracted’

LIBS Spectra: Liquid Bulk Sample Configuration

Data Average Number, N
Parameter 37 67 91
Mbkgnd 110.04 105.10 108.59
Opkgnd 4.38 2.08 3.59
SNa 200.38 172.67 165.07
AS 90.34 67.57 56.48
S/Neemp 20.6 32.4 15.7

Improvement in S/N between mechanically and coneeatly gated LIBS spectra was
demonstrated by simple subtraction of data in Tabl@6a and 5.26b. No significant
improvement in S/N was demonstrated for the datsame numbers used i.e. N = 37, 67
& 91. The was attributed to significant quenchinghe liquid bulk, with the subsequent
effect of reduction in plasma temperature. Reductio plasma temperature had
significant implications for emission line intensitas demonstrated with reference to
eqn[3.7]. The reduction of LIBS sensitivity as a resuligokenching in the liquid bulk was
concluded to be more significant than potential rovements in LIBS sensitivity from

application of the mechanical filtering technique.
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5.7 Signal-to-Noise Ratio Improvement by Plasma Bking
5.7.1 Optimization of Temporal Parameters

In order to demonstrate the principle of spatiifing of Bremsstrahlungemissions for
improvement of LIBS sensitivity, initial tests weecarried out with an Al alloy target.
Plasma generated at the target surface expandedr iat STP. The set-up for this
experimental technique was illustrated in FigurelB4& 4.19. This series of tests was
carried out with laser pulse energy ~35mJ, pulpetiton rate = 10Hz and spectrometer
entrance slit width ~250n. Emission profiles were recorded using a digigsi
oscilloscope (Agilent Technologies model DSO5054ét)lising a data averaging

algorithm accumulating over 64 individual spectra.

The delay time () and gate width § were fixed at 3.2s & 8.Qus, respectively, as
shown in Figure 5.56. The emission line profile ftre strong Al(I) 396.15nm
wavelength is superimposed, as is the temporallg@rafr the (12.5s) TTL laser flash
lamp trigger pulse. The temporal profile for thisission line was sensitive to small
changes in the spectrometer grating setting, Spaltyf the time taken to reach peak

intensity after the onset of plasma emission.
The sensitivity of the Al(l) emission line profile changes in the spectrometer grating

setting is demonstrated by a series of images (mmgntary to Figure 5.56) in
Appendix XX.
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Figure 5.56: Tuning of Temporal Window to Al(l) Emission Line Profile

A key difference between plasma emission in theididpulk (section 5.6.2), and surface
plasma expanding in air was the order of magnitdifierence in time taken for the

appearance of emission line profiles. This wassitlted by the delay times used for
these sample presentation configurations i.e.a@rotider of hundreds of ns for liquid bulk
compared to 342 for surface plasma. The time scale for surfaasmé emissions in air

at STP is shown in Figure 5.57. This emission fgofpresented negligible blocking of
Bremsstrahlungemission.
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Figure 5.57: Emission Line Profile: Surface Genered Metal Plasma

5.7.2 Effect of Plasma Blocking @dremsstrahlun@nd Line Emission Profiles

Having identified the emission line of interestdawptimized delay time and gate width,
a series of measurements were performed duringhwthie principal plasma emission
region was incrementalhA{) blocked. The initial objective was to investigdhe effect

of increased plasma blocking Bnemsstrahlungnd emission line profiles.

a. Bremsstrahlung§mission Profiles
The effect onBremsstrahlungemission profiles of increased blocking of plasma
emissions is shown in Figure 5.58. TBieemsstrahlungrofiles shown represent a range
of blocking from ~22% to ~67%, and include the Ihuase of negligible plasma

blocking. A complete set @remsstrahlungmission profiles for the full range of plasma
blocking is presented in Appendix XXI.
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Figure 5.58: Effect of Plasma Blocking oBremsstrahlungeEmission Profiles

Quantitative comparison ddremsstrahlungemission profiles, subject to the effect of
increasing plasma blocking, was undertaken by awefirand measuring key profile
characteristics. These characteristic were maxinBremsstrahlungemission intensity
(Smax), time between plasma formation and onset of mawirBremsstrahlungemission
intensity (beay and full width at half maximum ginm) of the Bremsstrahlungemission

profile. These criteria are shown in Figure 5.58 dBremsstrahlungemission profile
subject to negligible plasma blocking.
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Figure 5.59: Critical Features ofBremsstrahlungEmission Profile

MeasuredBremsstrahlungemission profile characteristics are summarizedTables
5.27a and 5.27b for the full range of plasma bloegkused. The increment between
successive recorded profiléd,, was fixed at ~4fm.

Table 5.27a: BremsstrahlungProfile Characteristics: 0< AL < 36Qum

AL 8um | S$ynax+0.05V | tea*1Ons | fwnm £10NnS

0 2.77 198 49

45 2.77 198 51

90 2.77 198 53
135 2.77 199 50
180 2.77 199 53
225 2.77 199 53
270 2.80 196 53
315 2.80 196 56
360 2.73 202 60
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Table 5.27b: BremsstrahlungProfile Characteristics: 409um < AL <72Qum

AL +8um | S$ynax+0.05V | teat1Ons | fwnm£10NnS
405 2.77 200 63
450 2.74 203 72
495 2.56 206 96
540 2.12 246 125
585 2.34 278 114
630 1.90 353 191
675 1.44 584 410
720 1.06 745 1027

The influence of increased plasma blocking at fikemtementAL, on teakand twhm IS

shown in Figure 5.60.
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Figure 5.60: Effect of Plasma Blocking olBremsstrahlung
Temporal Characteristics
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The data shown in Figure 5.60 demonstrated thaBtemsstrahlungarameters of§ax
and twnm do not change with increase in blocking of thespla forAL in the range 0 to
~50Qum. ForAL in excess of ~5Q@m both feak and gwnm demonstrated a rapid non-
linear increase, tending towards convergenceAfor-725um. The convergence oOfechk
and twam was consistent with dispersion of the energy eswaped within the
Bremsstrahlungprofile to such an extent that residigremsstrahlungemissions were,

for all intents and purposes, of negligible inténsi

The influence of increased plasma blocking at fixedementAL, on Shax is shown in
Figure 5.61.
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Figure 5.61: Effect of Plasma Blocking on Maximum
Bremsstrahlungintensity

PeakBremsstrahlungemission intensity was found to remain unchangeld wwcrease in
plasma blocking foAL between 0 and ~42®n. For larger values AL a rapid and

approximately linear decrease iR.$was demonstrated with an estimated rate of 8% 10
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Vum™. Peak intensity, S reduced to minimum intensity féd. ~75Qum, and tended to
negligible levels ad\L tended towards 10@@dn. The approximately linear decrease in
Smax In the region 42Bm < AL < 75Qum is consistent with the gradual blocking of a
compact plasma region, within which the radiativeergy flux is approximately
homogeneous. The clear demarcation of Bhemsstrahlungpeak intensity profile into
three distinct regions as described is consistéihttive plasma region having a boundary

which tended towards discontinuity with respeatadiative flux.

b. Line Emission Profiles
The effect on the target Al(I) emission line prefibf increased blocking of plasma
emissions is shown in Figure 5.62. The profileswshaepresent the full range of
blocking as characterized by reduction of the pe&nsity of the emission line profile.
A complete set of emission line profiles for thé fange of plasma blocking is presented
in Appendix XXII.
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Figure 5.62: Effect of Plasma Blocking on Emissiohine Profiles
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Initial examination of the incrementally blockedhdi emission profiles (Figure 5.62)
demonstrate a steady reduction in the area enepdulithin the emission profile. This
was interpreted as an inverse (negative) correldieiween blocking increment and line
emission energy incident upon the detection appsrdthe gradual decrease in the time
taken for the line emission profile to achieve mawim intensity also demonstrated an

inverse (negative) correlation to the degree o$mla blocking i.e. 7is, 7.Qus, 5.7us &
4.9us corresponding to 0%, 38%, 75% & 100% blockingpestively.

Based upon the assumption of a homogeneous defidibe emitting species within the
plasma volume, these data were interpreted astafaer of the detection and charge
accumulation apparatus.

Quantitative comparison of emission line profilssibject to the effect of increased
plasma blocking, was undertaken by defining andswaag key profile characteristics.
These characteristic were maximum emission linengity ($ay, time between plasma
formation and onset of maximum emission line inign@,ea) and full width at half

maximum (gwnwm) Of the emission line profile, as shown in Figbré2.

The area beneath the emission line profile was addoulated, in order to estimate
radiated energy (&) encapsulated within the emission line profilel@0 criterion was
used for estimation of ;& i.e. summation over the temporal range for whigtission
intensity was>10% of peak emission. These criteria are shownigurg 5.63 for an

emission line profile subject to negligible plasbiacking..
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normalized line emission energyn(&y), for the full range of plasma blocking used. The

Figure 5.63: Critical Features of Emission Line Pofile

increment between successive recorded proflesyas fixed at ~4gm.

Table 5.28: Line Emission Profile Characteristics

AL £8UM | Snax20.05V | teat0.1uS | twam0.1S | Bine Enorm

0 0.380 7.63 1.84 67.74 1.00
45 0.350 7.63 1.79 65.43 0.97
90 0.355 7.40 1.76 62.64 0.92
135 0.350 6.99 1.66 58.49 0.86
180 0.335 6.73 1.64 56.15 0.83
225 0.320 6.27 1.58 50.39 0.74
270 0.280 5.74 1.48 42.20 0.62
315 0.265 5.35 1.43 39.35 0.58
360 0.014 4.81 0.67 0.85 0.01
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The influence of increased plasma blocking at fikemtementAL, on teacand twnm IS

shown in Figure 5.64.
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Figure 5.64: Effect of Plasma Blocking on Emissiohine
Temporal Characteristics

The limiting value ofAL ~50um, as shown in Figure 5.63, corresponded to minimum
plasma blocking below which no significant effeat e« Was recorded. A linear
decrease of ~35% inetk Wwas demonstrated fdL in the range ~50m to ~37(um. A
sharp decrease ipeikWas demonstrated for values/if in excess of ~37@m, reducing

to zero forAL ~405um. Reduction ingyum was less pronounced, reducing by ~20% for
AL in the range ~50m and ~31fm. A sharp decrease ipwiyv Was also measured Ak
tended to an upper limit of 40B. The linear decrease in botha.t and fwnv are
consistent with a compact region from which atommission lines are radiated, this

region being characterized by a radiative flux tatpproximately homogeneous.
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The influence of increased plasma blocking at fikedementAL, on Snax and Eom IS

shown in Figure 5.65.
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Figure 5.65: Effect of Plasma Blocking on MaximunEmission Line Intensity
and Normalized Emission Profile Energy

The value of faxwas found to be unchanged, within the limits gbemmental error, for
plasma blocking AL, up to ~10@m. For plasma blocking up to ~32@ a linear
reduction in Sax of ~25% was demonstrated. The measure of net yr@rgapsulated
within the emission line profile, &, displayed a linear decrease of ~40% for plasma
blocking up to ~320m. The estimated changes ip.gand Eom are consistent with a
compact source of atomic emissions line, charasdrby a flux which is approximately
homogeneous across the emitting surface area.die reduction to zero of these two
parameters, for plasma blockingl, between ~320m and ~36Qm, indicated an

emitting region with a well defined boundary.
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Examination of the variation in critical emissioargmeters (fuw tpeak and twnm), for
plasma blockedBremsstrahlungand emission line profiles, revealed a significant
difference in the blocking valueplLat which these parameters tended towards zero. Fo
plasma blocke@remsstrahlungrofiles Ly was estimated to be in the region of (&0
This is significantly higher than the equivalentiraate of 40@um for plasma blocked

emission line profiles.

These figures are consistent with the interpretatitat the majority of line emission
signals originate from a region of the laser induptasma relatively close to the target
surface. Examination of these data also lead toitiference that the volume for
Bremsstrahlungemissions is considerably larger than the volumanf which the

majority of line emissions originate.

5.7.3 Improvement in LIBS Sensitivity using the $?f@ Blocking Technique

LIBS spectra were recorded for the strong Al(l) &sion line at 396.15nm for the range
of plasma blocking previously described. A typicES emission spectrum, representing
approximately 15% plasma blocking, is shown in Fég6.66. The mean and standard
deviation of background signal intensitygas andopigna respectively) were calculated
over the fixed spectral range between 397.00nm 38®150nm. The data averaging
algorithm accumulated 80 individual spectra. A ctetgset of LIBS spectra for the full

range of plasma blocking is presented in AppendX
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Figure 5.66: LIBS Emission Spectrum for ~15%Plasma Blocking

Signal-to-noise ratios (S4N) for plasma blocked LIBS emission spectra werelwdated

usingeqn[3.18] Statistical parameters for these spectra are suined in Table 5.29.

