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Abstract

Laser Induced Breakdown Spectroscopy (LIBS) is an analytical technique used to claksify an
potentially quantify elements in complex hosts (or matric¥s}cuum Ultraviolet Laser
Induced Breakdown SpectroscogyUV LIBS) offers measurableimprovements over
traditional visible regionLIBS, due to thepresenceof strongresonancend well spectrally
isolated transitions at these shorter wavelengths. This extends the adilityiBS to
discriminate between emissitinesfrom different elements, particularly light elements such

as carbonpitrogen, oxygensulphur, etc. In additionas with visible LIBS, the precision
obtainable can be limited by the continuum emission at the early stage of the plasma lifetime
and greater performance che achieved by moving to a timesolved detection system,
reducing the contribution from the dotuum.Hence, gsingle channeljime resolved VUV

LIBS system has been designed by replacing a back illuminated CCD with a combination of a
plastic scintillator and a photomultiplier tube on an existing LIBS system. In gganah, the
performance ofitne integrated and timeesolved VUV LIBSfor the determiration of the
carbon content in steel sampliescomparedThe results demonstrated an imgeal limit of
detection(LOD) for time resolved VUV LIBSovertime integrated VUV LIBSor traditional

point plasmas

In addition,VUV emission fromplasma plumgcreated at a line (laser) focwss also studied
for thesamesteel samples arttlelimit of detection was optimisegind compared the limit for
conventimal point plasms The resultsdemonstratehat the line focused plasmaource in
multichannetimeintegrated space resolved (TISRpde andhesingle channdime resolved
VUV modeyield comparabld.oD valuesof 50 and 56 ppm respectivell also showe that
bothwere significantly betterhan TISR VUV LIBS with point plasm&UV sourceswhich
exhibited a pooreoD of 316 ppm

In addition, two ultravioletvisible (UV-Vis) LIBS studieswere carried out in biversity of
Padova One of these focused axploring the potential ofconventionalLIBS for depth
profiling of thin films. The other focused othe classification andorting of scrapmetal

samplesusing multivariate analysign particular usingrincipal component analysis (PCA)
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Chapter I Introduction, Motivation
and Thesis Structure

Since the early days of laser plasma spectroscopy, it became clear that the technique could be
useful for the identification, and perhaps even quantifinatid the elemental composition of
matter in all of its phases, solid, liquid and gas [1]. Very quickly the domain of LIBS or Laser
Induced Breakdown Spectroscopy was born [2], and it has undergone continuous development
over the past three to four decadieeused mainly on the ultraviolet (UV), visible (Vis) and

near infrared (NIR) portions of the electromagnetic spectrum. The impetus ffi$INIR

LIBS comes from its relative simplicity of implementation [3] and the large volume of
spectroscopic data aNable [4]. In recent years, new developments in Auutse LIBS [5],
compact handheld systems [5, 6] and improved detection [6,7] have received significant focus.
What has not developed at the same rate is LIBS outside théi$JMIR spectral range. Hre

are a few reports [8,9,10] focused on the vacluNhspectral range, despite some key
advantages, especially the access to strong emission lines (resonant, connected to the ion
ground state) and concomitant sigt@background ratio (SBR) improvemen@f course,
remote/fieldbased LIBS is not possibldue to high vacuum requirementsowever for
materials that can be analysed in laboratory environments the case for VUV pygfsato

be strong.In order to demonstrate the unique high precision méateharacterisation
capabilities of LIBS in the VUV rangene focus of théublin City University DCU) laser

plasma group has been the detection and quantification of light elements in steel, mainly
carbon, sulphur and phosphorous using its inhouse VUV Laser Induced Breakdown
Spectroscopy (LIBS) system [11,12]. However, to date, the main emphasis has peant

like plasmas using the time integrated LIBS system for the determination ebfiahétection
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(LoD) of trace elements like C, S, and P [11,B4.noted in the literature, for the first tirti®
my knowledge) this doctoralthesisinvestigatedime resolved VUV LIBS measuremerits
focus on the optimization of thiemit of detectionfor carboncontentsin steel in vacuum.
Separately, in order to determineef§icacy in the domain of VUM.IBS, the combination of
a laser plasma formed at the fo@isa cylindrical lens with the existing time integrated (TI)
VUV LIBS detection system was studied, with #ien of obtaining a further improvement of

the limit-of-detection (LoD) for carbon in steel.

Separately aapplication of LIBS was alsinvestigaedto initial exploration, namely
the measurement of the laser ablation rate of thin aluminium films on solid substrates during
depth profiling, as the laser drilled down through the film and onto the substrate. Also, UV
Vis-NIR LIBS combined with multivaate data analysis was explored for its potential in the
recycling of the waste materials includingetalsand semiconductors, work performed at the
Institute of Photonics and Nanotechnology (JFXd the University of Padua (Universita degli

Studi di Padva- UniPD).

In what follows a brief introduction to LIBS, the motivation behind this work, and a
literature review, based on the history of LIBS, is given. The organization of thesis, based on

the aims of the research, is also brigflgsentedn this chapter.

1.1 LIBS in Brief

Laser Induced Breakdown Spectroscopy (LIBS) is an analytical technique used to classify and
potentially quantify chemical elements in complex hosts or matrices [13,14]. Apbigér

laser is used to ablate the surface of the safopheing a plasma plume of ions, atoms and
potentially molecules, molecular ions and clusters, above the surface of the sample depending
on the laser fluence and ablated (plasma) plume conditions [13,14]. The threshold value of

laser ablation for a solidriget generally lies between®\¥/cn? to 101° W/cm?[14,15]. During
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the earliest phases of the pulsed laser interaction with the target surface, and at sufficiently high
intensity, some seed electrons are produced due to photoionization (including multiphoton
ionization) along with a range of possible laser assisted phsxgation/photoionization
processes. The result is a weakly ionized plasma formed very early on, typically within less
than 100 ps. These seed electrons absorb laser radiation by the process of inverse
Bremsstrahlung (IB) which increases their kinetic ggeiThe increased energy means that

they can cause further ionization via collisions with the target surface and/or the plasma plume
as it grows and increases in density. The process is regenerative in the sense that the higher the
electron density the gager the IB rate and vice versa, which results in avalanche ionization.
Gradually the plasma becomes opaque to the laser pulse and the target surface is protected from
the laser radiation. The plasma density at which the plasma becomes opaque to thegincomi

laser light is termed the critical densitgdrand can be calculated using the following equation

[14]:

& ——e — oA eq.(1.1)
whereh i s the electron mass, ¥ representren t he f
charge and & is the | aser wavelength, measur

The value oblasmacritical density for Nd:YAG laser radiation with a fundamental
wavelength of 1064 nm isparoximately 16* cnv3. After reaching the critical value of the
plasma densitythe major portion of incident laser energy is reflected by the plasma and at this
stage the plasma starts to expand. As it expands, the plasma density decreases, thus the plasma
frequency decreases and once again the laser radiation is able to reach tharfaggetvhere
it causes further ionization, as well as further ionizing the plume as it passes through it, on its

way to the target. This cyclical process continues until the terminatite [afser pulse.
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Collisions between energetic freéectrons and atoms (or ions) within the plasma
cause bound electrons to move to higher energy states, both bound and free, in these species.
For excited bound states, when the corresponding electrons decay to lower energy states
discrete line radiatianare emitted. The wavelength of theemission line depend on the
difference in energy between the initial and final electronic states of the transitions concerned
(I =hc/& - Ei). Theintensity of an emission line in turn depends on the dipole matrix element
connecting the initial [i> and final |[f> state., <i|r|f> , wherer is the dipole operatoiThe
emitted radiation is dispersed by a spectrometer, detected and displayedanmtha an
intensity versus wavelength spectrum. Each ionized element emits a characteristic spectrum
which acts as the O6el emental fingerprinté by
can be represented by a particular, usually well isdla¢mission line (from a corresponding
atom or ion in the plasma) and the line intensity can be related to the concentration of that
element within the original target sample. On that basis the elemental characterization of a
target sample, at least aetlevel of the identification of the elements present, and in some
cases, their concentration, becomes possible.

However, the possibility that spectral lines from different trace elements overlap with
each other and/or with lines emitted by the hostimattists. This is especialljpe casen the
visible spectral region which can have a very high density of close lying lines from both the
elements of interest and the matrix, e.g., elements like C, N, etc. in a steel host matrix [1,9].
The supernumeratines arise from the multitude of possible transitions between excited states
of atoms, ions and possibly even molecules or molecular ions present in the hot plasma plume.
In contrast, the VUV spectral range tends to be less cluttered as usually it resorigance
transitions in neutral and lowly ionized atoms that give rise to strong emission lines in this
region [16]. Also, as the linghatare connected to the ground state, they tend to be more

intense than those arising from transitions betweenezksiiates in ions that typicallppear
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in the UV and visible regions of the spectrum. Hence VUV LIBS can offer potential
improvements over traditional LIBS in the visible region, due to the abundance of well
separated resonance transitions at these shoaieelengths [17]. This extends the ability to

discriminate between the spectral distribution of the emission from different elements,

particularly light elements such as lithium, beryllium, carbon, sulphur, etc.