Table 5.29: Statistical Analysis of Plasma BlockelIBS Spectra

AL £8UM | Spearct2% | Mygna+2% | Ookgna | S/Noi £5%
43 82.40 9.88 4.86 14.9
86 66.53 -11.72 3.84 20.4
129 87.13 7.56 4.95 16.1
172 66.53 3.91 5.02 12.5
258 60.73 23.86 9.25 4.0
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The influence of increased plasma blocking at firedementAL, on S/Ny is shown in
Figure 5.67.
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Figure 5.67: Influence of Plasma Blocking on LIBSSignal-to-Noise Ratio

The data shown in Figure 5.67 demonstrated a vefihed maximum S/N of ~20 for
plasma blocking incremenf\L, in the region of 8@m. The optimumAL inferred from
Figure 5.67 corresponded approximately to the rasfgelasma blocking during which
peak emission line intensity was sustained (seer€i§.64). The S/N decreased linearly
for higher values ofAL up to the maximum value of ~2@th. This was consistent with
the trends previously described (see Figures 5mB5a64) for the temporal and peak
intensity parameters of plasma blocked emissioa profiles. This consistency added
weight to the hypothesis that the majority of atoramission lines originated from a
compact region which was separated from the tangdace by a distance in the order of

tens of microns.
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Chapter Six
DISCUSSION AND CONCLUSIONS

“Intellect is a magnitude of intensity, not a migde of extension.”
Arthur Scheepenhauer

6.1 Dielectric Breakdown in Liquid Bulk

The difference between estimated breakdown thrdshior tap water (2.8x1bWcm?)
and distilled water (7.0xtdWcm?) samples was demonstrated to be ~60%. This may be
understood within the context of cascade ionizatwhich is the dominant mechanism
for laser induced dielectric breakdown in the nasosd pulse regime. This occurs
through the collision process facilitated by thegence of free (solvated) electrons in the
probed volume. Relatively high concentration okdised compounds normally found in
tap waters (see Table 4.1) provided higher conagotrs of solvated electrons compared
to the availability of negligible concentrations foée electrons in distilled water. The
relative abundance of free electrons in the tapewsample allowed onset of cascade
ionization at significantly reduced photon flux e(i. pulse energy), leading to a
correspondingly lower breakdown threshold compaxedhat for the distilled water
sample. A detailed theoretical model of multi-phrond cascade ionization in agueous
solutions has been reported (Kennedy: 1995), wimcluded a mathematical derivation
of thresholds for these respective mechanisms reiglard to free electron density. The
conclusions included in this report (Kennedy: 1988pport the significant reduction in
dielectric breakdown threshold for tap water coredato distilled water, as reported in

the present research.

Estimated breakdown thresholds for distilled watamtaining dissolved sodium chloride
at different concentrations were similar to that tbé distilled water sample. The
difference between maximum and minimum breakdowestiolds in NaGdq) was ~11%
for concentrations in the range 50ppm to 0.5pprax@"'Wcm? and 7.2x18'Wcm?,
respectively). The relatively small difference (%d)1 in breakdown threshold, for
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NaClaq) samples representing two orders of magnitude ofceatration, indicated a
relatively weak dependence of breakdown threshalgiogly ionized solvated species
e.g. N&, CI etc.

The estimated breakdown threshold for tap water wsi8% lower than that of the
highest concentration (50ppm) of Na&! This may also be explained with reference to
the cascade ionization mechanism for dielectriakdewn, and the relative abundance of
solvated free electrons (for the tap water sampiejhe focussed laser volume. In
addition to the reported concentration of heavyaingpecies in the tap water sample (see
Table 4.1), this sample also contained trace cdret@ms (in the order of parts per
million) of other atomic and molecular species (8ppendix Ill: Thames Water Utilities
Water Quality Report). The cumulative concentratioh the four most abundant
contaminant species i.e. ‘CINa’, SQ%, NO; was in excess of 100ppm. This is
significantly higher than the highest concentrat{®@ppm) of NaGky tested. Higher
concentration of solvated electrons for tap waderansistent with the lower breakdown
threshold for this sample. It was also concludeat tthelectric breakdown threshold
exhibited a significantly stronger dependence otemdar species and species of higher

ionization e.g. S@ and NQ’ than singly ionized atomic species e.g! lad Cl.

During dielectric breakdown in liquid bulk a profion of laser energy is manifest as
mechanical effects. These include the formatioa diynamically oscillating bubble in a
process referred to as ‘cavitation’. Analysis a ttynamic behaviour of the laser induced
bubble was necessary to evaluate the potentiasiofjuepeated pulses for enhancement

of atomic emission line S/N in LIBS analysis.

6.2 Characterization of Laser Induced Cavitation
Experimental estimates for maximum bubble radibsaioed by two different techniques

i.e. probe beam deflection (PBD — Configurationalid high speed imagery (HSI), were
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in good agreement i.e. 900 50 and 1100 = 5@m, for PBD and HSI techniques,
respectively. Estimates for the bubble lifetime sveignificantly different for the two
techniques i.e. 835 + §8 and 660 + 20s, for PBD and HSI techniques, respectively. It
is noted that PBD is an in-direct techniquesofar as dynamic behaviour of the
oscillating bubble is inferred from the reductiongrobe beam signal intensity. The HSI
technique, in contrast, allows direct imaging oé tbscillating cavitation bubble for

measurements in the spatial and temporal domains.

Estimation of maximum bubble diameter utilizing tARBD technique was dependent on
the a priori estimation of two critical separation limits (dée z,, and zay. These

limits represented the separation between the butditre and probe beam axis which
corresponded to maximum and minimum (zero) effecippmbe beam signal intensity,
respectively (see Figure 5.6). These two separétiuis were estimated from the graph
showing the reduction in probe beam signal intgnsith increasing separation between
the bubble centre and probe beam axis. The prinsgarces of error for estimation of
these two boundary limits were due to errors indhginal measured data (for reduction
in probe beam signal intensity), and the rapid geaof gradient in the regions of the

graph corresponding te. and zax (see Figure 5.9).

Estimation of bubble oscillation period in the PBi2hnique was made by analysis of the
probe beam signal intensity profile for zero sepanabetween the bubble centre and
probe beam axis. The bubble lifetime was considevdae equivalent to the time taken
for the probe beam signal intensity to recovertsooriginal (unaffected) value. A 75%
criterion was used for this estimate to allow facansistency in probe beam signal
intensity in the time period following maximum pmbbeam deflection. These

inconsistencies were the main source of systeraatic in estimation of bubble lifetime.

The principal source of error in the HSI techniquas the limited contrast between the

relatively luminous expanding bubble wall and tlaekeér background. This problem was
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especially apparent when individual images of teeillating bubble were imported into
standard PC software for post-processing (expansioropping and contrast
enhancement). The resolution of individual imagess vinversely proportional to the
frame rate of the camera. An attempt to utilizertteximum frame rate of ~1xiframes

per second (fps) was unsuccessful due to the kintijge size of single images (~2
kbytes), which rendered discrimination between beibvoall and background difficult,
and therefore prone to relatively large errors.phaviously noted (see section 5.2.4) a
compromise between frame rate and image resoluéisumted in the use of a frame rate
of 5.4x10 fps (corresponding to ~P8 between images), which generated still images
each of ~8 kbytes. These images provided suffigentrast to discriminate between the

illuminated bubble wall and darker background veigmnificantly reduced error.

Accurate estimation of expanding bubble volume fretill images was limited by
another source of error. This resulted from thes@mee of multiple bubbles in the
cavitation region, which coalesced into a singlélde of negligible eccentricity over
approximately the first half of the primary bubldscillation cycle. Estimation of total
cavitation bubble volume was performed by summatdnthe series of (assumed)
spherical bubbles within the expanding cavitati@gion, whilst correcting for the
estimated degree of overlap between adjacent bsibblee assumption was made of a
circular bubble cross-section in the plane orth@dom the incident laser pulse trajectory.
This assumption is consistent with a previouslyorega (Kennedet at 1997) model of
plasma formation, with particular reference to teving breakdown model’ of plasma

expansion.

Estimation of bubble diameter and oscillation Iife# has been reported (PetkovSek &
Gregoti¢: 2007, PetkovSelet at 2007, Gregafic & Mozina: 2007, Grega@ic et at

2008) using the PBD technique. Principal experirmleparameters were similar to those
of the present research i.e. laser wavelength 46 pulse duration = 7ns and focussed

laser beam diameter ~6®. The major difference was that these authors used
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significantly lower laser pulse energies i.e. 4.7and 8.6mJ, compared to in the order of
100mJ used in the present research. These authotedqvalues of approximately
115Qum and 1550m for the maximum radius of the cavitation bublded bubble
lifetimes of approximately 333 and 48Qs for the same respective pulse energies.
These values are significantly different from egléwnt estimates of ~4hth & 834us,
obtained utilizing configuration Il of the PBD teuhue, as reported in the present

research.

Other estimates of laser induced cavitation bupblameters have been reported (Lazic
et at 2007). These authors also used experimental meassimilar to that used for the
present research i.e. laser wavelength = 1064nmpals# repetition rate = 10Hz (no
value was quoted by these authors for pulse dumatibhese authors investigated the
time between generation of plasma in the liquidkbahd the first collapse of the
cavitation bubble, for 10 pulse energies betweeésm®and ~280mJ. This range of pulse
energy included the value used in the present meseiee. ~140mJ. These authors
measured bubble collapse period indirectly from #oattering of probe laser beam
radiation from the surface of the oscillating buhldnd reported a complex relationship
between pulse energy and primary bubble collapse.tiA significant feature of this
relationship was a rapid linear increase in cobajgme from ~24(s to ~32@s for lower
pulse energies in the range from 25mJ to 65mJhighier pulse energies (up to ~230mJ)
an approximately linear and slowly decreasing ckaingcollapse time from ~328 to
~2851s was quoted. This trend was reversed for the bighalse energy (~280mJ) for
which a small increase in collapse time (to 4290was quoted. By interpolating the
trend reported by these authors it was estimai&tthie pulse energy used for the present
research (~140mJ) corresponded to a collapse fionghe primary bubble) of 2.
This value is 25% higher than the value (q220o0btained in the present research. For
pulse energy of 280mJ these authors quoted appatifubble lifetimes of 24f,
14Qus & 45us for primary, secondary and tertiary oscillatigcles, respectively. These

figures allow an estimate for bubble lifetime ofOf8. This compares to estimates of
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bubble lifetime for the present research of 460#885+60 and 660+23 for PBD(l),
PBD(II) and HSI techniques, respectively.

Other data for maximum bubbtadii and collapse time have been reported (Zttaalk
2007) for research investigating the behaviourasét induced cavitation bubbles near a
solid boundary. These authors used similar experiahgparameters to that used for the
present research i.e. laser wavelength = 1064nnpalsé duration = 10ns, and they also
used a PBD technique. Quoted values were approgiyn&2Qus, 21Qs and 18Qs for
primary, secondary and tertiary bubble collapsesmespectively, for laser pulse energy
of 25mJ. These figures allow an estimate for bubifdéime of 91Qus. Corresponding
maximum bubbleadii for this pulse energy were quoted to be approxetga260qum,
110Qum and 90Quim, respectively, for the three bubble oscillatigitles. The primary
bubble radius was shown to increase non-lineatynfr~-80Qum to ~320@m with
increase in pulse energy from ~2mJ and ~34mJ, théhindication of a saturation
maximum for bubble radius at considerably highds@energies.

Previously reported research for characterizatibrlaser induced cavitation bubble
dynamics used similar experimental parameters tsethof the present research. It
follows that the significant differences in quotealues for maximum (primary) bubble
radius and bubble lifetime cannot be adequatelyagxgd with reference to differences
in laser pulse energy, pulse duration or laser lesggh. It is also noted that the
specifications of the probe beam apparatus useestionate bubble parameters were
similar i.e. a HeNe probe beam operatingcim mode and emitting at 632nm was
typically used. On close examination of the aforetio@ed research it was noted that
there was a significant difference in the spediitwes of the focussing optics used to
generate dielectric breakdown in the liquid bulksdémmary of the focussing optics is as
follows: pre-expansion by a 50mm focal length @weclens followed by focussing with
a 150mm focal length convex lens (Zhatoal 2007); focussing with a double convex

lens arrangement with an effective focal length26imm (Lazicet at 2007); and,
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focussing with a single 50mm focal length convensléor the present research. No figure
was quoted for the focal length of the convex lenshe papers issues by Petkovsek,
Gregoti¢ et al These authors did, however, quote a value foudsed laser spot size
(i.e. ~6Qum). By assuming an unfocussed laser beam widtimwoh $equal to that for the
present research), and using the conventional flarmfr calculation of ‘diffraction
limited spot size’, the focal length of the convers used by these authors was estimated
to be ~100mm. The focussing lens focal length erflees two important cavitation
bubble parameters. the size of the focussed laser beam waist itidhel bulk; and, ii.

the cone angle for focussed radiation in the plafmmaing region. The laser beam waist
places a lower limit on the initial size of the tation bubble, whilst the cone angle
influences the morphology of the bubble in theyeathges of expansion. It is suggested
that the significant differences in laser beam waigl cone angle in the liquid bulk, as
inferred from the diverse range of focussing optiggorted in the present and earlier
research, was a major factor behind the differerinesalues of maximum bubble
diameter and bubble lifetime.

The implications of accurate characterization afnary cavitation bubble properties for
improving LIBS sensitivity are clear. By settingetipulse repetition rate high enough
such that the inter-pulse separation matches tineapy bubble lifetime, a second laser
pulse may be focussed within the plasma formataame. This aim has been realised in
the established technique of double pulse (DP-)S.IBhe complementary effect of two
pulses focussed within the cavitation bubble is nt@intain/ increase the plasma
temperature, and thus maintain the population ofted atomic states for a longer period

and/ or increase the population of the upper Isyel the emitting species.

Quantitative analysis of cavitation bubble spatald temporal characteristics allows
optimization of pulse repetition rate that couldus®d to increase emission line S/N for
signals accumulated over a fixed temporal window. pfe-requisite to further

improvement in LIBS sensitivity, however, is théghation (or reduction to negligible
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intensity levels) of the contribution froBremsstrahlungo the emission profile. It was
therefore necessary to investigate the dependetiee @remsstrahlungemissions on

both laser pulse energy and analyte concentration.

6.3  Characterization ofBremsstrahlungEmission

The results of the present research demonstratetiargge in the temporal parameters of
Bremsstrahlungemission profiles over a wide range of both lgseise energies and
analyte concentrations. TemporBtemsstrahlungprofile parameters considered here
were time interval between plasma formation andotiget of maximunBremsstrahlung
signal intensity, full width at half-maximum of tiBremsstrahlungprofile, and duration
of the Bremsstrahlungprofile (subject to a 10% signal intensity criter). These
parameters did not vary, within the limits of expental error, for NaGly and HgClaq)

for concentrations covering a range of two ordérmagnitude, and pulse energy over a
range representing a factor of two. Consistencyeofporal Bremsstrahlungemission
parameters allows the setting of a fixed delay tipn@r to activation of a temporal
window over which radiative signals may be accuteaaThis provided the justification
for the temporal gating technique for improvemdntI8S sensitivity.

The present research has also demonstrated a teomgislationship between emission
parameters of th&remsstrahlungprofiles, and both laser pulse energy and analyte
concentration. TheBremsstrahlungemission parameters considered here were peak
intensity of the emission continuum, and the irdggpl emission energy within the
Bremsstrahlungprofile. For lower pulse energy and analyte cotregions (less than
~120mJ & ~100ppm, respectively) these parametene wiemonstrated to increase
linearly, tending asymptotically towards a satunatimaximum at higher values. The
saturation phenomenon is ubiquitous in all LIBS sueaments and has been reported
both in terms of analyte concentration (Knogtpal 1996, Kochet at 2004) and pulse
energy (Michekt at 2006, 2007).
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These findings may be understood by consideratibnthe principal source of
Bremsstrahlungemission from the expanding plasma i.e. accetarabf quasi-free
electrons by the laser electromagnetic field. Triterisity ofBremsstrahlungemission is
therefore a function of both the free electron dgns the plasma volume, as well as the
photon flux (synonymous with laser pulse energyle Tree electron density is a function
of the rate at which species in the focussed laskrme are ionized, as well as the
density of target species in this volume (synonysnaith analyte concentration). It is
important to appreciate that ionization of targeéaes, and acceleration of quasi-free
electrons, can only occur for the duration of theel pulse. Saturation Bfemsstrahlung
emission intensity has been demonstrated for a o@tibn fixed laser pulse energy and
variable analyte concentration, as well as fixedlyge concentration and variable pulse
energy. These saturation effects reflect the imibgeof both pulse energy (photon flux)
and analyte concentration (scattering centre cdretgon) on the intensity of

Bremsstrahlungmission.

Emission line S/N may be further increased by op@ton of principal LIBS
experimental parameters, including temporal delag @ate width. This involves
identifying a time domain for accumulation of enmss signals which represents the
optimum compromise between minimal intensity in tdecaying Bremsstrahlung

emission profile and the intensity of analyte emisdine signals.

6.4  Optimization of Temporal Gating Parameters

Data presented in the present research has der@adstoptimization of laser pulse
energy, delay time and data average number formaixig of emission line signal-to-

noise ratio (S/N). For each of these (independpatameters S/N was found to slowly
reach a maximum value at an upper limit. Additibnahe saturation phenomenon was

observed for S/N with respect to these three paese
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Temporal gating was introduced to take advantagehef differential rate of decay
betweerBremsstrahlung@nd atomic emission lines. The onset of emiss@mresponded
to delivery of the laser pulse and was synonymdas gll intents and purposes) with
plasma generation in the focussed volume. Triggesirdetection apparatus in sympathy
with delivery of the laser pulse was used to set‘#ero’ time for recorded emission
spectra. Atomic emission lines were masked by thensecontinuumemission in the
time period between delivery of the laser pulse #r reduction oBremsstrahlung
signal intensity to negligible levels. By setting appropriate delay time, with respect to
delivery of the laser pulse, the accumulated ragiaemissions were dominated by
emission lines from the target species. Experimienteestigation into maximization of
emission line S/N as a function of delay time desti@ied a S/N maximum for delay
times in excess of ~298. Optimized S/N for the strong Na(l) emission latec89.00nm

was relatively insensitive to change in delay timéhe range between ~270ns & ~370ns.

A significant contribution to the noise budget inBE spectra was the shot noise
component of the backgroun@rémsstrahlung signal. Reduction of shot noise was
demonstrated by application of a data averagingrdélgn. The effect of data average
was demonstrated with regard to reduction of tha sleise component in the trailing
edge of the residud@remsstrahlungemission profile. The criterion by which the shot
noise component was measured was the standardtidevid Bremsstrahlungsignal
intensity. An increase of data average number facer of 10 (from 1 to 100) reduced
the standard deviation of the residiglemsstrahlungemission signal by ~25%. No
improvement in shot noise reduction was measurediffher values of N, which was

interpreted as evidence of the saturation phenomeno

The present LIBS research also demonstrated signifireduction in thems magnitude
of shot noise by the accumulation, within an optea temporal window for signal
accumulation, of a statistically significant numloaéremission spectra. Investigation into

the maximization of S/N as a function of data ageramumber demonstrated a S/N
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maximum for data average number in the region 6f The saturation phenomenon was
also demonstratethsofar as no change, within the limits of experimentaberwas
shown for higher values of N. Additionally, a liméacrease in S/N was demonstrated for
lower values of data average number. The optimulwevaf N for the present research
(i.,e. ~100) is consistent with previously reportegsearch. Comparative examples
include: accumulation of 100 spectra (Diaz Patal 2006) for estimation of detection
limits for metal species, including lead and cadmiwcontained within a solid matrix;
averaging over 20 spectra (Hussain & Gondal: 2@6B8)detection of strontium using
liquid surface sample presentation configuratioreraging over 20 spectra (Gondal &
Hussain: 2007) for detection of strontium and fitamin liquid samples absorbed onto an
solid organic matrix; and, averaging over 100 se(ffanget al 2008) for detection of

mercury in solid organic samples with surface pkag@neration.

In the present research a rapid linear increa&Nnfor pulse energy in the range ~10mJ
to ~25mJ was demonstrated. An increase in S/N Bc@r of 10 was found for this
range of pulse energy. The maximum atomic emisBien S/N corresponded to pulse
energy of ~27mJ. At higher pulse energies the 3$idlved a gradual reduction, before
reaching a steady value for energy in excess omJ8M was also demonstrated that the
difference between emission line and mean backgraignal intensities decreased by
~61% for pulse energy between ~27mJ and ~90mJ.cbnipared to a decrease of ~58%
in S/N over the range of same pulse energy. ThHierdnce of 3% was not significant
within the limits of experimental error. Referertoeeqn.[3.14]led to the conclusion that
there was no significant change in standard denatdf the background signal for pulse
energy in the range ~27mJ to ~90mJ.

The demonstration of maximum S/N for relatively ltager pulse energy is explained by
consideration of the timescale for absorption afused laser radiation by the liquid
medium. Timescales for multi-photon absorption ader radiation, photolysis in the

liquid bulk, and hydrolysis of free electrons arethe picosecond and femtosecond
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regimes (Longtin & Tien: 1997, Crowell & Bartels996, Giacomeet at 2007). These
time scales are at least three orders of magnitimeter than the nanosecond pulse
duration used for the present research. The maatidation of this significant difference
in time scales is the utilization of only a fracti@f the available pulse energy for
initiating dielectric breakdown. The majority of Ipa energy is therefore utilized
(through absorption by photolysis products, paléidy quasi-free electrons and hydroxyl
radicals) in rapid heating of the expanding plasDilectric breakdown threshold is
more accurately considered, therefore, as a fumatiothe gradient of the laser pulse
intensity profile, as opposed to the pulse en@gyse As has been demonstrated by the
present research the intensity profile of the Nd&/Aulse is non-linear and has

maximum gradient at the leading edge pulse ofrtbelent laser pulse.

Optimized delay time, data average value and persggy were used to generate LIBS
spectra for sodium and mercury in aqueous solufithe maximum measured S/N for
Pb(l) emission lines at 405.78nm was ~22 (analgecentration ~250ppm with data
averaging over 80 spectra), compared to ~43 fol)afission line at 589.00nm (analyte
concentration ~260ppm with data averaging overp&tsa). These data corresponded to
LIBS detection limits of ~35ppm and ~10ppm, fordeand sodium, respectively. The
lower value of S/N for lead was explained by thatree weakness of the Pb(l) emission
line. The Payling and Larkins database (v1.5.7temicelative emission line strengths for
neutral sodium (Na | at 589.00nm) and neutral @1 at 405.78nm) to be 1.7>¢Hnd
2.7x10, respectively. The Na(l) emission line is therefe63 times stronger than that of
Pb(l). The attempt to obtain an experimentally giggnt S/N for agqueous mercury
species utilizing the same optimized experimergahmeters was unsuccessful. This was
due to the weakness of the Hg(l) emission line camexb to those of Pb(l) and Na(l). The
Payling and Larkins database (v1.5.7) quoted k&latimission line strength for neutral
mercury (Hg | at 253.65nm) to be 1.7%10he Hg(l) emission line is therefore 1000
times weaker than that of Na(l), and ~16 times we#kan that of Pb(l).
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The detection limits for lead as demonstrated i@ pinesent research (i.e. ~40ppm)
compared favourably with other reported detectiomt$ for this species, which were
obtained using an equivalent sample presentationfigroation (liquid bulk) e.g.
12.5ppm (Knoppet at 1996). The detection limit quoted for the presergearch also
compared favourably with reported detection linfiis lead using alternative sample
presentation configurations. Examples include: 4ppnsurface generated plasma (Cheri
& Tavassali: 2011); 60ppm for liquid jet sample g@etation configuration (Fereg al
2010); 201ppm for liquid jet sample presentatiomfiguration (Changet at 2010);
50ppm for surface generated plasma (@tual 2008); 100ppm for surface generated
plasma (Charfi & Harith: 2002); and, 40ppm for lidujet sample presentation
configuration (Samekt at 1998).

Optimization of emission line S/N for improvemefitldBS sensitivity had thus far been
demonstrated using spectral and temporal gatingnigoes. It was deemed prudent to
investigate alternative techniques for improvingB&l sensitivity which are grouped

under the description ‘mechanical filtering’.

6.5 Mechanical Filtering for Improvement in Signalto-Noise Ratio
6.5.1 ‘Background Subtraction’ Technique

Before comments are made and conclusions drawnregfard to background subtracted
(mechanically filtered) LIBS emission spectra,siimportant to stress the generic nature
of the mechanical filtering description. An earlisgport (Miles & Barlow: 2000)
described a mechanical filtering technique in whils spectrometer entrance slit was
replaced with a sophisticated rotating wheel, whintorporated differentially rotating
primary and secondary wheels. The authors reparteaptimized exposure time of s

in combination with an 8Q0n entrance slit, which took advantage of the aiteb
(including high quantum efficiency and spatial deson) of a back illuminated CCD

detector. A later report (Muellet at 2007) used a chopping wheel with a single apertur
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placed at the entrance slit of an Echelle specttem&he context of the authors’ research
was characterization of trace elements (molybderaopper etc.) in steel samples. The
authors compared the performance of non-filtere@DCand filtered CCD detection
systems under identical experimental conditions, @ported no statistically significant
differences in limits of detection. A more receappr (Fangt at 2008) compared LIBS
performance of a conventionally gated double mormuolator spectrometer coupled to
an iPDA/ OMA detection system, and a mechanicalljeréd detection system
comprising an Echelle grating spectrometer coupeal CCD detector. In these authors’
mechanically filtered experimental arrangementdhepping wheel was placed in front
of the spectrometer entrance slit. The authorsrtepaletection limits for mercury in soll
samples to be ~50ppm and ~20ppm for the converiyogated and mechanically
chopped systems, respectively. These authors @&ported significant interference
between the target Hg(l) emission line at 253.6%md a strong Fe(l) emission line at
253.68nm. These authors noted that the differeeteden these wavelengths (0.03nm)

was comparable to the resolution limit (~0.05nmdhef conventionally gated system.

The mechanical filtering technique used in the @mésresearch utilized a rotating
mechanical chopping wheel positioned between thapplaser aperture and the plane
mirror which reflected the pulse into the liquidgae. This difference in experimental
set-up differentiated the present research fronsehareviously reported. A significant
difference was demonstrated in emission timescélesveen liquid bulk sample

presentation and surface generated plasma.

Initial data obtained with a surface generated rpfasconfiguration demonstrated
significant improvement in S/N, for detection oétAl(l) emission line at 396.15nm, for
mechanically filtered (compared to conventionallgtegl) LIBS spectra, with data
averaging over 20 laser shots. Conventionally gat&$E spectra yielded an emission
line S/N of ~39 compared to ~51 for mechanicalliefed spectra. This represented an

increase in LIBS sensitivity of ~31%. The attempt demonstrate the efficacy of
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mechanical gating for the liquid bulk sample présgon was unsuccessful. This was
attributed to the increased effect of quenchindghim liquid bulk compared to that for

surface generation of plasma expanding in air.