The early phase of a laser produced mplasusually contains a strong continuum
emission component, which is caused mainly by-atmttron radiative recombination and
bremsstrahlung [13]. Therefore, early plasma continuum emission will overlap and interfere
with the useful line emission. Methodéshi ch decr ease the continuu
emission will thus lead to an improvement in the hofidetection (LoD) for LIBS.
Fortunately, the continuum emission has a shorter lifetime in comparison with emission from
excited ionic and neutral sges. By eliminating the early emission, it is possible to reduce the
contribution from the continuum and focus on useful line dominated radiation from later stages
in the plasma lifetime [11]. In LIBS this is usually achieved by utilising the gating d¢®mino
the ICCD camera image intensifier. Combined with a delay/gate generator the exposure time
(gate width) and time delay can be setsothat@aaol | e-debgwabei s introduc
the opening of f{ppersatdpredeermiredisalian glasnearigditiom. @his
is usually some hundreds of nanoseconds after the laser pulse arrives on target. The exposure
time is set by the gate width (opening time for the shutter) and is usually set in the range of
hundreds of nanoseconds to a fewcnmsecondsThis control is achieved, in practice, by
modulating the bias voltaggplied to the microchannel plate intensifier of the ICCD camera

[17].
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1.2 Motivation

Steel, the material focused on in this thesis, is widely used in different industries such as
construction, transport, aerospace, automobiles, machinery and tooling, healthcare, domestic
appliances and electrical equipméh8]. There are various steel@ls developed on the basis

of the presence of different metallic and foetallic elements which include C, Cr, Mn, Mo,

Ni, Si, Sn, Tiand V [9]. These variants are used in industry for their specific properties, e.g.,
light elements including carbon, sulphur, phosphorous and nitrogen play an important role in
achieving specific mechanical and physigabperties in different types of steel. The
concentration of these trace elements should not exceed a certain level (up to a few parts per
million (ppm)) in order to retain the unique characteristics of steel for spegfiications

such as constructidid 9], automotive [20] and aerospace [21].

The accurate determination of the amount of trace elements in steel alloys is one of the
challenges faced by the metals industry. It is difficult to detect light elements in steel using
LIBS in the UV, NIR, and VS regions due to its poor performance for trace elements in these
spectral regions. This limitation is mainly due to the richness of Fe plasma spectra leading to
blending of emission lines from the trace elements of interest with Fe lines. In orderessadd
this challenge, specially designed VUV LIBS systems have been, and are being, developed and
used to determine the concentrations of trace elements. In comparison to many of the
conventional spectroscopic techniques such as spark discharge opticabesectroscopy
(SD-OES), Xray fluorescence (XRF), atomic absorption spectroscopy (AAS) and laser
ablation inductively coupled plasma optical emission spectroscopdQRAOES), LIBS has
many advantages including no or minimum sample preparationalinisst nordestructive,
the use of optical energy for the excitation of the sample (avoiding ionisation radiation) and
the capability to characterize solid samples directly [16]. Moreover, it can be used remotely

[22] and for insitu applications which inelve harsh and abrasive environments [23]. Among
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all these techniques, SOES and XRF are considered to be the closest competitors to LIBS,
especially SBOES which is the standard method for steel analysis in industry due to its
powerful performance in ters of limit of detection (LoD), particularly for trace elements [16]
However, SDOES requires a series of long and arduous sample preparation steps for steel
sampés and cannot be used online. In order to achieve quality assurance while meeting the
needs of process control as demanded by industry, the LIBS technique has been undergoing
continuous development for some time. LIBS is beaipglied for theidentification of metal

alloys inindustry; specifically steel for more than two decades. Different LIBS techniques are
being explored for the optimization of lirof-detection (LoD) for the steel industry along with
various other technigques. However, continuous im@meents in the quantification of light
elements in metals, by means of LIBS, remains one of the challenges to significantly wider
industry adoption [24], despite the many other technical and economic advantages that the

technique could confer on the assted materials and manufacturing sectors.

In order to address this issue, a number of research groups wiorkireggeneral area
of laser induced plasma spectroscopy (LIPS) and LIBS, including at the NCPST (DCU), have
worked on the determination, to lnde variously the identification, classification and
quantification, oflight elements irmetals, specificallycarbon, sulphur, phosphorus in steel
[11,12,24,25]. These groups have focused on improving the-dirgietection (LoD) by
exploring variants othe basic LIBS technique. However, there remains room for improvement
in the accuracy, dynamic range, and potentially other features related to the determination of

the trace elements like carbon in steel.

In thisdoctoralthesis, VUV LIBS is explored using three differemperimental setups
firstly, by using thalready well explored time integrated, space resolve®R) experimental
setup, using a point plasma VUV emitter, with which a number of studies have alesady b

undertaken and reported in both single [11,12] and double pulse [12] nk@déise second
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set of experimenfgheexistingsetup was modified to operate in monochromator mode and the
back illuminated CCD detector was replaced by a single chaomdllator to convertVUV
photonsto visiblelight. The visible light was delivered tofast response photomultiplier tube

to result in a single (wavelength) channel providing time resolution on a nanosecond timescale.
Thirdly, 61 i ne pl as ma6 weré @$rmedy ip ehich plesmas were formed by
focusing each laser pulse onto the steel surface using a cylindrical lens. The resulting line focus
created a plasma pluméhe line plasma was aligned vertically, along the same direction as
thefore-slit and the entrance slit of the spectrometer. The lohdetection (LoD) for carbon

in steel was determined for this configuration and compared with the LoD obtained using the

more usual point focus to create the plasma plume.

UV-Vis LIBS was also exploreth experimentsat UniPD which were focused on
potentialapplicationsin characterisation of thin film and sorting of scrap metals with assistance
of advanced statistical tool, multivariate analystgstly, depth profiling of thin films for
different lase irradiance values was undertaken to explore the relationship between laser
ablation rate and the depth of thin films with a vievapplying LIBS for the combination of
depth profiling (determination of thin film composition) with thickness measuremants.
UniPD, UV-Vis LIBS was undertaken and combined with multivariate analysis of the spectral
data for potentiadpplication to the recycling industry for differemtetalsand semiconductors.
Anotherapplication was the use of multivariate analysisLBS spectra in the scrap metal

industry.

1.3 Literature Review

1.3.1 History of LIBS

Laser Induced Breakdown spectroscopy (LIBS) can trace its origins back to 1963, when the

first spectrochemical analysis of surfaces was published by D&bredonand Lioded?27].
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LIBS experiments can be conducted on matter in all of its three stable states, namely solid,
liquid and gas, which became one of the major reasons for the rapid and continuing
development of corresponding instruments and methods to advance the techarguamy
decades [17]. In the early 1970s, as more advanced LIBS instrutnegas to become
available, time resolved spectroscopic analysis of laser produced plasmas advanced
significantly, allowing users to monitor the plasma formation and evolution wialged to
discriminate the early phase continuum background from the line emission, thereby improving
the line to background intensity ratio [2]. Innovative studies on spectral recording and imaging
systems in those years are described by various graghsling Schroeder et al [2&nd
Menzies et al.[29]These studies largely focused on the different detection systems that were
used to obtain temporally resolved spectra. With the development of new detectors, gated
intensified charge coupled device (ICCD) cameras bectima preferred method for time
resoled LIBS measurements. In the 1980s, the lasers and other LIBS components became
more compact and user friendly so that thsitn advantages of LIBS became more evident,
resulting in the growth of timeesolved LIBS studies and broadening of the resdalthto
encompass many different materials and sectors [29]. The most prominent studies regarding
LIBS analysis during this period include physical and chemical matrix effects on elemental
analysis [30], plasmas in water [31], spatonporal plasma evetion [3], LIBS on aerosols

[33] and functional materials [34]JAdvancement in the understanding of laser plasma
fundamentals and techniques has enabled LIBS instruments to investigate more challenging

topics such as detection of toxic dust in air and on filters [35] and hazardmss[83].

From 19902000 there was a rapid development in fundamental studies as well as in
applications. There was a continuous improvement in LIBS quantitative analysis [36,37].
Quantitative LIBS was optimised for aerosol analysis [38,8@]s [40,41], artworks [42] and

also remote LIBS [43,44], amongst others. The development of remote LIBS started in the
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1980s and grew rapidly in 1990s. Studies included remote elemental analysis [43] including

the use of fibre optic probes remoteapplications [44]. In the same era, thgplication of

LIBS for planetary exploration began, which includes a series of keys works by Knight et al.