6.5.2 ‘Plasma Blocking’ Technigue

The background subtraction technique showed impnewve in LIBS sensitivity by direct
comparison of emission line S/N for conventionglted and mechanically filtered LIBS
spectra. The plasma blocking technique similarlyndestrated improvement in LIBS
sensitivity by comparison of S/N for progressivélpcked LIBS spectra to the ‘null
case’, which corresponded to no blocking of thesmla source. To the best of the
Author's knowledge there is no research in the peeiewed literature demonstrating

improvement in LIBS sensitivity using an equivalethnique.

The present research demonstrated maximum emidisienS/N of ~20 for plasma
blocking increment of ~9im relative to the ‘point of origin’ of the plasmaA. linear
decrease in S/N from ~20 to ~4 was shown for valfeplasma blocking between
~90um and ~27Qm. By extrapolating measured data for plasma biarkhncrement
<90um, S/N was estimated to be ~6 for the conditiorinafl’ plasma blocking. (NB.
extrapolation was limited by the presence of aleimgta point for the lower range of
plasma blocking). Reduction in S/N was approximatee same for plasma blocking in
the range 4pm to 13%um, centred on 9@m i.e. the degree of plasma blocking which
corresponded to maximum S/N. This suggested a plasmission region which was
approximately symmetrical in the plane orthogonahte axis represented by the ‘line-of-

sight’ between the upper edge of the blocking mmdand the collection optics.
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6.6 Further Research
6.6.1 Improvements in LIBS System Sensitivity

Plasma generation is characterized by an inteneéncom Bremsstrahlungemission
profile which must be suppressed in order to mazgnemission line S/N. The present
research has demonstrated three techniques foresgopn of Bremsstrahlung .
conventionally (electronic/ temporal) gated LIBSesjpa; ii. mechanical filtering to
achieve ‘background subtracted’ LIBS spectra; aiid, incorporation of ‘plasma
blocking’ as a preliminary stage before (converdipiemporal gating. Given the small
physical size of mechanical filtering componentsdus the present as well as previously
reported research, the incorporation of this tegpimiinto a fieldable LIBS system is

considered practicable.

6.6.2 ‘Fieldable’ LIBS Systems

A principal objective of future research is the elepment of a portable LIBS system for

in situ applications, including environmental monitoringwéter samples contaminated
with toxic elements e.g. mercury, lead etc. Theficality of developing a portable LIBS

system has been made possible only over the pewwo decades, as a result of
technological advances in two critical areasoptical components for delivery of laser
pulse and collection of plasma radiation; arnid,size and mass reduction of three main

LIBS system components i.e. laser, spectrometedatettor.

The rapid development of fieldable LIBS technologgs given rise to a specific
nomenclaturewithin the LIBS research community, which diffetiates between three
categories of fieldable systemsi. ‘portable’ LIBS systems typically use a lens for
delivery of the laser pulseii. ‘remote’ LIBS systems typically use an opticdiré& for

delivery of the laser pulse; andiji. ‘stand-off’ LIBS systems typically use telescopic
means for delivery of the laser pulse. Collectidplasma emissions by optical fibre is
generally common to all fieldable LIBS system. leovironmental applications in non-

hostile environments a portable LIBS system isdgity deemed the more suitable.
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Given the general requirement of environmental iappbns for the generation of multi-
element data in a spectrum extending from the UMthi® N-IR, one of the main
constraints for fieldable LIBS systems is the coonpise between miniaturization of
components and spectral resolution. A review of diegelopment of fieldable LIBS

systems has been recently reported (Fortes & Las2010).
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Appendix | Operating Specification of Principal ltems of Equipment

Litron Nd:YAG model Nano-L 200-20 class IV laser

maximum repetition rate 20 Hz

output energy at 1064nm <200 mJ

pulse length at 1064nm ms
pulse to pulse stability 2 %
beam diameter 5 mm
beam divergence <0.8 mrad
timing jitter: <0.5ns

Uniphase He-Ne model 1125P: serial # 780893 clédstaker

minimum output power 5mW cw
wavelength 632.8 nm
mode purity (TEMo) >95 %
beam diameter 0.81 mm
beam divergence +1 mrad
maximum noise 0.2 rms

SPEX 1404 double monochromator spectrometer

focal length 850mm
mirror diameter 120mm
grating resolution 1200 grooves mm
spectral range 125nm - 375nm (UV)
250nm - 750nm (VIS)
blaze wavelength 250nm (UV)
500nm (VIS)
spectral purity <18 for AN > 0.5nm
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Electron Tubes

Appendix | Operating Specification of Principatéms of Equipment cont'd.

Limited model 92140B photomultiptigioe

operating voltage 1.7kV

maximum QE 30% at 400nm
no. of dynodes 12

maximum gain 70 x 10

spectral range 160nm to 700nm
dark current 3nA

rise time (single pulse) 2ns

transit time 40ns

output impedance $D

EG&G model 4420 charge integrator

gate range 2ns to 2ms
delay time >50ns
input impedance 50

Agilent Technologies model DSO5054A oscilloscope

bandwidth 500MHz

sample rate 4GSals

peak detection 250 ps

scope channels 4 channel simultaneous acquisition
range 2mV/div to 5V/div [1I® or 50MQ]
input impedance 1 8+1%; 12 pF or 50N +1 %

noise 0.5% or 30/ rms

Centronic BPX65 series photodiode

rise time

10ns
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Appendix Il

Reported Limits of Detection for LIBS in Aqueous Media

Table 1: Selected Group One Elements (SP-LIBS) - fiérent Sample Presentation Configurations

Element Sample LoD | Experimental Parameters Remarks References
Presentation| (ppm)
Li Bulk 0.006 | 1064nm, 15ns, 9Hz, 260mJ Order of magnitude Cremers (1984)
0.013 | 308nm, 28ns, 22mJ difference in pulse energy| Knopp (1996)
Jet 0.009 | 1064nm, 10-15ns, 20Hz, <100mJLike-for-like’ comparison Samek 1998
Nebulised 0.3 1064nm, 10ns, 10Hz, 90-100mJ between jet & nebulised | Archontaki & Crouch
(1988)
Na Bulk 0.014 | 1064nm, 15ns, 9Hz, 260mJ See remark for bulk lithiumCremers (1984)
0.008 | 308nm, 28ns, 22mJ Knopp (1996)
Surface 0.7 | 532nm, 14ns, 1-10Hz, 60mJ Influence of wavelength | Fichet (2001)
2.0 |1064nm, 7ns, 10Hz, 180mJ stronger than influence of | Charfi & Harith (2002)
1.0 | 1064nm, 20ns, 10Hz, 10mJ pulse energy Golik (2005)
Jet 0.08 | 1064nm, 10-15ns, 20Hz, <100mJ Overall, jet data imply Samek (1998)
0.0004 | 193nm, 15ns, 40Hz, 16mJ influence of wavelength, | Lo & Cheung (2002)
50 532nm, 12ns, 5-8Hz, 0.27mJ and poor LoD for micro- | Ho (1997)
0.23 | 193nm, 12ns, 5-8Hz, 0.27mJ LIBS Ho (1997)
Nebulised 2.2 | 1064nm, 10ns, 10Hz, 90-100mJ | Influence of wavelength | Archontaki & Crouch
0.6 | 355nm, 5-8ns, 10Hz, 12.6mJ out-weighs influence of | (1988)
pulse energy Huang (2002)
K Bulk 1.2 1064nm, 15ns, 9Hz, 260mJ Implication of saturation af Cremers (1984)
Jet 4 1064nm, 10-15ns, 20Hz, <100mJhigh pulse energy Samek (1998)
Nebulised 2.7 | 355nm, 5-8ns, 10Hz, 12.6mJ Advantage of lower Huang (2002)
1.2 | 266nm, 5-8ns, 10Hz, 12.6mJ wavelength Huang (2002)
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Appendix Il

Reported Limits of Detection for LIB#1 Aqueous Media cont'd.

Table 2: Selected Group Two Elements (SP-LIBS) - Berent Sample Presentation Configurations

Element Sample LoD | Experimental Parameters Remarks References
Presentation] (ppm)
Mg Bulk 100 | 1064nm, 15ns, 9Hz, 260mJ Inferiority of bulk format Cremers (1984)
Surface 1.0 | 532nm, 14ns, 1-10Hz, 60mJ | Minimal influence of Fichet (2001)
1.0 |1064nm, 7ns, 10Hz, 180mJ wavelength and pulse energyCharfi & Harith (2002)
0.7 | 1064nm, 20ns, 10Hz, 10mJ on LoD Golik (2005)
Nebulised 1.9 1064nm, 10ns, 10Hz, 90-100mBlo disadvantage cf. surface| Archontaki & Crouch
configuration (1988)
Ca Bulk 0.8 |1064nm, 15ns, 9Hz, 260mJ Dominance of wavelength | Cremers (1984)
0.13 | 308nm, 28ns, 22mJ over pulse energy Knopp (1996)
Surface 0.3 | 1064nm, 7ns, 10Hz, 180mJ Advantage of larger pulse | Charfi & Harith (2002)
0.9 | 1064nm, 20ns, 10Hz, 10mJ energy Golik (2005)
Jet 0.6 | 1064nm, 10-15ns, 20Hz, Significant advantage of UV| Samek (1998)
0.003 | <100mJ vs. IR wavelength, Lo & Cheung (2002)
193nm, 15ns, 40Hz, 16mJ irrespective of pulse energy
Nebulised 0.4 1064nm, 10ns, 10Hz, 90-100m3ee remark for nebulised | Archontaki & Crouch
magnesium (1988)
Ba Bulk 6.8 308nm, 28ns, 22mJ Influence of shorter Knopp (1996)
Surface 6.0 1064nm, 20ns, 10Hz, 10mJ | wavelength off sets Golik (2005)
disadvantage of bulk format
Jet 0.007 | 193nm, 15ns, 40Hz, 16mJ Significant advantage of UV| Lo & Cheung (2002)

wavelength at high repetitior

rate
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Appendix Il

Reported Limits of Detection for LIB#1 Aqueous Media cont'd.

Table 3: Selected Metals (SP-LIBS) - Different Sanip Presentation Configurations

Element Sample LoD | Experimental Parameters Remarks References
Presentation| (ppm)
Al Bulk 20 1064nm, 15ns, 9Hz, 260mJ Superiority of surface vs. Cremers (1984)
Surface 10 | 1064nm, 7ns, 10Hz, 180mJ bulk configuration; Charfi & Harith (2002)
500 |1064nm, 20ns, 10Hz, 10mJ Inferiority of low pulse Golik (2005)
15 ?2?? energy Changet al (2010)
Jet 18 | 1064nm, 10-15ns, 20Hz, 100mJinconclusive re. surface at Samek (1998)
62 ?2?? same wavelength Changet al (2010)
Nebulised 5.2 | 1064nm, 10ns, 10Hz, 90-100mJIR advantageous cf. UV | Archontaki & Crouch
43 355nm, 5-8ns, 10Hz, 38mJ wavelength: in (1988)
contradiction to other datal Huang (2002)
Pb Bulk 12.5 | 308nm, 28ns, 22mJ Knopp (1996)
Surface 100 | 1064nm, 7ns, 10Hz, 180mJ UV at high repetition rate | Charfi & Harith (2002)
50 532nm, 10ns, 10Hz, ??? counters inferiority of bulk| Wu et al (2008)
Surface (Jet) 7 ?2?? vs. surface configuration | Changet al (2010)
4 1064nm, ??7? Cheri & Tavassoli (2011)
Jet 40 1064nm, 10-15ns, 20Hz, 100mJ Samek (1998)
0.3 | 193nm, 15ns, 40Hz, 16mJ Advantage of UV Lo & Cheung (2002)
60 ?2?7? wavelength Feng Yet al (2010)
201 | 7?77 Changet al (2010)
Mn Jet 10 1064nm, 10-15ns, 20Hz, Equivalence of jet and Samek (1998)
<100mJ nebulised configurations
Nebulised 7.2 1064nm, 10ns, 10Hz, 90-100mJ Archontaki & Crouch
(1988)
Cu Surface 7 1064nm, 7ns, 10Hz, 180mJ Equivalence of surface andCharfi & Harith (2002)
31 532nm, 10ns, 10Hz, ??? jet configurations Wu et al (2008)
Jet 5 1064nm, 10-15ns, 20Hz, 100mJ Samek (1998)
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Appendix Il

Reported Limits of Detection for LIB#1 Aqueous Media cont'd.

Table 4: Selected Metals (SP-LIBS) - Different Sanmp Presentation Configurations

Element Sample LoD | Experimental Parameters Remarks References
Presentation| (ppm)
Cr Surface 10 1064nm, 7ns, 10Hz, 180mJ | Superiority of surface vs. Charfi & H4R002)
Jet 200 | 1064nm, 10-15ns, 20Hz, jet configuration Samek (1998)
<100mJ
Fe Surface 30 1064nm, 7ns, 10Hz, 180mJ Charfi & Harith (2002)
400 | 1064nm, 20ns, 10Hz, 10mJ Advantage of higher pulsg Golik (2005)
Jet 148 | ??? energies Changet al (2010)
Surface 24 ?27?7? Changet al (2010)
Zn Surface 120 | 1064nm, 7ns, 10Hz, 180mJ Advantage of higher pulsg Charfi & Harith (2002)
600 | 1064nm, 20ns, 10Hz, 10mJ energies Golik (2005)
Ni Surface 36.4 | 1064nm, 8ns, 5-20Hz, 60mJ | Minor influence of pulse | Berman & Wolf (1998)
20.7 | 355nm, 8ns, 5-20Hz, 60mJ energy in the 60mJ to Berman & Wolf (1998)
20 1064nm, 7ns, 10Hz, 180mJ 180mJ range; advantage ofCharfi & Harith (2002)
UV cf. IR wavelengths
U Surface 100 1064nm, 15ns, 10Hz, 125mJ Wachtere8n@rs (1987
Cd Bulk 500 | 308nm, 28ns, 22mJ Confirms typically high Knopp (1996)
Surface (Jet) 68 1064nm, ??7? LoD for toxic heavy metal | Cheri & Tavassoli (2011)
Jet 207 | ??7? species Changet al (2010)
Surface 50 ?2?? Changet al (2010)
Sn Surface 100 1064nm, 7ns, 10Hz, 180mJ Charfi & Harith (2002)
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Appendix Il

Reported Limits of Detection for LIB#1 Aqueous Media cont'd.

Table 5: Comparison of LoD for DP-LIBS

Author(s) wavelength  pulse repetition initial second | inter-pulse | LoD (ppm)
A nm duration rate pulse pulse separation | element:
14 ns fo/ Hz E/ mJ B/ mJ At/ ps DP and SP
Cremerset al 1064 15 10 30-76 125 <200 B:
(1984) 80vs 1200
Kuwakoet al 1064 3.5 10 201 201 (total) 8 Na:
(2003) (total) 0.1 [DP only]
Raiet al 532 5 10 <180 120 2-3 Mg:
(2003) 0.370vs 0.970
Cr:
0.120vs 1.300
Kochet al 532 6 5 106 94 80 Mn:
(2004Db) 0.080 [DP only]
Lazicet al 1064 ? 10 DP-LIBS
(2007b) 92 214 75 Mg: 0.210
Mn: 2.45
Cr: -
72 144 75 Mg: 0.034
Mn: 0.390
Cr: 0.920

A7




Appendix Il

Table 6: Comparison of LoD for DP-LIBS

Reported Limits of Detection for LIB#1 Aqueous Media cont'd.

Author(s)

wavelength
A nm

I

pulse
duration
T4/ NS

repetition
rate
fo/ Hz

initial
pulse
Ei/ mJ

second
pulse
E)/ mJ

inter-pulse
separation
At/ ps

LoD (ppm)
element:
DPcf. SP

Yaroshchyk
et al (2005b)
(blended oil)

1064

7

1

95

170

1

Ag: df. 2
Al: 4cf. 7
Cd: 4cf. 7

Cr: 12cf. 29
Cu: 1cf. 4
Fe: 3cf. 4
Mn: 3cf. 4
Mo: 5cf. 7
Ni: 7cf. 20
Ti: 2c¢f. 5
V: 2cf. 5
Zn: 2cf. 5
Pb: 3cf. 18
Si: 11cf. 19
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Appendix Il Reported Limits of Detection for LIBS Aqueous Media cont'd.

Table 7: Comparison of LoD for Substrate Sample Prgentation (SP-LIBS)

Author(s) AMnm | E/mJ| f/Hz | LoD/ ppm
Arcaet al (1996) ? 500 10 Cr: 0.010
Pb: 5.0
Cu: 0.005
Van der Walkt 1064 155 single| Cr: 0.1
al (1999) shot | Fe: 0.01
Co: >0.1
Ni: 0.01
Cu: 0.01
Zn: 1.0
As: 5.0
Cd: 0.1
Hg: 10
Pb: 2.0
Schmidt & 1064 80 ? Cd: 0.21
Goode (2002) Cr: 0.13
Cu: 0.0042
Pb: 1.1
Hg: 2.0
Ni: 0.31
Zn: 0.85
Gondal & 1064 | 120 10 cr. 2o
Hussein (2007) Fe: 10.8
Ccu: 2.4
Ni: 0.2
Pb: 3.0
zZn: 5.0
Alameluet al 1064 <200 10 Sm: 133
(2008) Eu: 1.9
Gd: 2.3
Chenet al 1064 100 5 Cr: 0.034
(2008) Cu: 0.029
Cd: 0.59
Pb: 0.074

" LoD inug/g
$: LoD in ppm by weight
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Appendix Il Trace Chemical Composition of LocalWater Supply

THAMES WATER UTILITIES
WATER QUALITY REPORT - 2009 DATA

Water Supply Zone S26 : SHRIVENHAM Zone No. :02¢1
Population: 5,908
Time Period: 01/01/2009 to 31/12/2009 Concentration or value | No. of Samples
Data extracted on :08/04/2010 " (all samples) : P
Parameter Units PGV Min Mean Max Total & Gontra- % of
vening samples
contravening
PCV
Coliform bacteria no/100ml [+] 0 0 [y; 25 0 0
E. coli no/100ml 0 0 0 [y 25 0 0
Enterccocci no/100ml 0 0 0 [y 8 0 0
Clostridium perfringens no/100ml Y] 0 0 O] 217 O 0
Colony count 22C no/ml E 0 1.1 8 i2 0 0]
Colony count 37C no/ml - 0 2.9 33 12! ] 0}
Residual Disinfectant mg/l - 0.09 0.34 0.72 25| 0 0
Colour (P/Co scaie) mg/IPt/Co 20.0 < 0.6 0.66 1.1 12 0 0
Hydrogen lon pH 6.5t09.5 7.2 7.3 7.6 12 0 0
Turbidity FTU 400 <0.09] 0.098 0.18 12 0 [¢]
Conductivity at 20C uS/em 2500 523 570 602 12 0; 0
Ammonium as NH4 mg/l 0.50f <0.05f] <0.05] <0.05 13 0 0
Chloride as CI mg/l 250.0 19 33.1 45| 8 0 0
Sodium as Na mg/l 200.0 11 18 24.8 8 0 [¢)
Sulphate as SO4 mg/l 250.0 18.6] 49.7 77| 8| 0 Q
Nitrate as NO3 mg/l 50.0 13.4 28.3 38.4 8 0 0
Nitrite as NO2 mg/l 0.500; <0.01l <0.01F <0.01 8, 0 0
Nitrate/Nitrite calculation mg/l 1.00 < 0.3 0.57 0.77 8] 0] 0
Total Organic Carbon as C mg/t - 0.7 1.3 4.7 24 0 4}
Total Hardness as CaGCO3 mg/l - 263 277 297 4 0 0
Odour (quantitative) dilution no.| 0 o] o] 0 7 o) (o}
Taste (quantitative) dilution no_| 1) 0 [s] 0 7 o, 0
Iron as Fe ug/t 200.0 <1 10.2 57.7 13 [s} 0
Manganese as Mn ug/l 50 < 1.5 1.6 2.5 13 0 Q
Aluminium as Al ug/l 200.0 < 6.5 12.3 65.6) 13 0 0
Antimony as Sb ug/l 5.0 < 0.2, 0.21 0.3 8 0 0
Arsenic as As ugy! 10.01 < 0.3 0.52 0.9 8 4] 0
Cadmium as Cd ug/l 5.0 < 0.2 < 0.2 < 0.2 8 0 0
Chromium as Gr . ug/l 50.0 < 1.4 < 1.4 < 1.4 8 0 O
Copper as Cu mg/l 2.000; 0.002] 0.044; 0.172 8 0 0
Lead as Pb ug/ 25.0 <03 0.82 1.6 8 0 b}
Mercury as Hg ug/l 1.00f <0.12, <0.12} <0.12 20 (0] 0
Nickel as Ni ug/l 20.01 < 1.6 < 1.8 < 1.6 8 o] 0
Fluoride as F mg/l 1.500 0.08 0.13; 0.182 8 0 0
Selenium as Se ~ug/l 10.01 <0.8 0.82 1 8 2] 0
Boron as B mg/l 1.000] 0.032] 0.045; 0.055 8 0 0
Bromaie as BrO3 ug/l 10.0; < 0.2 0.23 0.6 20 0 O
Cyanide as CN ug/l 50.01 <2 <2 <2 20 0 O
Benzo 1.12 perylene ug/l -1 <0.001} <0.001] < 0.001 8 0 0
Benzo 3.4 fluoranthene ug/l -} <0.001} <0.001] < 0.001 8 0 O
Benzo 11.12 fluoranthene ug/l -i <0.001} <0.001] < 0.001 8 0 0
Indeno(1,2,3-cd)pyrene ug/l -} <0.001} < 0.001] < 0.001 8 0 )
PAHs (sum of 4 substances) ug/l 0.100] 0 0 0 8 0 0
Benzo (a) pyrene ug/l 0.010f < 0.001; < 0.001] < 0.001 8! ja) O
Trichloromethane ug/! - 0.4 1.2 2i 8 0 [v]
T ribromomethane ug/l - 1.8 4 6.7 38 Q 0
Dichlorobromomethane ug/t - 1 3 5.2 8 0 0
NOTE: PCV = Prescribed Concentration or Value Page 1
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Appendix Il Trace Chemical Composition of Loc&Vater Supply cont’'d.

THAMES WATER UTILITIES
WATER QUALITY REPORT - 2009 DATA

Water Supply Zone 526 : SHRIVENHAM Zone No. : 0291
Population: 5,908
Time Period: 01/01/2009 to 31/12/2009 Concentration or value | no of Samples
Data extracted on :08/04/2010  (all samples) : P
Parameter Units PGV Min Mean Max Total | Contra- % of
vening | samples
contravening
PCV
Dibromochloromethane ugA - 2.4 6.6 11 8 0] 0]
Trihalomethanes ugfi 100.0 5.6 14.7 24.4 8 [0} [0}
Tetrachloroethene ug/l - < 0.1 < 0.1 < 0.1 8 4] 0]
Trichloroethene ug/l - < 0.1 < 0.1 < 0.1 8 0 0
Tetra- & Trichloroethene cal ug/l 10.0 (o] 4] o} 8 0 0
Tetrachloromethane ug/l 3.0 < 0.1 < 0.1 < 0.1 8 0 0
1,2 dichloroethane ug/l 3.0 < 0.1 < 0.1 < 0.1 8 0 0
Benzene ug/l 1.0 < 0.1 < 0.1 < 0.1 8 0 0
Gross Alpha activity Ba/l 0.10} <0.02 0.022 0.04 12 o) Q
Gross Beta activity Ba/l 1.0 0.09 0.13] 0.17; 12 0 1]
Atrazine ug/l 0.100] < 0.006] < 0.006} < 0.006 20 0 [s}
Bentazone “ugfl 0.100] < 0.003}] < 0.003} < 0.003 20; 0 0
Bromoxynil ug/l 0.100] < 0.002] < 0.002] < 0.002 20 0 [4]
Carbetamide ug/l 0.106] < 0.006] < 0.006} < 0.006 20; 0 ]
Chlortoluron ug/l 0.100¢ < 0.008] < 0.008] < 0.008 20 0 ]
Clopyralid ug/l 0.1007 < 0.008] < 0.008] < 0.008; 20 [¢] [+]
2,4-D ug/l 0.100] < 0.004} < 0.004] < 0.004 20 2] [3)
Dicamba ug/l 0.100! < 0.004] < 0.004] < 0.004 20 0 o
Dichlorprop ug/l 0.100} < 0.003} < 0.003] < 0.003 20 0 0
Diuron ug/l 0.100] < 0.006} < 0.006] < 0.006 20| 0 O
Fluroxypyr ug/l 0.100] < 0.004] < 0.004] < 0.004 20, 0 [}
Fsoproturon ug/ 0.100} < 0.004} < 0.004} < 0.004] 20 0] o}
loxynil ug/l 0.100] < 0.001] < 0.001} < 0.001 20 0 ¢
Linuron ug/l 0.100; <0.017; <0.017; < 0.0%7 20 (4] &)
Mecoprop ug/l 0.100; < 0.003} < 0.003] < 0.003 20 0 0
MCPA ug/l 0.100} < 0.002} < 0.002] < 0.002 20 0 0
MCPB ug/t 0.100} < 0.002} < 0.002} < 0.002 20 0 0
Pentachlorophenol ug/t 0.100] < 0.002] < 0.002] < 0.002 20 o} o}
Propazine ug/f 0.100] < 0.007| <0.007] < 0.007 20 0 0
Prometryn ug/l 0.100] < 0.013] <0.013] < 0.013 20 0 0
Propyzamide ug/l G.100] <0.015] < 0.015 < 0.015 20, 0 0
Simazine ug/l 0.100] < 0.005] < 0.005; < 0.005 20, 0 0
2,3,6-TBA ug/l 0.100§ < 0.004] < 0.004] < 0.004 20 0 0
2,4,5T ug/l 0.100] < 0.002; < 0.002] < 0.002 20 0 0
Terbutryn : ~ug/l 0.100] <0.013; <0.013] <0.013 20 0 0
2,4-DB ug/l 0.100] < 0.002f < 0.002] < 0.002 20 0 0
Fenoprop ug/| 0.100] < 0.002{ < 0.002} < 0.002 20 0 0
Monuron ‘ug/l 0.100] < 0.004} < 0.004{ < 0.004 20 [¢] [s]
Picloram ug/| 0.100] <0.01] <0.01] <0.01 20 0 0
Triclopyr ug/l 0.100! < 0.002] <0.002] <0.002 20 0 0
Tebuthiuron ug/t 0.100] < 0.004] < 0.004] < 0.004 20 0 o]
Ametryne ug/l 0.100f{ «0.011} <0.011] <0.011 20 0 [¢]
Garbendazim ug/l 0.100] < 0.007| < 0.013] < 0.015} 20 4] 0
Dichlobenil ug/l 0.100] < 0.001} < 0.001] < 0.001 12 O )
Diflufenican ug/! 0.100] < 0.005] < 0.005{ < 0.005 12 ] 0
Metazachlor ugh 0.100] < 0.002 0.003] 0.008 12 0 0
Metaldehyde ug/i 0.100}] <0.004f 0015 0.033 20 0 0
NOTE: PCV = Prescribed Concentration or Value Page 2

All



Appendix Il Trace Chemical Composition of Loc&Water Supply cont’d.