[45] andA.W Stroupg46].

1.3.2 Recent Studies on LIBS

By exploring the development and advancement of LIBS since 2000 to the recent Euro

Mediterranean Symposium of LIBS in 2019 (see table 1.1), it is evident that LIBS has gradually

developed into a powerful and versatile analytical technique. Its maturitynasked by its

usage in the Mission to Mars for planetary geology in 2009. Its technical expansion includes a

number of developments including its extension to the VUV region of the spectrum, whereas

in applications its usage has expanded to biologicalistuon human teeth, bones and tissues,

surface mpping and imaging (scanning LIBS) [47,48] along with commercial instrumentation

and cust

LIBS analysis.

Table 1.1 Comparison of topics selected for talks at a number of EMS LIBS
conferences covering the period from 2008 to 2019

omi zed

advanced

statistical

techniq

Year 2008 2010 2017 2019

Topics Number of talks
Fundamentals 14 5 19 11
Modelling and
Calibration S ! !
Industrial 6 6 12 25
Applications
Remote and 11 4 10 4
Environmental
Cult_ure and 3 5 5
Heritage
Instrumentation 4 4 5 5
Biomedical 3 8 4
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Multivariate Analysis [49] turned out to be an important addition to traditional LIBS
due to its ability to handle more than one statistical variable at a time. Multivariate analysis, a
branch of chemometrics, has widened the analytical scope of LIBS\aanallowed it to be
widely applied to the analysis of mineral ores, sea water, aerosols, biological and organic
samples [50,51]. In order to further optimise LIBS, efforts have been made to modernise some
traditional spectroscoplpased methods with the dition of up to date lasers, optics and
spectrometers [52]. A greater emphasis on commercialization and the development of more
compact and portable LIBS systems was a feature of the 2010 (and subsequent) conferences.
Portable and hanldeld LIBS is particlarly attractive for deployment in security and forensics

[53].

Itis evident from the increasing number of contributions in more recent conferences,
e.g., EMSLIBS 2019, that LIBS has turned into a robust technique with unique specifications
and possesse great diversity applications along with continuing work on the underpinning
fundamentals. Its growing acceptance aggblications in the medical, clinical and
pharmaceutical domains are testament to its maturity as an analytical technique. Theeahas
a continuous improvement in the analytical capabilities of LIBS over the years, by combining
LIBS with other new or developed techniques or by advancements in the analytical procedures.
For example, LIBSDLIFS (diode laseiinduced fluorescence) andBS-DLAAS (diode laser
atomic absorption spectroscopy) are relatively newly developed techniques. Maeng et. al
developed LIBS with timed ablation to optimize detection efficiency [54]. From the LIBS
timeline trend throughout its history, and observingdttinuous development of LIBS, one

can easily predict and foresee the future of LIBS as a powerful analytical tool for many areas.
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1.3.3 Progress in LIBS for Steel Analysis

Strum et al[55] usedthe timeresolved LIBS technique for the elemental analysis of steel for
the first time in200Q For the first time a limit of detection below 10 pg/g was achieved for
the light elements carbon, sulphur and phosphorus in $taslwork formed the basis for the
online application of LIBS in the steel industry since then. In 2002, Khater et al. [56] noted
that the strongest spectral lines of light elements are emitted in the VUV region and so VUV
LIBS could be useful there. Howew spectra in this range can only be obtained by evacuating
the target chamber and spectrometer, or by purging it with low pressures of inert gases like
helium or argon. If these experiments are performed in air, at even modestly high pressure,
VUV Light will be absorbed due to the large &hd Q absorption cross sections in the VUV

[17].

There are various types of spectrometer designs that are used for LIBS including
CzernyTurner[57, 58, 5967, PascheiRunge[60,61], Echelle [62]and Normal Incidence
[11,12]. The Czerny Turner spectrometer was used for the detection of carbon in steel in both
solid and liquid phases using an inteieslfphotodiode array (IPDA) based on a microchannel
plate (MCP) coupled to a photodiode array (PDA) [ 58, BSpsulted in a limit of detection
(LoD) of about 65 ¢ &/A98.0%nmgpectbablife for gplid@nd ligsid ng t t
phasegespectiely. The spectrometer used possessed a focal length of 0.5 m with a high

resolution of about 0.02 nm [63].

Echelle based spectrometersvidehigh spectral resolution (e.g., down to 0.005 nm
in a compact systelnMultiplexed versions (e.g., the Andor dfaology Mechelle [64]),
additionally provide wide spectral range ancbmpatibility with detectors like MGIPDA
(IPDA) or MCP-CCD (ICCD) [65] There are very few publications on LIBS in the VUV

range below 120 nm. Some groups have worked on the deep ultraviolet region for the detection
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of light elements. A visiblailtraviolet multiplexed veiisn of an Echelle spectrometric system

was specially designed for the detection of light elements like C, S, and P in steel using the
wavelength range of 17800 nm. This system can record a continuous spectral range between
150 and 300 nm [66]. The PasoHeunge systensapturesa broad wavelengtrangeand as

an example a system witghspectral resolution of 0.02 rethabou460 nmhas been reported

[57]. Spectrometers based on the PasdRenge optical configuration are widely used in steel
analysis invUV and far UV range due to high dispersion capacity one of the studies a
LoD of bel ow 10far@V gpectwahrangesde/d to ¥94m [555T1.dhe near
normal incidence concave grating spectrographatsmbe used in the VM range from 40

120 nm and was used in the studies presented in this thesis. The particular spectrometer used
here, Acton Research Corporation Model VM521, is fitted with a 1200 grooves/mm reflective
concave grating with a back illuminated CCD or®@CD cdetector manufactured by Andor

Technology [11,12].

It is well known that the experimental conditions (geometrical arrangement of the
laser, laser wavelength, irradiance, focusing optics, target/sample placement, shape, etc.)
influence the plasma charadsgics such as plasma temperature and density, and consequently
observables like atomic emission intensities and mass of the ablated material. The laser can be
focused by a spherical or cylindrical lens (or even a sptynadrical lens) depending upon
the size (and shape) of plasma required for investigation. Without proper focusing (or
defocusing) of the laser radiation, an inhomogeneous plasma may be produced which may
result in reduced sensitivity and poor reproducibility. To set the laser radiatios dorrectly
on the sample, the geometry of the experimental setup is determined by lens type (cylindrical
or spherical), the focal length of the lens used for the study, the distance between the lens and
the sample, and the angle of laser incidgii¢®]. There are various studies performed using

the cylindrical lens and line focused plasmas [1,9,67,68], for diffegglications. Rodolfa
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and Cremers [69] used cylindrical optics to create a linear spark for spatial surfggegna

and Mateo et.al usedfir fast atomic mpping of heterogeneous surfaces [68].

1.4 Thesis Organization

This doctoral dissertation is organizexhimanner designed to make clear the research carried
out during the project and to present it in a progressive way by addressing the ptoldiem
solved andheir relevance in the introductorghapters followed by materials and methods
used to carry duthe experimentsThe detailed presentation of the equipment used for the
laboratory work and experimental setup design is followed by chapters presenting the results
and their discussiorBummary of each chapter is presented to outline the importarts poin

Overall project conclusions and future perspectives are presented in the last chapter.
Briefly, the contents of each chapter are:

Chapter 1- The first chapter describes the motivation, aims and objectives of the work
performed in this doctoral project. An introduction to LIBS, covering history and related recent

studies is presented.

Chapter 2 This chapter includes salient asggeof the theoretical background related to laser
produced plasmas. Topics including plasma formation, plasma properties and atomic processes
are presented. The concepts underlying the experimental techniques and evaluation of spectra

are also discussed.

Chapter 3 The experimental setups implemented for the research work are described in this
chapter. Details on the range of diagnostic techniquespresented in this chapter. These
technigues werased to perform various experiments on limit of detecfieD) optimizatio

of carbon in steel
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Chapter 4 This chapter presents the results arising from research performed to detect carbon
in steel samples using vacuum ultraviolet (VUV) LIBS. A comparison of the results obtained
with the time resolved VUV IBS system to those obtained with the time integrated LIBS

system ipresented

Chapter 5 This chapter shows results obtained from stupeformed on laser produced line
focus plasmas of carbon in steel samples. Results and a discussion of the tiqtimidianit
of detection (LoD) and comparison with the value obtained using a conventional point plasma

VUV LIBS are presented.

Chapter 6- The final chapter highlights the important findings and presents the overall
discussion and concluding remarks &t the work performed in this doctoral project. A future

perspective on VUV LIBS foapplications in material characterisation is also provided.

Appendices

Appendix 17 Results and a discussion on depth profilapplied to aluminium thin films
deposited on silicon substrates are presented imfpsendix Details on ablation rates and

crater size using optical and 3D microscopy are discussed.