THAMES WATER UTILITIES
WATER QUALITY REPORT - 2009 DATA

Water Supply Zone 826 : SHRIVENHAM Zone No. : 0291
Population: 5,908

Time Period: 01/01/2009 ic 31/12/2009 Concentration or value | no. of Samples
Data extracted on :08/04/2010 (all samples) :
Parameter Units PCV Min Mean Max Total | Contra- % of
vening samples
contravening
PCV
Total Pesticides ug/ 0.500 0 0.013 0.033 20, 0 0

THAMES WATER UTILITIES
WATER QUALITY REPORT - 2009 DATA

WATER SUPPLY ZONE:526 : SHRIVENHAM Zone No: 0291
FOR PERIOD 01/01/2009 to 31/12/2009 Population: 5,908

Commentary on Water Quality :

Excellent quality water, ne infringements to report.

NOTE

For some parameters, monitoring occurs at the supplying Water Treatment Works, rather than in
the Water Supply Zone.

NOTE: PCV = Prescribed Concentration or Value Page 3
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Appendix IV Spectrometer Grating Efficiency Curves

Absolute Efficiency %

Absolute Efficiency %

Typical Efficiency Curves for Ruled Gratings
Optimized (Blaze) Wavelengths from 250-400 nm

100
a0 = 300 grooves/mm & 300 nm
= GO0 grooves/imm @ 300 nm :“"“;m““ eation
80 = 00 grooves/imm & 400 nm i': ﬂ curves we tﬂi.m
J"\\ 1200 groovesimm @ 250 nm _n[ﬂ:;,oﬂ.'?“.amd in
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30 ]f \\‘ '\‘\1‘ ’/ ﬁ]
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o
200 300 400 500 600 TOO 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)
Figure 1 Dispersion Efficiency for UV Grating
source: http://www.horiba.com/uk/scientific/prode/gratings/
Typical Efficiency Curves for Ruled Gratings
Optimized (Blaze) Wavelengths from 500-800 nm
100
90 00 grooves/imm & S00 M ok A
— GO0 grocwes/mm & 750 nm 1A ‘:‘:;"“:::
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Wavelength (nm)

Figure 2 Dispersion Efficiency for VIS Grating

source: http://www.horiba.com/uk/scientific/prodsigratings/
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Appendix V Probe Beam Deflection Profiles: Configration |
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Figure 1: Probe Beam Deflection: Omm<L<15mm

Probe Beam Signal Intensity/ mV
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Figure 2: Probe Beam Deflection: 20mm<L<40mm
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Appendix V Probe Beam Deflection Profiles: Configation | cont'd.
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Figure 3: Probe Beam Deflection: 45mm<L<65mm
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Figure 4: Probe Beam Deflection: 70mm<L<90mm
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Appendix VI Probe Beam Deflection Profiles: Confyuration Il

‘ ——zero displacement —— 100 microns —— 200 microns ‘

—— 300 microns —— 400 microns —— 500 microns
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Figure 1: Probe Beam Deflection: 0<z< -po®
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Figure 2: Probe Beam Deflection: -600<z< -1160
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Appendix VI Probe Beam Deflection Profiles: Cogfiration Il cont'd.
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Figure 3: Probe Beam Deflection: z = -1200 & -1380
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120 4\
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Figure 4: Probe Beam Deflection: 0<z< +H@0
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Appendix VI Probe Beam Deflection Profiles: Cogfiration Il cont'd.

‘ —— 600 microns —— 700 microns ——800 microns ‘
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Figure 5: Probe Beam Deflection: +600<z< +11100
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Figure 6: Probe Beam Deflection: +1200<z< +1&00
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Appendix VII  Expanded Probe Beam Deflection Prafes: Configuration Il
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Figure 1: Expanded Time Base: 0<z< -f00
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Figure 2: Expanded Time Base: -600<z< -1100
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Appendix VII Expanded Probe Beam Deflection Prgfs: Configuration Il cont'd.
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Figure 3: Expanded Time Base: z = -1200 & -1300
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Figure 4: Expanded Time Base: 0<z< +fa60
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Appendix VII Expanded Probe Beam Deflection Prafs: Configuration Il cont'd.

—— 600 microns —— 700 microns —— 800 microns

___——900 microns —— 1000 microns —— 1100 microns
150 +
120 +
> L
€ [
> I
% %0
§ L
£ [
60 1
30 |

‘O [ ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

-20 0 20 40 60 80 100 120
time/ us

140

Figure 5: Expanded Time Base: +600<z< +310
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Figure 6: Expanded Time Base: +1200<z< +1500
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Appendix VIII  High Speed Imaging of Laser InducedCavitation Bubble

1mm
e

c. 24Qus d. 26Qus

Figure 1: Contrast Enhanced Images of Primaryt@ton Bubble — 200s to 26Qus after Plasma Formation
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Appendix VIII High Speed Imaging of Laser Induce@avitation Bubble cont'd.

e. 28Qus f. 30Qus

g. 32Qus h. 34Qus

Figure 2: Contrast Enhanced Images of Primaryt@aon Bubble — 280s to 34Qus after Plasma Formation
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Appendix VIII High Speed Imaging of Laser Induce@avitation Bubble cont'd.

i. 360us j. 380us

k. 40Qus l. 42Q0us

Figure 3. Contrast Enhanced Images of Primaryt@awn Bubble — 360@s to 42Qs after Plasma Formation
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Appendix VIII High Speed Imaging of Laser Induce@avitation Bubble cont'd.

m. 44Qus n. 46Qus

0. 48Qus p. 50Qus

Figure 4: Contrast Enhanced Images of Primaryt@aon Bubble — 440s to 50Qus after Plasma Formation
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Appendix VIII High Speed Imaging of Laser Induce@avitation Bubble cont'd.

Imm
—

g. 52Qus r. 54Qus

S. 56Qus t. 58Qus

Figure 5. Contrast Enhanced Images of Primaryt@awn Bubble — 520s to 58Qs after Plasma Formation
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Appendix VIII High Speed Imaging of Laser Induce@avitation Bubble cont'd.

u. 60Qus V. 62Qus

w. 64Qus X. 66Qus

Figure 6: Contrast Enhanced Images of Primaryt@awn Bubble — 600@s to 66Qus after Plasma Formation
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Appendix IX Bubble Volume Estimates Based on Measements from Still Images

Image Hla — 2Q0@s
cavitation region major axis ~2.75mm
cavitation region minor axis ~0.68mm
eccentricity ~0.25
no. of distinct bubbles =5
bubble diameters: 0.32, 0.68, 0.82, 0.64, 0.29mm
bubble volumes: 0.02, 0.16, 0.29, 0.14, 0.0fmm

Image H1b — 22(0s
cavitation region major axis ~3.17mm
cavitation region minor axis ~1.21mm
eccentricity ~0.38
no. of distinct bubbles = 4
bubble diameters: 1.00, 1.21, 0.57, 0.39mm
bubble volumes: 0.52, 0.93, 0.10, 0.03inm

Image H1c — 24s
cavitation region major axis ~2.71mm
cavitation region minor axis ~1.71mm
eccentricity ~0.63
no. of distinct bubbles = 2
bubble diameters: 1.71, 1.00mm
bubble volumes: 2.64, 0.52mm

Image H1d — 260s
cavitation region major axis ~3.00mm
cavitation region minor axis ~1.86mm
eccentricity ~0.62
no. of distinct bubbles = 2
bubble diameters: 1.86, 1.14mm
bubble volumes: 3.37, 0.76mm
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Appendix IX Bubble Volume Estimates Based on Maasmentsfrom Still Images cont'd.

Image H2a — 2805
cavitation region major axis ~2.86mm
cavitation region minor axis ~2.00mm
eccentricity ~0.70
no. of distinct bubbles = 2
bubble diameters: 2.00, 1.50mm
bubble volumes: 4.19, 1.77mMm
~40% overlap of minor bubble

Image H2b — 300s
cavitation region major axis ~2.75mm
cavitation region minor axis ~1.93mm
eccentricity ~0.70
no. of distinct bubbles = 2
bubble diameters: 2.00, 1.64mm
bubble volumes: 4.19, 2.32mm
~35% overlap of minor bubble

Image H2c — 320s
cavitation region major axis ~2.43mm
cavitation region minor axis ~1.79mm
eccentricity ~0.73
no. of distinct bubbles = 2
bubble diameters: 2.07, 0.86mm
bubble volumes: 4.65, 0.33mm
~35% overlap of minor bubble

Image H2d — 34(0s
cavitation region major axis ~2.36mm
cavitation region minor axis ~2.00mm
eccentricity ~0.85
no. of distinct bubbles = 2
bubble diameters: 2.11, 0.50mm
bubble volumes: 4.90, 0.07mm
~75% overlap of minor bubble
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Appendix IX Bubble Volume Estimates Based on Measnentsfrom Still Image cont'd.

Image H3a — 3G@s
cavitation region major axis ~2.07mm
cavitation region minor axis ~1.99mm
eccentricity ~0.96
no. of distinct bubbles =1
bubble diameter: 2.04mm
bubble volume: 4.42min

Image H3b — 380s
cavitation region major axis ~1.86mm
cavitation region minor axis ~1.79mm
eccentricity ~0.96
no. of distinct bubbles =1
bubble diameter: 1.86mm
bubble volume: 3.35mn

Image H3c — 400s
cavitation region major axis ~1.36mm
cavitation region minor axis ~1.36mm
eccentricity ~1.00
no. of distinct bubbles =1
bubble diameter: 1.42mm
bubble volume: 1.53mn

Image H3d — 420s
cavitation region major axis ~0.71mm
cavitation region minor axis ~0.71mm
eccentricity ~1.00
no. of distinct bubbles =1
bubble diameter: 0.74mm
bubble volume: 0.22mn
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Appendix X Smoothing ofBremsstrahlungvia Data Averaging
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Figure 1: BL Profiles: N =1
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Figure 2: BL Profiles:N =2 & 4
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Appendix X Smoothing of Bremsstrahlunga Data Averaging cont'd.
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Figure 3: BL Profiles: 8 <N <64
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Appendix XI Influence of Scattering Centre Concetration on Bremsstrahlung
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Appendix XI Influence of Scattering Centre Concation on Bremsstrahlung cont'd.

mercury Il chloride plasma profile vs. concentration
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Figure 3: BL Profiles: c= 50ppm, 250ppm & 100ppm
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Appendix XII Influence of Pulse Energy onBremsstrahlung
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Appendix XIII Effect of Delay Time on LIBS Emission Spectrum
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Figure 2: LIBS Spectray t 262ns, 274ns & 284ns
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Appendix Xl Effect of Delay Time on LIBS Emissin Spectrum cont’d.
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Figure 3: LIBS Spectray t 228ns, 240ns & 252ns
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Figure 4: LIBS Spectray t 200ns, 212ns & 220ns
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Appendix Xl Effect of Delay Time on LIBS Emissin Spectrum cont’d.
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Appendix Xl Effect of Delay Time on LIBS Emissin Spectrum cont’d.
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Appendix XIV Effect of Gate Width on LIBS Emission Spectrum
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Figure 2: LIBS Spectragt 410ns & 400ns
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Appendix XIV Effect of Gate Width on LIBS EmissioSpectrum cont’d.
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Appendix XIV Effect of Gate Width on LIBS EmissioSpectrum cont’d.
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Appendix XIV Effect of Gate Width on LIBS EmissioSpectrum cont’d.
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Appendix XV Effect of Data Average Number on LIBS Emission Spectrum
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Appendix XV Effect of Data Average Number on LIBSnission Spectrum cont'd.

signal/ mV

300

= N=112 —e—N=128

250 +

200

4

.

¥

i

{.,‘3./

150

100

T —¢

588.00 588.50 589.00 589.50 590.00 590.50 591.00 591.50

wavelength/nm

Figure 3: LIBS Spectra: N =96, 112 & 128

signal/ mV

300

N=144 N=160 |

250

200 ~

150 +=

100

50

588.00 58850 589.00 589.50 590.00 590.50 591.00 591.50

wavelength/ nm

Figure 4: LIBS Spectra: N = 144 & 160

A45




Appendix XVI Effect of Laser Pulse Energy on LIBSEmission Spectrum
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Appendix XVI Effect of Laser Pulse Energy on LIBEmission Spectrum cont'd.
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Figure 3: LIBS Spectra: & 24.0mJ & 26.5mJ
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Appendix XVI

Effect of Laser Pulse Energy on LIBEmission Spectrum cont'd.
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Appendix XVI Effect of Laser Pulse Energy on LIBEmission Spectrum cont'd.
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Appendix XVII

Optimized LIBS Emission Spectra for Lead Acetate Solution
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Figure 1: 490ppm lead acetate solution
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Appendix XVII Optimized LIBS Emission Spectra fdvead Acetate Solution cont’d.

150

140

130

120+

Intensity/ mv

110 +

100 L L L L } L L L L } L L L L } L L L L }

404.50 405.00 405.50 406.00 406.50
Wavelength/ nm

407.00

407

Figure 3: 125ppm lead acetate solution

160
150—:
L /\
2 /‘/L ‘
2 1401 ‘\ *
% I K /” \\ f \» F \/ﬂ ?\ 'd u ‘
N AN RS
[ * | \ |
130\;\J \/“ \N’ L
- VU
120 I } } } } }
404.50 405.00 405.50 406.00 406.50 407.00

Wavelength/ nm

407

Figure 4: 100ppm lead acetate solution

A51

.50

.50



Appendix XVIII

Mechanically Filtered LIBS Spectra — Surface Plasma in Air
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Appendix XVIII Mechanically Filtered LIBS Spectra- Surface Plasma in Air cont'd.
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Appendix XVIII Mechanically Filtered LIBS Spectra- Surface Plasma in Air cont'd.

Figure 6: Comparative LIBS Spectra=t412ns
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Appendix XVIII Mechanically Filtered LIBS Spectra- Surface Plasma in Air cont'd.
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Figure 7: Comparative LIBS Spectra=t456ns
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Appendix XVIII Mechanically Filtered LIBS Spectra- Surface Plasma in Air cont'd.
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Appendix XVIII Mechanically Filtered LIBS Spectra- Surface Plasma in Air cont'd.
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Appendix XIX Mechanically Filtered LIBS Spectra —Liquid Bulk Presentation
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Figure 2: Comparative LIBS Spectra: N = 67

A58



Appendix XIX Mechanically Filtered LIBS Spectra Hquid Bulk Presentation cont'd.
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Appendix XX Sensitivity of Line Emission Profileto Grating Setting

Figure 2: Spectrometer Grating set at 360.15nm
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Appendix XX Sensitivity of Line Emission Profike Grating Setting cont'd.

Figure 4: Spectrometer Grating set at 360.45nm
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Appendix XX Sensitivity of Line Emission Profike Grating Setting cont'd.

3p]

Figure 6: Spectrometer Grating set at 360.225nm
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Appendix XX Sensitivity of Line Emission Profike Grating Setting cont'd.

Figure 8: Spectrometer Grating set at 360.325nm
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Appendix XXI Effect of Plasma Blocking onBremsstrahlungProfile
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Appendix XXI

Effect of Plasma Blocking on Bremsahlung Profile cont'd.
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Appendix XXI Effect of Plasma Blocking on Bremsahlung Profile cont'd.
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Appendix XXI Effect of Plasma Blocking on Bremsahlung Profile cont'd.
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Appendix XXII Effect of Plasma Blocking on Line Emission Profile
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Appendix XXII Effect of Plasma Blocking on Line fission Profile cont'd.
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Appendix XXIII LIBS Emission Spectra using PlasmaBlocking Technique
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Appendix XXIII

LIBS Emission Spectra using PlasmBlocking Technique cont’'d.
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Abstract This paper presents an analysis of the rate of bub-
ble expansion and an estimate of maximum bubble diameter
and bubble lifetime prior to collapse. Such data are needed
for the optimization of system parameters for elemental
analysis in water by laser-induced breakdown spectroscopy
(LIBS). Two techniques were used for this study: pump-
probe beam deflection and high-speed photography. Plasma
in the water bulk was generated by a focussed laser pulse
with energy of 140 mJ and pulse duration of 10 ns, operat-
ing at the fundamental Nd: YAG laser wavelength (1064 nm).
Reasonable agreement on the value of maximum bubble di-
ameter was obtained between the photographic and probe
beam deflection results. Reasonable agreement for the to-
tal duration of the oscillating cavitation bubble was also ob-
tained for the two techniques, with 2 mean value of ~800 ps.
A comparison between empirical results and predictions
based on the Rayleigh equation is also presented.

1 Introduction

Formation, expansion and subsequent collapse of bubbles
in water bulk, due to the intense heating effect of a fo-
cussed laser pulse, are known as the cavitation process.
This is a consequence of the generation of plasma follow-
ing dielectric breakdown of the medium, known as laser-
induced breakdown (LIB). This allows implementation of
atomic emission spectroscopy for elemental analysis in wa-
ter bulk [1, 2]. Additionally, the shockwave generated by
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the: collapse of the cavitation bubble may induce fracture
in biological calculi immersed in urine, in close proximity
to the bubble. This phenomenon has found widespread ap-
plication in minimally invasive surgical procedures, known
as lithotripsy [3, 4]. For effective application in the afore-
mentioned field, a geod understanding of the interaction be-
tween the focussed laser pulse and water bulk, as well as the
dynamics of the subsequent cavitation process, is required.
This paper addresses such issues by measurement of princi-
pal cavitation bubble parameters, The physicochemistry of
water molecules subject to optical energy having irradiance
in excess of its dielectric breakdown threshold is a topic of
active research, and at present is incompletely understood
[5, 6].

Earlier work [7, 8] studied the behaviour of cavitation
bubbles in the vicinity of a solid boundary, Ablation damage
to the solid boundary from impact by a high pressure liquid
jet, emitted on asymumetric collapse of the cavitation bub:
ble, was investigated using laser pulse energies in the range
5.1 to 21.7 m]. Linearity between bubble energy and laser
pulse energy was established, and bubble collapse time was
reported to be proportional to the square root of the laser
pulse energy. Later work [9-11] reported parametric mea-
surements for cavitation parameters in the liquid bulk us-
ing two different monitoring techniques i.e. probe beam de-
flection (PBD) and high-speed shadow photography. Maxi-
mum bubble radii and bubble lifetimes were both found to
increase with laser pulse energy. The present paper reports
resnlts obtained using a significantly higher laser pulse en-
ergy to ascertain whether this trend is valid.

2 Theoretical basis

The contemporary study of laser-induced cavitation dynam-
ics is an extension of the original equation derived by Lord

&) springer
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Rayleigh [12] for quantifying cavitation in the liquid bulk.
This was based on assumptions of infinite extent of the sam-
ple volume, and null compressibility and viscosity of the lig-
uid medium. The bubble wall velocity (V) as a function of
its radius (Rpg) is given by [13],

Va =[2/3) poo/ o1 { (Ro/ R5)® — 1}]*° (1)

where poo is the pressure in infinite liquid, o is the liquid
density, and Rp is the maximum bubble radius.

Integration of the Rayleigh equation (1) allows estima-
tion of bubble collapse time, 7¢, defined as the time taken
for the radius to change from maximum to minimum [13];

¢ =0915Ry - (p1/poo)®>. o)

The parameters Vg and 7¢, which can be deduced from the
above equations using measureable parameters, characterize
the evolution of the bubble cavitation process. Bubble wall
velocity, Vg, is a derived parameter which may be inferred
from the time taken for the expanding bubble wall to traverse

. aspecific distance. A combination of probe beam deflection
and high-speed photography were utilized in this study to
measure these parameters, as described below.

3 Experimental

Experiments were conducted using two different techniques
and instrumental setups i.e. pump—probe beam deflection
(PBD) and high-speed photography. The apparatus and ex-
perimental configurations for these techniques are as fol-
lows:

Fig.1 Schematic of
experimental setup for
pump-probe beam deflection
technique, with insert showing
relative positions of bubble
epicentre and probe beam axis

detector

variable pump laser focus position ﬂ

3.1 Pump-probe technique

The setup for the pump-probe beam deflection (PBD) tech-
nique was configured as shown in Fig. 1. This allowed mea-
surement of temporal history and diameter of the bubble by
varying the separation between the central axis of the unfo-
cussed probe beam and the focus of the pump laser pulse.
For these setups the specifications of the apparatus were as
follows: Nd:YAG pump laser [Litron Nano-L 200-20] pro-
vided pulse energy of 140 mJ at wavelength of 1064 nm,
with pulse duration of 10 ns and repetition rate of 1 Hz.
A HeNe laser [Uniphase 1125P] delivering power of 6 mW
at 632 nm, with nominal diameter of 6.81 mm and beam di-
vergence of 1.0 mrad, was used as the probe laser. The focal
lengths of the lenses were 50 mm for focussing the pump
laser pulse and 100 mm for collecting the transmitted probe
beam.

The variable focal position of the pump laser pulse was
controlled by using a vertically mounted slider with vernier
scale, and micrometer adjustment of the position of the fo-
cussed laser pulse with increments of 100 pm. The trans-
mitted probe beam was detected by a photodiode [Centronic
BPX65 series] with peak sensitivity of 0.52 A/W and rise
time of 3.5 ns at 820 nm. The probe signal was moni-
tored and recorded using a digitizing oscilloscope [Agilent
DS05054A], having a bandwidth of 500 MHz.

3.2 Photographic technique

Sequences of cavitation events were recorded using a high-
speed camera [Vision Research Phantom vi2.1]. Bubble

trigger pulse

pump laser

detector

probe beam

collecting lens

to oscilloscope

probe beam

)] Springer
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dimensions were measured from selected still images us-
ing a travelling microscope. The camera had a maximum
frame rate of ~1 x 10% pictures per second (pps), and a
1280 H x 800 V CMOS sensor giving full resolution at
~6 x 10% pps. The camera was connected to a laptop with
dedicated software, and was externally triggered. A frame
rate of 5.45 x 10% pps, i.e. a frame interval of ~20 ps, was
used. Bubble volume was estimated from solid geometry
equations based upon visual inspection of bubble shape i.e.
spherical, spheroid or a series of conjoined spheres.

4 Results and analysis
4.1 Pump-probe beam deflection technique
4.1.1 Critical bubble parameters

The separation, z represents the distance between the epi-
centre of the cavitation bubble before it has made any sig-
nificant vertical translation due to its buoyancy, and the cen-
tral axis of the probe beam. This separation was varied by
altering the vertical position of the pump laser focus whilst
maintaining the unfocussed probe beam in a fixed position.

Beginning with the bubble epicentre coincident with the
probe beam central axis, the separation, z was increased by
100 um steps above and below the probe beam. For each sep-
aration, z an oscilloscope trace of the probe beam signal was
recorded. A representative selection of traces is presented in
Fig. 2 a for different values of z above the starting position.
Note the expanded time base, presented in Fig. 2b, which il-
lustrates the increasing time delay before probe beam signal
attenuation, with increasing z.

The traces in Fig. 2a show the immediate decrease in
probe beam intensity, following laser-induced cavitation,
due to deflection of the beam by the expanding cavitation
bubble. Minimal probe beam intensity is indicative of virtu-
ally complete deflection of the probe beam away from the
detector by the expanding cavitation bubble. Maximum de-
crease in probe beam intensity occurs after ~180, 230 and

{arb. wnits)

‘Normalized Probe Beam Intensity

ERPRN

s +
-1500:21200 900 -600 -300 O 300 600 900 1200 1500
Scparation, 2/ pm

Fig. 3 Normalized probe beam signal intensity as a function of sepa-
ration

260 us for separation, z of 1200, 900 and O pm, respec-
tively. At higher values of z, the reduction in probe beam in-
tensity steadily reduces, displaying negligible deflection for
z > 1400 pm. The trailing edges of the oscilloscope traces,
for times in excess of ~800 ps, are characterized by chaoti-
cally reducing signal intensity. This is likely due toa combi-
nation of effects e.g. local temperature rise and fluid density
gradients, resulting in unpredictability of the temporal dy-
namics for secondary and tertiary bubble oscillations. Nor-
malized probe beam intensity is plotted at different separa-
tion, z in Fig. 3.

From this graph the critical separation zmn (as illustrated
in Fig. 1—insert) is estimated to be 4405 and —365 um for
bubble epicentre above and below the probe beam, respec-
tively. The critical separation zmax (as illustrated in Fig. 1-—
insert) is estimated to be +1290 and —1190 pm, for bub-
ble epicentre above and below the probe beam, respectively.
From the geometrical relationship between Zmin, Zmax, Max-
imum cavitation bubble diameter, and probe beam diame-
ter, these critical separations are expressed algebraically as:
Zmin = ¢/2 — D/2, and zmax = ¢/2 4+ D/2, where ¢ is the
maximum bubble diameter and D is the probe beam diam-
eter. Based upon these calculations, an estimate for maxi-
mum bubble diameter, ¢ is 1.63 x 10> pm with an error of

&) Springer
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Table I Time delay between onset of and initial 1.0f probe beam signal
z/ pm 100 200 300 400 500 600 S 700 800 900 1000 1100 1200 1300
T4/ us £1 2 4 9 12 17 22 28 34 47 68 84 11 i17
Fig. 4 Plot of bubble wall 50
speed of expansion as a function
of separation ™
K
B oy
&30
]
A
C 2o
2
]
”
10 £
i i
0 ; .