Appendix 27 This appendixpresents results on multivariate analysis for the classification and
identification of differentmetak and semiconducting material samples. The results from the
application of Principal Component Analysis (PCA) to the measured spectra areeshaiud
this appendix Moreover the preliminary results for the material identification by calculating
Euclideandistancebetween therespective pncipal componentsare also included in this

appendix

35



References

[1]
2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

Hahn DW, Omenetto N. 2018 ppl. Spectrosc64 pp 335A-366A.

RadziemskL, CremersD. 2013 Spectrochim. ActaPart B At. Spectros&7 pp 3-10.
Vetter W, Schreiner M.A. 2014 Adv. Chem. S8ipp 7-14.

BricklemyerR, Brown D, Turk P, Clegg.2018 Soil Sci. Soc. Am. 82pp 14821496.

Singh JP, Yueh FEY, Bhatt CR. 2020 Chapter 25 Laser Induced Breakdown

Spectroscopy (Second Edition) Elseyier581-590 (ISBN 9780-12-8188293)

Senesi G5, Harmon RS, Hark RR. 2020 Chapter 23 Laser Induced Breakdown

Spectroscopy (Second Edition) Elseyigr537-560 (ISBN 9780-12-8188293).
Day D.R, Derman K, Egan.B, Soucy FE, 2018 United States patent US 9,952 100.

Veis P, MariRRo | d&n A, Kr i gt aifces $ci. Te2hdRB ArtPNoa s ma

095001pp 1-18.
Hahn DW, Omenetto N2012 Appl. Spectrosc66 pp 347-419.
Fabre C. 2020 Spectrochim. Acta. Part B At. Spectrt®8Art. No.10579%p 1-16.

Jiang X, Hayden P, CostelloTJ Kennedy ET. 2014 $ectrochim. Acta Part B At.

Spectroscl01pp 106-113.

Khater MA, Van Kampen P, CostelloT] Mosnier JP, Kennedy H. 2000 J. Phys. D

Appl. Phys.33, pp225222662.
Carroll PK, Kennedy ET. 1981 Contemp. Phy&2 pp 61-96.

Eliezer S. 2003 Thelnteraction of High-Power Lasers with Plasmas (ISBN

9780750307475).

Morozov Al. 2012 Introduction toPlasma Dynamics. CRC Press (ISBN

36

S



[16]

[17]

[18]

[19]
[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

9781439881323).
Khater MA. 2013 Spectrochim. ActaPart B At. Spectros&1 pp 1-10.

Cremers DA, Radziemski LJ. 2013 Handbook ofLaserlnduced Breakdown

Spectroscopy (ISBN 9781119971122).

PasquiniC, CortezJ, SilvaL.M.C and Gonzag#.C. 2007,J. Braz. Chem. Sod.8 pp

463512
Baddoo NR. 2008J Constr.SteelRes.64 pp 11991206.
Rombach G and Bauerschlag N. 2019 Light Metals 2iB3511357.

W. M. Garrison 1990 JOMJournal of The Minerals, Metals & Materials Society)

pp 20i 24.
Balzer H, HoltersS, Sturm V, Noll R. 2006 Anal. Bioanal. Che&85pp 234-239.
Semerok A and Grisolia C 2018lucl. Instrum MethodsPhys. Reg20pp 31-35.

Li CM, Zou ZM, Yang XY, Hao ZQ, Guo LB, Li X.Y, Lua Y.F, Zeng XY. J. Anal.

At. Spectrom. 20129 pp 14321437.

Michaud DD, Rollosson LM, Ytsma CR, Dyar MD. 2019 5¢' Lunar and Planetry

Conf.2132Art. No. 1079.

Cho M, Park S, Kwon E, Jeong S, Park K. 2019 IEEE 28th International Symposium on

Industrial Electronicpp 451-454.
DebrasGuédon J, Liodec N. 1963 ®. Acad. Sci.257p3336.

Schroeder W, Van Niekerk JJ, Dicks L, Strasheim A, Piepéh 1971 Spectrochim.

Acta- Part B At. Spectros@6 pp 331-340.

Grant WB and Menzies R 1983. J Air Waste. Manag. Ass@3 pp 187-194.

37


https://www.google.ie/search?sxsrf=ALeKk03OnoujZmgYjnyeyubEvo-3r7vFkw:1597667973185&q=Methods&stick=H4sIAAAAAAAAAONgVuLSz9U3yMkxLijJWMTK7ptakpGfUgwAeeSjGBgAAAA&sa=X&ved=2ahUKEwj5zYqAoaLrAhU1rHEKHeF0DT4QmxMoATAPegQIChAD

[30]
[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Marich KW, Carr PW, Treyt W.J, Glick D. 1970 Anal.Chem.42pp 1775177.
Lauterborn W1972Appl. Phys. Lett21 pp 27-29.

Fujimoto JG, Lin W.Z, Ippen EP, Puliafito CA, Steinert RF. 1985 Invest. Ophthalmol.

Vis. Sci.26 pp 177+1777.

RadziemskiL.J, LoreeT. R, Cremers D.AHoffman N.M. 1983 Anal. Chem.55 pp

12461252.
Girault C, Damiani D, Aubreton J, Catherinot A. 1989 Appl. Phys. b&ibp 182-184.
Xu L, BulatovV, Gridin V.V, Schechter I. 199 Anal. Chem69, pp 21032108.

Davies CM, Telle HH, Montgomery DJ, Corbett RE. 1995Spectrochim. Acta Part

B At. Spectroscs0 pp 10591075.

Rosenwasser S, Asimellis G, Bromley B, Hazlett R, Martin J, Pearce T, Zigler A. 2001

Spectrochim. Acta Part B At. Spectros&6 pp 707-714.

Carranza .E, Hahn DW. 2002 Spectrochim. Aat- Part B At. Spectros&7 pp 779

790.
Carranza .E, Hahn DW. 2002 Anal. Chem/4 pp 545054%4.

Y al -,iCroslelg DR, Smith GP, Faris G.W. 1996 Env. Engg. Sci. Hazard. Waste

Hazard. Mat.1®p51-61.
Grant KJ, Paul @, O'Neill JA. 1990Appl. Spectrosc44pp 17111714,

Scholten H, Teule MM, Zafiropulos V, Heeren R1. 2000 J. Cult. Heritl pp S215

S220.

Davies CM, Telle HH, Montgomery DJ, Corbett RE. 1995 Spectrochim. ActaPart

B At. Spectrosc50 pp 10591075.

38



[44] Cremers DA, Barefield JE, Koskelo AC. 1995Appl. Spectrosc49 pp 857-860.

[45] Knight A.K, Scherbarth N.L, Creme.A, Ferris M.J 2000. Appl. Spec54 pp 33t

340

[46] Stroupe A.W. 1999. Icebreaker Scientific Package: A Proposed Scientific Instrument

Suitefor aLunar Polar Mission. Carnegie Mellon University, the Robotics Institute

[47] Gaudiuso R, Melikechi N, Abdealam ZA, Harith M.A, Palleschiv, Motto-Ros V,

Busser B. 2019 Spectrochim. ActRart B At. Spectrosd.52pp 123-148.

[48] Rehse S.J. 2014 Biomedidgpplications of LIBS. In: Musazzi S., Perini U. (eds) Laser
Induced Breakdown Spectroscopy. Springer Series in Optical Scid@&Springer,

Berlin, HeidelbergISBN 978-3-642-450853).

[49] Aguirre M.A, Hidalgo M, Canals A, NobregaA], PereiraFilho ER. 2013 Talanta17

pp419-424.

[50] PoS2zka P, Demi dov A, K a |, Baane U,RiedelKle20lva ni an

Spectrochim. Acta Part B At. Spectro$01pp 155163.

[51] Pagnin L, Brunnbauer L, Wiesinger R, Limbeck A, Schreiner M. 2020 Awanal.

Chem.412pp 3187 3198
[52] SturmV, Erben B, Fleige R, Wirz W. 200pt. Express27 pp 3685536863.

[53] Cremers, D.A, Beddingfield, Smithwick R, Chinni R.C, JoneS.R, Beardsley B

Karch L. 2012. Apl. Spec.66 pp 250-261.

[54] Maeng H, Chae H, Lee H, Kim G, Lee H, Kim K, Kwak J, Cho G, Park K. 2017 Aerosol

Sci. Technol.51 pp 10091015.
[55] SturmV, Peter L, Noll R. 2008ppl. Spectrosch4 pp 12751278.

[56] Khater MA, Costello JT, Kennedy ET. 2002Appl. Spectroscs6 pp 970-983.

39



[57] R. Noll. 2012LaserlnducedBreakdowrSpectroscopyFundamentals anéipplications,
1st Edition SpringefVerlag, Berlin, (ISBN 978-642-206672).
[58] Aragon C, Aguilera A, Penalba F. 1998 ppl. Spectroscs3 pp 12591267.

[59] Gruber J, Heitz J, Arnold N, Bauerle D, Ramaseder N, Meyer W, Hochortler J, Koch F.

2004Appl. Spectrosch8 pp 457-462.

[60] Sturm V, Vrenegor J, Noll R, Hemmerlin M. 2004 J. Anal. At. Spectrt®mp 451-

456.

[61] Werheit P, FrickeBegemann CGesing M, Noll R. 2011.Anal. At. Spec.26 pp 2166

2174.

[62] Zhu X, Xu T, Lin Q, Liang L, Niu G, Lai H, Xu M, Wang X, Li H, Duan.®2014

Spectrochim. Acta Part B At. Spectro88 pp 8-13.
[63] Aguilera JA, Aragon C, Campos J. 19%)pl. Spectrosc46 pp 13821387.
[64] AndorTechnologyinc. https://andor.oxinst.com/products/spectrograpbisitions

[65] Miziolek A.W, Palleschi V, Schechter |, Editord.aser Induced Breakdown

Spectroscopy. Cambridge university press; 2006 (I9BBI0521852746).

[66] Harvey PD. 1982 EngineeringProperties ofSteel, American Society for Metals,

Michigan (SBN 9780871701442)

[67] Eppler AS, Cremers A, Hickmott D.D, Ferris MJ, Koskelo AC. 1996 Appl.

Spectroscb0pp 11751181.

[68] Mateo MP, Palanco S, Vadillo.Ml, Laserna J. 2000Appl. Spectrosc54 pp 1429

1434.

[69] Rodolfa KT, Cremers DA. 2004Appl. Spectroscs8 pp 367-375.

40



Chapter 2 Theoretical Background

2.1 Plasma Definition

Plasma, generally known as fourth state of matter, is simply an ionized gas. An external source
of energy is required to both create and sustain a plfgmaJore precisely, a plasma is a

local assembly of atoms and/or molecules, ions and free electrons with an overall neutral
electric charge. Equation (2.1) below déses mathematically the relationship between the
electron number densityq and the density of ions in the charge state z, desigrated

represents one key criterion in the definition of a plasma, i.e., overall charge ne[8fality

eg. (2.1)

This electricchargeneutrality arises from the strong and lagngeCoulombic force within
the plasma which is in contrast with the weak and short range interactions between the
constituentof neutralgas, e.g., the van der Waals force between atoms or molecules which

ultimately lead to condensation into a liquid or ewesolid at high pressure [2,3].

The | ong range Coul ombic order within a
responsed to ext er nappledmlectrit field, bvbeteieach gartickeicanh a s
interact with its neighbours, and with the perturbing force, in a concerted fd&hidror
example, electrons, coupling to an oscillating field, will themselves oscillate collectively giving
rise to the concept of a plasma wave. The ions can also behave collectively, g&itwion
waves, but, due to their greater mass, they will have a much lower frequency. If there is a

displacement of electrons within the plasma these electrons will tend to return to their
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equilibrium positions The plasma frequency,, comes from the sxillatory solution to the

eqguation of the motion of these electr¢Bpand is given by the expression:

] p= — eq. (22)

where R is the electron density, e is the charge on an electreis thhe mass of an electron

a n o is the permittivity of free space. An electromagnetic wave, propagating through a
plasma, will undergo dispersion. EquatioB 8hows the mathematical relationship between
the plasma and wave parameters for an electromagnetic wave travelling througima, pla

namely:

T ®©Q eq. (23)

where pis the plasma frequenay, is the angular frequency of the propagating wawhe

speed of light, an@Xhe propagation constant given [3y:

Q — eq. (24)

If7 >7 4, k will be real, and wave propagates through the plasma. Converfsaly if k will
have an imaginary value and the wave will not propagate. In this case the plasma becomes

reflective, much like a metal mirror due to high density of free electrots srface.

Plasma reflectivity is an important phenomenon in the generation of laser produced
plasmas since, as the electron density increases, the plasma reflectivity increases, and the laser
radiation will start to be shielded from the target surfacthe case of a fully reflective plasma,
the incident laser pulse cannot be absorbed. The electron density at which this occurs is

designatedsthe critical electron density, or simply the critical density, and is given by:

E — — eq. (25)
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The 6shielding effecto of el ectrons on I on
phenomenon. Electrons in the plasma will naturally tend to surround the positively charged

ions whereas ions of like charges will exhibit the natural tendensgparate from each other.
Therefore, these electron Obarriersé shield
influence that each individual charge can exert on its neighbours is shielded up to a
characteristic distance known as the Debye lengtf2-5], which is given by the following

expression:

E— eg. (26)

where-o is the permittivity of free spacéQ is the Boltzmann constaritgis the electron
temperature of the plasma (in kelvin), @ad the charge othe electronThus, there are a
number of criteria which an ionized gas must satisfy in order to be considered as a plasma. The
first two criteria confirm that the plasma exhibits collective behaviour, while the third ensures

that ionized gas acts like égapma rather than a neutral ¢ék

One more characteristic property of a plasma is that the plasma dimenstomsid

be larger than the Debye length[2-5], i.e.
eq. (27)

When the Debye length is smaller than the dimension of the plasma the collective response of

a plasma becomes of primary importance, while below the Debye length, effects from
individual charged particles can be felt. This shielding effect of the plascoales effective

up to a threshold density of el ectradensdy based
designatedhe plasma parameteroNvhich requires that the number of electr@nsin any

given sphere with a radius equal to the Ddbypgth should be greater than urjy4], namely:

0 P eq. (28)
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The parameter dis essentially equal to the number of particles within the Debye sphere to

ensure the statistical validation of plasma shielding.
.$ AT IS eq. (29)

Yet another criteriomelateso the electromeutral collision frequengyvhichshould be lower

than the plasma frequency
J 9 eg. (210

Typicaly if the plasma oscillation frequendg ¥ andUis the timebetween collisions with

neutral ates, then the produdaif these two numbershould be greater than un[§j, i.e.,
Tt p eq. (211)

2.2 Laser Produced Plasma Formation

A laser produced plasma is formed when a fpgtver laser pulse is focused onto a (usually
solid) target material, with an irradiance above the material threshold, which is typically in the
range of 18- 10'° W/cn¥ [4]. The detailed lasaiarget and laseplasma interactions will be
described below but in summary the formation process begins with single or multiphoton
photoabsorption at the target surface with subsequent phase changédjcpalkidi vapouri

plasma in the host material. For some materials, the liquid phase may be omitted, or at least

very short lived, if they undergo sublimation [5].

In the initial phase of laser matter interaction, material is ablated to form a dihaterva
and seed electrons are formed by photoionization in the intense laser field. Within picoseconds,
electrons are raised to higher kinetic energy due to the process of inverse bremsstrahlung (IB)
and ionize both the vapour and target to cause furtheraiion and ablation [4]. The on
target irradiance (in W/cfh and the laser wavelength determine the plasma parameters like
temperature and density and are hence responsible for the degree of ionization of the plasma
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plume formed in the interactio@ncethe plasma has been formed, the remaining laser energy

is absorbed by the expanding plasma via inverse bremstrahlung and may also reach the target
to cause further ionization there. This process takes place when the electron density of the
plasma is belovthe critical density. Since the process is regenerative, i.e., the more laser
radiation is absorbed by inverse bremsstrahlung, the higher the electron density becomes and
hence the more efficient is the IB process so that this becomes an avalanche Prooedse

plasma reaches the critical density, the laser radiation can no longer penetrate the plasma plume
and the IB process ceases, restarting after the plume expands somewhat to reduce the plasma
density so that the laser radiation can once agairagetp into the plasma plume. The process
continues cyclically throughout the laser pulse duration. Figure 2.1 below shows the

approximate time scales for the different epoques of formation and evolution of plasma [7].

Surface absorption,
thermal vaporization and
plasma formation

1

Plasma
reflection/absorption

Laser Pulse

6(ns)

Plasma expansion,
continuum emission

60(ns)

Line emission

300(ns)

Particle ejection, plume
condensation

alad

1.5u

t(s)

Figure 2.1 Laser produced plasma formation and expansimacuq illustrating the
different evolutionary stages from the plasma formation to late phase plume condensation
which can yield clusters for materials growth
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Referring to thatigure, the formation and evolution of a laser produced plasma can be divided

into three key stagd8], namely:

1. Lasermatter interactiofi occurs when laser pulse interacts with the target material.

2. Laserplasma interaction occurs when laser pulse interacts with the plasma formed in

stage 1.
3. Plasma expansion The expansion (often adiabatic) of the ablated plumbe the

surrounding medium (vacuum or gas) after the laser pulse has terminated.