20%, averaged over these four critical separations i.e. Zmin
and Zyax for bubble epicentre below and above the probe
beam axis.

By examining the oscilloscope trace for separation, z =0
the bubble lifetime may be estimated. The chaotic pattern of
the recovering probe beam signal presents an obstacle for
defining an objective criterion for the termination of bubble
oscillation. Based upon the recovery of signal intensity to
75% of its initial pre-trigger value, bubble lifetime is esti-
mated to be ~900 ps with an error of 25%.

4.1.2 Bubble wall expansion

The time delay t — d between the onset of cavitation and the
initial reduction in probe beam signal was measured from
the oscilloscope traces, shown in Fig. 2b. At each separa-
tion, z, for bubble epicentre below the fixed probe beam axis,
these time delays, 7, are presented in Table 1. The mean rate
of bubble expansion, Vg was calculated from Vg = z/7; and
is plotted as a function of z in Fig. 4. The decrease in bub-
ble wall expansion speed with increasing bubble diameter is
consistent with the Rayleigh equation (1). Bubble wall speed
becomes asymptotic for z > 1300 pym.

4.2 High-speed photography of the bubble

Still images were selected from high-speed cine camera
recording of the dynamic evolution of the laser-induced cav-
itation bubble. At a frame rate of 5.45 x 10* pps the in-
terval between images was ~20 ps. A representative selec-
tion of images of an expanding bubble is shown in Fig. 5.

&) Springer

4C0 600 800 1000

Numerical Displacement, #/ pm.

1400

The quoted times represent the interval after delivery of the
pump laser pulse i.e. post-trigger.

These images show dynamic profiles of a bubble formed
along the trajectory of the incident laser pulse, centred about
multiple breakdown sites (the bright spots). The existence of
multiple breakdown sites is an indication of dielectric break-
down of the target medium during the early stages of cavi-
tation. The multiple bubbles formed in this way have a ten-
dency to coalesce towards the centre of the cavitation region,
forming a single bubble after a specific time (~300 us post-
trigger for the bubble imaged in Fig. 5). Bubble volume es-
timates for the time interval 200 to 460 ps post-trigger are
plotted in Fig. 6. Due to the high intensity of the optical
flash at the onset of plasma formation, no details of the cav-
itation bubble were discernible in the interval up to 200 ps
post-trigger.

Bubble diameters were measured using a travelling mi-
croscope. They were assumed to have a high degree of sym-
metry in the plane orthogonal to the incident laser pulse
trajectory i.e. each bubble was considered to have circu-
lar cross-section in the xy-plane, for z-axis coincident with
the trajectory of the incident laser pulse. Account was taken
of the overlap of adjacent bubbles in the cavitation region,
in the early stages of bubble formation. A high degree of
sphericity (low eccentricity) was apparent after ~280 ps.
Standard formulae were used to calculate bubble volume,
V. For bubbles with a high degree of eccentricity, radial and
transverse radii, R, and R;, respectively, were measured.
Bubble volume was subsequently estimated from:

Vg=4m/3-R?-R;. 3

A75




Appendix XXIV Author’'s Research Published in theer Reviewed Literature cont'd.

Dynamics of laser-induced cavitation in liquid

Fig. 5 Dynamics of cavitation
bubble dimensions at selected
times

imm
e

Fmsit
v

d 32008

i
¢ e

© 280ps

imm
s

1mm
| ——

€ 360ps f 460us

o
o

Fig. 6 Plot of bubble volume as-
a function of time after delivery
of laser pulse

o
]

B
°

bubble volume/ mm’
N @,
k-3 <

-
o

From the graph in Fig. 6, maximum bubble volume, Vp,
was found to occur at 320 4= 30 ps after the initiation of
plasma formation, and is estimated to be ~5.4 £ 0.5 mm?>.
This implies a maximum bubble diameter of 2.20 x 103 um,
with an error of ~10%. Large errors are likely to occur in
the estimation of bubble diameter during the early stages of
bubble growth due to the limited contrast between the bub-
ble wall and the background, and the presence of multiple
breakdown sites.

The duration of the bubble imaged in Fig. 5 is estimated
to be 480 &30 ps. This figure is the sum of the time interval
prior to the first bubble image (200 us), and the time taken
for the bubble to increase to its maximum volume and then
collapse to a minimum volume (280 ps). In order to esti-
mate the total lifetime of the oscillating bubble, images of
the secondary and tertiary stages of bubble oscillation were
examined, Secondary and tertiary bubble durations were es-
timated to be 120 = 20 and 100 % 20 ps, respectively. Addi-
tion of the primary, secondary and tertiary bubble lifetimes
gives an estimate for the total bubble lifetime of 700430 ps.

280 380
time posttriggerins

430

4.3 Comparison of experimental results and theoretical
predictions

The Rayleigh equation (1) expresses the bubble wail veloc-
ity, Vp as a function of bubble radius, Rg. Taking natural
logarithms allows the relationship between Vp and Rp to be
expressed:

In(Vg) =0.5In{(Ro/Rp)* — 1} + k )
where k = 0.51n{2poo/(30:)}. This relationship is displayed
in Fig. 7 for values of Vg and Rp obtained using the probe
beam deflection technique.

From this graph, the slope is estimated to be ~0.18,
compared to a theoretical value of 0.50, in the logarithmic
form of the Rayleigh equation (4). Further, the y-intercept
in Fig. 7 is ~2.54, based upon data acquired under dynamic
experimental conditions. In order to compare this value with
the value of k from (4), it is necessary to have accurate
values for liquid bulk density, o; in the immediate vicinity
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'Fig.7 Natural logarithms of 45
bubble velocity vs. bubble
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of the cavitation bubble, for the duration of the cavitation
process. There are several possible reasons for discrepancies
between theoretical estimates and empirically derived data
e.g. the a priori assumptions in the derivation of the original
Rayleigh equation (1) that the water bulk is both inviscid and
incompressible may be invalid for laser-induced cavitation.
In addition, the equation was derived specifically for cavita-
tion below the inception pressure for an isothermal fluid. Itis
self-evident that 1 induced and p induced cavita-
tion are not thermodynamically equivalent processes. Also,
conditions in the local water volume during laser-induced
cavitation are obviously not isothermal.

§ Discussion

Estimates of maximum bubble diameter obtained by the
PBD and high-speed cine techniques are within the same
order of magnitude, yet are still significantly different. The
major advantage of photography compared to the PBD tech-
nique was its ability to directly image the parameter under
investigation i.e. bubble dimension: By contrast, the PBD
technique inferred bubble diameter indirectly, via interpre-
tation of the attenuation profile of the probe beam signal.
High-speed imaging was limited, however, by the lack of
image contrast between the background and bubble wall at
higher frame rates, particularly in the earlier stages of bub-
ble expansion.

A further challenge for high-speed photography is the ac-
curate and consistent estimate of bubble volume in the early
stage of bubble expansion, when several bubbles are in close
proximity to each other and are coalescing towards the cen-
tre. The principal source of multiple breakdown sites (“hot
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spots™) is the non-linear property of self-focussing, which
narrows the beam waist independently of the lens optics
[6]. It has been reported [5] that self-focussing is negligi-
ble for pulse durations longer than 100 ps. A direct result
of the presence of multiple breakdown sites is the formation
of several cavitation bubbles, in the early expansion stage,
which coalesce to form a single bubble of negligible eccen-
tricity. However, the multiple breakdown sites induced using
a much longer laser pulse of ~10 ns in this study may be at-
tributed to, instead of self-focussing, the existence of impu-
rities in the sample providing “seeding” centres for dielec-
tric breakdown of the liquid medium. Such “seeding” effect
can be overcome by expanding laser beam prior to focusing
in the water bulk to only induce the dielectric breakdown at
the focal point and therefore a single spherical bubble can be
produced [14]. The observed elongated shape of the plasma-
forming region, due to the increased absorption coefficient
of the non-transparent plasma in the visible and near infrared
regions, is consistent with the ‘moving breakdown phenom-
enon’ [15]. )

Primary bubble lifetime of ~480 ps and maximum bub-
ble diameter in the order of 2000 pum, at laser pulse energy
140 mJ, were in reasonable agreement with comparable pub-
lished data [9, 10] which reported primary bubble lifetimes
of 210, 240 and 270 ps, and maximum bubble diameters of
~2300, ~2700 and ~3100 pm, for pulse energies of 4.7, 6.0
and 8.6 mJ respectively. Estimates of total bubble lifetime
for the current research are consistent between the two tech-
niques employed i.e. ~900 and ~700 ps for probe beam de-
flection and high-speed photography, respectively. Primary
bubble lifetime is an important parameter for optimization
of laser-induced breakdown spectroscopy (LIBS) sensitivity
of elemental detection in aqueous media. By fixing the tem-
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poral separation between laser pulses to approximately half
the primary bubble lifetime i.e. ~250 ps in the current re-
search, a secondary laser pulse may be used to increase the
temperature of the plasma encapsulated within the primary
cavitation. bubble and therefore increase the detection sensi-
tivity.

The consistency between the presently reported data for
maximum bubble diameter, and that reported earlier [9,
10] implies a weak functional relationship between maxi-
mum bubble volume and pump laser pulse energy. The cur-
rent research utilized pulse energy of 140 mJ, an order of
magnitude larger than that used by Petkov3ek and Gregor<ic
[9, 10]. This appears to confirm the hypothesis of rapid ion-
ization of target medium by the leading edge of the Gaussian
pulse profile, followed by rapid heating of the plasma. The
plasma thus formed strongly absorbs in the visible and near
infrared regions. It is therefore only a proportion of available
pump laser energy which is utilized for plasma generation,
the remaining energy acting as a high flux source for thermal
heating. .

Meaningful comparison of experimentally measured
bubble wall expansion velocity with Rayleigh equation es-
timates is not possible without accurate knowledge of the
liquid density in the vicinity of the cavitation bubble wall,
and particularly the temporal change in this parameter over
the bubble lifetime. The material within the cavitation bub-
ble is in a metastable superheated state, and as such has bulk

. physical properties significantly different from water in the
Tiquid state. The influence of the metastable material within
the cavitation bubble on the vapour/liquid boundary makes
meaningful comparison between empirical data and theoret-
ical prediction problematic.

A sophisticated differential model has been reported [16]
and it may provide a plausible explanation for the dispar-
ity between theoretical (classical Rayleigh) and measured
properties of the cavitation bubble. In the model Rayleigh’s
original assumption of incc ible liquid was d
valid for a “low-mach” regime whereby the rate of bubble
wall expansion was less than 30% of the speed of sound in
the encapsulated vapour medium, Of interest to the current
research is an alternate “high-mach” regime, described in
the model, whereby the bubble rate of expansion exceeds
the critical limit defined for the “low-mach” regime. In this
“high-mach” regime the encapsulated vapour is assumed to
obey van der Waals laws, and the liquid is assumed to be
compressible. It is suggested that allowing for compressibil-
ity of liquid in the vicinity of the vapour/liquid boundary
will allow theoretical estimates for bubble wall expansion
rate, for any specific bubble radius, to match more closely
empirically derived data,

The precision of the probe beam deflection technique
may be improved by two refinements. First, a reduction of
increment for vertical translation of the pump beam focus

will altow more precise measurement of critical separations,
Zmin and Zmax. Second, by employing a pin-hole aperture at
the probe laser head, a significant reduction in probe beam
diameter may be achieved. This would also enable more pre-
cise discrimination of critical separations, Zmin and Zmax-

Imaging the interval between laser-induced plasma gen-
eration and 200 ps post-trigger is a principal objective for
further application of the high-speed photographic tech-
nique. This may be achieved by increasing the frame rate of
the camera. This, however, results in a significant reduction
in image resolution. A more sophisticated understanding of
the imaging software for contrast enhancement, particularly
in the post processing phase, may enable images of the ear-
liest stage of bubble formation to be captured with sufficient
resolution to allow accurate measurements of bubble para-
meters.

6 Conclusions

In this paper, two techniques for the determination of prin-
cipal parameters for laser-induced cavitatign bubbles in the
water bulk have been demonsirated and discussed. The first
method employed the probe beam deflection technique to in-
fer bubble diameter over a complete period of bubble oscil-
lation. The second method employed high-speed photogra-
phy to directly image the dynamic evolution of the cavitation
bubble. Estimates of maximum bubble diameter and bubble
lifetime are in reasonable agreement between the two tech-
niques. Comparison between the data presented in this paper
and previously published research, for maximum bubble di-
ameter and bubble lifetime, is in reasonable agreement. Es-
timation of bubble wall speed in the bubble expansion phase
has been demonstrated from data acquired with the probe
beam deflection technique. The qualitative relationship be-
tween bubble radius and wall speed rate of expansion is con-
sistent with the Rayleigh equation. Inconsistencies between
the empirical data presented in this paper and theoretical
predictions from the Rayleigh equation have been demon-
strated. Speculation has been offered for potential reasons
for these inconsistencies, based upon deviations in liquid
properties under experimental conditions from the a priori
assumptions inherent in the derivation of the Rayleigh equa-
tion.
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