The three stages above are described in additional detail in the following three subsections.
2.2.1 Laser-Matter Interaction

Lasermatter interaction phase refers to the diredet surface interaction and the initial
removal of matter into a vapour cloud via laser ablation. When a laser pulse is incident on the
target surface some of the radiation is reflected from the surface while a portion of it penetrates
the surface. The gkdeptli is a measure of the penetration distance and is typically a fraction

of the incident radiation wavelength. It is given by the expression:

) — eq. (2.12)

Wherg is the angular frequency of the incident laser radiatidhe magnetic peneability
of freespace, ang the conductivity of the target material [9]. Electrons absorbs the radiation
from the incident laser field and these free electrons can transfer energy into the bulk material

to a heat penetration depth fiven by[9]:

0 ¢Ot eq. (2.13)

wheret is the duration of the laser pulse and D is the heat diffusion coefficient given by

O="® §whereQs the thermal conductivity, is the mass densit,the specific heat capacity.
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The heat penetration depth for nanosecond lasers incident on metal targets is on the

order of ~1ed , significantly larger than the laser optical field penetration depth [9], i.e.,
0 1) eq. (2.14)

So, the energy thas iabsorbed at the material surface and down to a dimension equal to the
skin depth is transferred thermally in the bulk and hence the target material can undergo phase
changes from solid to liquid to vapour states. During these induced phase changescehich

as a result of irradiation by a laser pulse on the nanosecond timescale, vaporization usually
requires much more energy deposition than melting. Evaporation will take place when the
degree of heat penetration depth into the bulk material is sukci ¢xaeeds the latent heat of

evaporation per unit volume.

The ablation deptlgzy, depends on théi, the surface absorption coefficief@ the
laser fluence’@ the threshold fluence ang the latent heat of vaporization and is given by

the following equation [10].

o

Yoo —— eq. (2.15)

The minimum energy at which adequate ablation takes place is usually specified as a threshold
fluence and is typically the value neededyield ablation of material to a depth equal to the

heat penetration depth, i.6wwhich is, in turn, pproximated a$10]:

0 y

eg. (2.16)

where¥ is the difference between the melting temperature of the material and its initial

temperature and c is the specific heat capacity of the material.

The threshold fluence depends on the mat ¢
related parameter,bnwn as t he Obreakdown threshol dé whi

densityor irradiance with units ofo ¢ &2. It is obtained by dividing the threshold fluence (in
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o 4?) by the laser pulse duration. In typical LIBS experiments, the breakdovehdts of

solid targets are found to lie in the range ofil@0° ¢ & &2[3]. For a pulse of fundamental
wavelength 1064 nm with 6ns pulse duration and pulse energy between 600 to 800 mJ, focused
to the spot di ameter of ar oun dppraxinatelye167, t he

@ & &2 well above the breakdown threshold.
2.2.2 Laser-Plasma Interaction

After the formation of initial or prglasma by single and/or multiphoton ionization of the
vapour above the target surface, laser radiation is absorbed by the free electrons through the
proces of inverse bremsstrahlung. Since the photon energy for visible and infrared lasers is
generally less than the work function for most metals, the formation of the dilupdagrea

usually occurs through multiphoton ionization or MPI.

Inverse bremsstrahlung (IB) is the process in which free electrons absorb the incident
radiation within the vicinity of an ion. The latter is needed to satisfy conservation of
momentum, with the ion balancing the momentum gained by the electron in than pho
absorption process. Very quickly the MPI rate is overtaken by the IB rate which goes on to
dominate the laser radiation absorption process. At this point it is electron collisional ionization
of the plume constituents, along with target surface iowizaby energetic electrons
transported into the deflagration zone, that dominates. As this process continues more free
electrons are produced so that the electron density continues to rise, and hence the IB rate
increases, so that more of the laser ene&s@bsorbed by more electrons which cause even
further ionization and concomitantly, an even higher electron density. This interplay between
the increasing electron density, leading to an increasing IB rate, leading to a high e¢ectron

collisional ioniation rate, leading to an even higher electron density, results in an avalanche
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ionization process which terminates only when the plasma reaches the critical density

(section 2.1).

At this point the plasma becomes opaque to the incident lasetioadwhich is
reflected from the critical density layer. However, subsequently the plasma plume will expand,
thereby reducing the electron density. When it becomes low enough, the laser can once again
penetrate the plasma plume which will be able to abssdr radiation. Hence this cyclical
process of the absorption of laser radiation, leading to an increase in both free electron energy
and electron impact ionization rate, leading in turn to an increase in electron density up to the
point where it reachethe critical density followed by expansion repeats right throughout the
duration of the laser pulse, i.e., typically for a period of nanoseconds. In this phase the
expansion of the plasma is isothermal as the expansion time is significantly greateatiramn h

time and therefore one can consider the plume to have a constant plasma temperature.

2.2.3 Plasma Expansion

The plasma is assumed to be a high temperature aneptagbure gas which expands
isothermally during the temporal interval of the laser puisthis case thermal energy acquired

via inverse bremsstrahlung and collisional excitation is balanced by the rate of heat loss to the
surroundings by radiative processes. On the other hand, after the termination of the laser pulse,
expansion of the plasn@auses it to cool as thermal energy is rapidly converted into kinetic
energy. At this point plume expansion can be described as adiabatic and the three dimensional
(3D) expansion model developed by Singh and Narf8jarcan bespplied to it.In this model

the plasma is assumed to be an ideal gas at high pressure, temperature and fixed volume, which
expands abruptly into vacuum, having been confined to a small volume before being allowed

to expand. The expansion of the plasma into vacuunvéndiy following equation:

DO — O — Ho — eq. (2.17)
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where @, @, @, are the initial (orthogonal) edges of the plasma @ands the plasma
temperature, ondbe laser pulse has terminatéd.i s Bol t z ma dimséhe massoh st an't
the atomic species aridis the ratio of the specific heat capacities at constant pressure and
volume[8]. This model does not differentiate between the matiodifferent species (e.g.,

ions of different charge) present in the plasma, rather it considers the expansion of the plasma

plume as a single fluid.

Itis evident from the equation 2.17 that expansion velocities are dependent on the initial
dimensions ofthe plasma, with the highest velocities in the direction of smallest starting
dimension. Initial dimensions of the plasma will be smaller in the direction normal to the target,
where it will be typically a few & whereas along the target surface it wé larger by an
order of magnitude or so due to the spot size 100 td 2@0Therefore, normal to the target
surface the expansion velocity will be greater, leading to anisotropic expansion of the plasma,

creating the elongated laser plasma sh8pe

As the expansion velocity for each plasma plume constituent is dependent on the mass
of that specig one would expect the lighter and faster electrons expand at a faster rate than the
heavier ions. Hence one would expect to observe a clsappration between the leading
electrons and the following ions creatingacsa | | ed &éambi pol ar fiel do.
is of course limited by the Coulombic restoring force of the ions on the electrons at the front

of the plasma plume to typicallgss than the Debye length [11].

2.3 Atomic Processes irLaserlnducedPlasmas

There are many processes that takes place within a laser produced plasma which facilitate the
absorption, propagation and emission of radiation. Atomic processes are categtwiseddn
main groupings or classes based on initial and final states of the electrons involved; namely

boundbound, freebound, and freéree transitions(Table 2.1) There are two different
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mechanisms of energy transfer that underlie these processes, namely radiative and collisional.
Radiative processes concern the energy transfer between photons (electromagnetic radiation)
and species with the plasma whereas collisional processes are i@ llwedransfer of energy

between electrons, atoms, molecules and ions within the plasma [12,13].

Table 2.1 Primary atomic processes that occur within a laser produced plasma where B
refers to bound, and F refers tofree, eletron processes

Process | Excitation De-excitation Type

B-B Impact Excitation Impact Deexcitation Collisional
B-B Photoabsorption Spontaneous Decay Radiative
B-F Impact lonization 3-Body Recombination Collisional
B-F Photoionization Radiative Recombination Radiative
F-F Bremsstrahlung - Collisional
F-F - Inverse Bremsstrahlung Radiative

2.3.1 Bound-Bound Processes

There are four boundound processes, two collisional and two radiative. These Hoountd
processes describe the transitions of electrons between discrete electronic states of an atom or
ion.

i.  Collisional Processes

When a free electron collides with aom@tor ion it may gain or lose energy. If the free electron

transfers energy to the atom, the bound electron is promoted to a higher energy state. This
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process is referred as electron impact excitgfignre 2.2) The inverse situation is known as
electran impact deexcitation, where a bound electron is induced to drop down to a lower energy

state, emitting the excess energy in the form of a photon. Equation 2.18 describes the collisional

excitation processd45]:

I Ax o017 Ax where(X X ) eq.(2.18)
while equation 2.19 describes the collisional deexcitation process:
0° Ax o1 Rm4 Ax where(X X ) eq.(2.19)

Where A is an atom or ion in its ground statéjsAthe same atom/ion in an excited state.

andX are the kinetic energies of the free electron before and after the collision.

[}
Free electron Excitation , De-excitation
Continuum \ 1
/11110171020
I

lonization Potential

® E2

E1 [ ]

Figure 2.2 Schematic of electron impact collisional excitation angxigtationoccurring
in a laser produced plasma where thpai bound state has energydnd lower bound state
has energy £

When an electron is excited to a higlemergy state by the absorption of photon the
process is known as photoabsorption. In the inverse situation when the electron drops

stochastically to a lower energy state by the emission of a photon the process is known as
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spontaneous decaBoth processes ailtustrated in figure B anddescribed byquation 2.20

below.

0 Wz !° eq. (2.20)

Free electron

cgntinuuwoabsorption | Spontaneous Decay
(1Ll Ll cs

lonization Potential

E2

>
hv : \hv

E1 [ |

Figure 2. 3 Pure radiative processesamelyphotoabsorption anghotemission of line
radiationarising from bound to bound transitions

2.3.2 Free Bound Processes

i. Collisional Processes

When a free electron collides with a bound electron in an atom or ion and transfers enough
energy to promote the bound electron into a continuum state, this process is known as electron
impact ionization and it results in the ionization of target atotmod/ recombination is its
inverseprocessand it takes place in relatively higlensity plasmas where there is a high
probability of finding two free electrons entering into the Debye sphere of an ion. The ion
captures the first electron whereas the se@actron absorbs the surplus energy in the form

of a gain in kinetic energy. Since an jamd two free electrons are involved in this process it

i's t erbnoeddy 0fi 3r ecombi nat i on . iluStiatecsie figireva4(@)p r oc e s

described by the falwing balance equation:
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5 Qf z 0 Q7 Qf P eq. (2.21)

wherez is the charge stat&, represents the energy of the incoming electrons its post
interaction energy whereas is the liberated free electron energy. The forward equation
illustrates the ionization step whereas the reverse representbolaly B2ecombination process.

The two processes are illustrated in figu{&).
ii. Radiative Processes

When a photon of energy greater than binding energy of the atom is absorbed by a bound
electron, the electron is freed from the atom, i.e., it is promoted into a continuum (free electron)
state and the parent atom is ionized. This phenome&n&nown as photoionizatioand is
illustrated in figure 24(b). When there is a very high photon energy more than one electron
may be liberated, which is known as single photon, multielectron ionization. This process is

only possible when strong electrefectron correlation prevai[45].

Free clectron lonisation | Recombination | freeelectron lonisation | Recombination
Continuum . —c Cc inuum :
1
LIAIN s Ny// VIV VI
! g : o
I
E h - : hv
1 1
@ : (b) |
. e ! !
1 I
I I
1 I
€ L € 1

Figure 2.4 Boundfreeprocesses taking place within a laser produced pla@)yghe left
hand side figure represents the electron collisional processes (impact ionizatiehayd 3
recombination)a) Shows the radiative processes of photoiatian and radiative
recombination. The blue dots represent the ionizing and recombining electrons in each panel
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In the inverse process, a free electron is captured by an ion into an excited bound state
of that ion. It therefore emits a photon with arelgy equal to the sum of the free electron
(kinetic) energy and the binding energy of the state into which the electron has been captured.
The process is known as radiative recombination. Since free electrons in a laser produced
plasma will have a continau of kinetic energies, the radiative recombination spectrum will
be continuous in wavelength or frequency. Equation 2.22 illustrates these processes with

photoionization going from left to right and radiative recombination is the opposite direction.

0 Wz o Q eq. (2.22)

2.3.3 Free-Free Processes

The freefree processes occurring in a plasma are designated bremsstrahlung and inverse
bremsstrahlung (IB) respectivednd are illustrated in figure 2.5 beloWwhe importance of IB

in the formation and heating of laser produced plasmas has already been noted above in
Section 2.2. Bremstrahlung is dominant in the early stage of plasma evolution, typically for
times less thAn 100 nsBremstrahlung is caused by the collisions between free electrons and
ions or neutralais expressed in edion 2.23 Due to these collisionglectrons lose kinetic
energywhich is converted intcontinuumradiatian. This type of broadband radiion is one

of the most characterstic signatsiof laser produced plasma.
iii.  Collisional Processes

When an electron passes within the vicinity of an ion, it will sense its Columbic field and may
decelerate resulting in the emission of photon. Since the radiation is produced by deceleration
of the free electron it i emsstrehfuregrandeidusually A b r

observed in the early stages of laser produced plasma formation and evolution. Once again, as
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free electrons in a thermal plasma, like a LIBS plasma, possess a continuous distribution of

kinetic energies, bremsstrahlung exhilaitsontinuum spectrufi5].
iv.  Radiation Processes

When a free electron passes close to an ion, it can absorb a photon thereby increasing its kinetic
energy. This process is only possible when the electron is in the vicinity of an ion so that the
momentim gained by the electron can be transferred to the heavier ion to ensure momentum
conservation. The two freéee pathways are described in the equatioB, 2vhere forward

direction represents Bremsstrahlung, whereas IB iswecsa.

0 Qf z0 QfF 7T 2.23

Bremsstrahlung | Inverse Bremsstrahlung
Free electron

Continuum

Figure 2.5 Bremsstrahlung and inverbeemsstrahlung taking place within the produced
plasmaThe upper and lowarontinuum stateare designatedand , with .El1 and
E2 refer to two typical bound states of the atom or ion.
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2.4 Equilibrium in Plasmas

Figure 2.6 illustrates the limits density and temperature limits pertaining to the different
equilibria which can exishia plasmaAny plasma which exists in a complete

thermodynamic equilibrium (CTE) state must meet following crit@;s4-18;

1 All plasma species i.gelectrons, ions and neutrals must exhibit a Maxwell velocity
distribution

1 The Boltzmann formula describes the popiotadistributions over states of any atom
or ion (excitation balance)

1 There must be ionization balance, as described by the Saha equation (which relates
the number density of ions with charg® those of chargez{1))

1 The Planck radiation distributidnnction describes the intensity distribution of

emitted radiation

n(Nd:YAG)

n.(€02)

1018_

CO0, laser plasmas

Nd:YAG laser plasmas

i : }
10! 102 103
T.(eV)

Figure 2.6 Criteria for the validity of different thermodynamic equilibrium models as a
function of electron temperature and denglty] .The critical density for Cé&and Nd:YAG
laserproduced plasmas is also marked by the horizontal lines.
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Plasmas in complete thermodynamic equilibrium (CTE) exhibit a detailed balance between
each atomic excitation and ionization process, collisional and radiative. Although, it is not
possible in laborttary plasmas due to energy lossie®ughemission of radiation, there are
three thermodynamic models which can be used, in limited circumstances, to describe
laboratory plasmas:

1. Local Thermodynamic Equilibrium (LTE)

2. Coronal Equilibrium (CE)

3. Collisional Radiative Equilibrium (CRE)

These three models are explained in detail below.

2.4.1 Local Thermal Equilibrium

A system which is dominated by the collisional excitation and deexcitation is said to exist in
local thermodynamic equilibrium (LTE). This model isiddbr a plasma when there is a

high electron density, so that the collision frequency between plasma species is high. The
processes of electron impact excitation and ionization must be equal to the rate of collisional
de-excitation and three body recomation in the plasma for this model to be valid. There

should be a greater probability for an ion returning to the ground state through collisional de
excitation compared to spontaneous emission and therefore a critical value of electron density
is requiredor LTE to hold in a plasma. This condition puts a lower limit on the electron

densitye for LTE to hold true, which is given by the McWhiter criterib8i:

& p&® pTY ..oh eq. (2.24)

where"Y'(s the electron temperature ands the excitation energy of the transition under

consideration, in units of electron volts (eV).
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It is clear that the threshold electron density scales very strongly with (to the third
power of) the transition energriem et.al [19] provided the exaief a hydrogen plasma
where his analysis suggested that at temperature ofDEW0Q0K) and atmospheric
pressure, an electron density of26m?* would confirm the predominance of LTE. This

implies that LTE can be achieved in a LIBS plasma generated iosadiance of >

10BW/cn.
2.4.2 Coronal Equilibrium (CE)

The CE model is valid for optically thin plasmas with low density which are typically found in
solar coronas. In this case electron collisions are the main cause of excitation and ionization,
both of whch are balanced by deexcitation and radiative recombination prof24€¢$7,19]

Due to the low electron density the collisional excitation rates are low and hence excited
electrons will have enough time to relax to the ground state before anottsonallexcitation

event takes place. Therefore, most ions in the plasma are in their respective ground states. In a
plasma that exists in CE, the radiation emitted by the species within the plasma is not
reabsorbed as it travels througiwihich implies hat both photoexcitation and photoabsorption

are negligible. Hence, in this model collisional processes excite the atoms and ions but, due to

low electron density, collisional ekxcitation is rare.
2.4.3 Collisional Radiative Equilibrium (CRE)

The CollisionaRadiative model defines an intermediate equilibrium between the Coronal and

the LTE modelsThe CRE model tends to the Coronal model at low density and to the LTE

model at high density. In this model both collisional and radiative processes have to be
consdered. Theapplicability of the CRE model is based on the conditions mentioned by

Colombant and Tonon [17]:
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1 Only collisions involving electrons, which are more efficient than collisions between
heavy particles are taken into account, and the procestoad@nation and its inverse
process, i.e., dielectric recombination are neglected

1 The velocity distribution of electrons is considered to be Maxwellian; this condition is
fulfiled when the electromlectron relaxation time is smaller than electron hgatin
time. At high electron density the electron relaxation time is the smallest time
characteristic in the plasma

1 The population density of ions of charge- 1 must not change intensely when the
guasisteadystate population of ions of chargés being fomed

1 The plasma must be optically thin to its own radiation therefore the phmion

interactions can beeglected

This model is ppropriate for electron deng@sin the range between ¥&nv3 to 1 cn3.

2.5 Quantitative Spectroscopy Using LasePlasmas

Quantitative spectroscopy is based on the use of the emission from the laser produced plasmas
which is intrinsically dependent upon the quantity of the elements present in the complex host
sample. Two main methodologies applied to study laserrpduced plasmas namely, atomic
absorption spectroscopy (AAS) and atomic emission spectroscopy (AES). The basic principle
of AAS is that atomic and molecular species in various different states of ionization will absorb
photons at discrete wavelengths. Talsorbance is dependent on the electronic structure of

the atom or ion under study. AES usgpasite mechanism where a hot plasma is used as an
excitation source which emits both line and continuum radiation. Both radiation types can be
used to diagnoseonditions (e.g., temperature and/or electron density) within a plasma. The
line radiation is characteristic of the element or elements in the plasma and can be used to

identify and sometimes quantify those elements.
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2.5.1 Number Density of the SpeciesUnder Analysis

For quantitative spectroscopic studies of laser produced plasmas we can state very simply that
6more atoms mean more emissionb6. Therefore,
there is a corresponding change in the integrated intensibheadmitted spectral line due to

the change in the number of spediethe ppe energylevel, desi gnated 6ko in

below,of the observed transition wi t h | ower e n e(Fig 3.7)Shenarmmber desi g

densityof species in the upper state, designatels given by:

€ _— eq. (225

where¢ is the total number density of the species in the same ionisation "&aite the
degeneracy of the stabek © is the energy of thaxcitedstaterelative to the ground state of

the speciegin the same state of ionisaticand T is the plasmi@mperature.

Q in the equation 25describes the canonical partition function, representing the range
of degrees of freedom of an atomic species in a particular state and is summed over all

permitted energgtatesd sliis expressd as:

~

0 B "QQ eq. (226)

2.5.2 Line Intensity and Transition Probability for Optically Thin Plasmas

Where the number density of an element in a plasma istt@aplasma is optically thito the
radiation emitted by that element, even for transitions where the lower level is the ground state
of the atom or ion under studphis is the castor thesteel samplestudiesn this thesisvhere

the carbon concentration is very low relativette ironconcentrationTherefore, for this work
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optically thin plasmas are studied ahe expression for the intensity of a licgn bewritten

in the following form:

O eq. (227)

In equation 27, 0 is the(sportaneousyadiative transition probability from arppe level
k to a lower level and"Q is the degeneracy of thgpe level K) of the transition in the path
length X. Figure Z shows the relative transition probabilities and their relationship to the

energy levels [21].

hv
N Ay neu By nju, By

Figure 2.7 Transitionprobabilities in a tweevelsystemwith lowers t at e deand gnat ed
upper de8] gpas$ egksBiakdk, where k< E. Thepopulatiors (number
densities)of each state are designatechaand n respectivelyand have units of ™

The frequencyndassociated with this transition is giventow= Exi Ei. Three
processeare illustrated in figure 2, hamely spontaneous emission, stimulated emission and
absorption The transition probability for each of these processes depends on their respective
Einstein coefficientsvhered representspontaneous emissiod, is the Einstein
coefficient for stimulated emission and is the Einstein coefficient for absorptian. is a
probability or rate and has units of.sThe B coefficients have units offin's2. The number
of absorption processes per second pemumder the influence of a radiation field wih
spectralradiant)energy density is given by0 € 0 6 [19], where6 has units of

J.s.m? or more commonhd.m3.Hz*. On the other handhe number of emissicgventsper
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second per fis comprises both stimulated and spontaneous processes and is given by

€60 ¢£0

2.5.3 Spectral Line Intensitiesi Radiative Transfer

For a laser produced plasma in local thermal equilibrium (th&) s pect r allh,bmorea di anc
commonly specified as Othe intnensstgebdbifnead s
energy emitted from the plasma per unit time, surface area, solid angle and fraquerits

of J.st.m?srl.Hz! or W.m%.sr1.Hz. The equation of radiative transfer can be used to express

the change in the intensity of a spectral line or spectral radiance along a sjeifion[20].

It can be derived by considering a beam of radiation, contained in a small solid\a&{g(,

passing through a slice of plasma extending
One can write that:
Nik = BikUn = B'ikIn eq. (2.8)

where Nk is number 6absorption process per second pe? andi and karethe lower and
upper energy levelsf the transition under consideratidtere we defind8' asthe intensity
form of the B coefficiensuch that it satisfies the equality in equation 2l2& defined as
thespectral radiancand thespectraradiantenagy density u of a given radiation field are

related by

We express now the change in the radiation intensity at frequency betwadn +

dn between x and x + dx, in a cylinder of cross section dS, for a time interval dt:

(1, (x+dx) -1,(x))dSds d d—'af(x) dxdSa d eq. (2.3)
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This quantity corresponds to the difference between the energy emitted and the energy
absorbed during the same time interval dt. Considering a transition between two energy levels
i and k, with EE< Ex, theenergy emitted either by spontaneous or stimulated emission from

level k can be written as:
E. e = NN, ALQ, deudxe%lv + hyn'B, g dsd udx%{w eq. (230)
0 P

If ni is the population density of level i then:
O £ 6 QQYQI Ra@ eq. (231)

The function gis the line shape function for the transition of interestustbe introduced
since the Einstein coefficients are frequency averaged and if transition rates induced by
monochromat light are needed the Einstein coefficients have to be multiplied by the

appropriate normalised line shape function.

The equation of radiative transfer relates the difference in intensity between x and x +

dx, to the difference between the energy absbdnd emitted, and it can be written as:

dl,  hu |
=25 (AN (B &) L) a eq. (232)
or
d, _
ol K eq. (2.3)

wheree, is the volume emission coefficient akdis the volume absorption coefficient

defined by:
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hu
=—A, (2.3
€, = 35 ALY, eq. (2.3)

and

27} a . 0
K, =, BN Eiﬁ 8. eq. (2.3)
¢ Gn +

With the change in the elemental concentration there is a corresponding change in the
integrated intensity of themitted spectral lines because of the change in the number density
The number density indicates the number of the particular excited species with electrons

populating the upper energy levelkobthe observed transition and is contained in the abtic

density parametar @, where 6X6 is |l ength of the pl asma

2.5.4 Analytical Calibration Function and Curve:

Equation 2.31 is the fundamental equation for emission spectroscopy, which can be used to
determine the population density of relevapecies (atoms or ions) for an element in the
plasma from a measurement of the absolute line intensity of the corresponding transition and
knowledge of excitation constants and other atomic constants. However, it is not possible to
derive a theoretical @xession relating number densiy in equation 2.31 tdhe absolute
concentration of that element in tleiginal solid sampleor target Hence in practice an
empirical relationshippetween observed line intensity and its correspondamgentrations

used insteadThis relationshipis known as analytical calibration functioexpressed in the

equation:

0 Q8 eq. (2.3)
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Plots of this intensity versus the concentration of the element under analysis in the target
material are Rown as analytical calibration curves and are considered as basis of experimental

analytical spectroscopy.
2.5.5 Emission from Steel Plasmas in the VUV Spectroscopy

Laser produced plasmas emit both continuum and line emission within the VUV wavelength
range, tyically from 35 to 180 nn{17]. During the early stages of the plasma lifetime,
typically between 0 to 150 ns, the plasma is hot and dense. Thefedeffeee and fredoound
atomicprocesses tend toe presentandso both bremsstrahlung and radiativeomabination
continuum or broadband emissi@nobservedWhen the plasma starts cooling, during mid to

late plasma lifetimes, excited atoms decay to lower energy states. At this stage line emission
arises from bountbound processes which contains useféibnmation not only about the

atomic species present but also about the plasma conditions such as plasma temperature and

density.

The steel spectra of interest for this study lie within the wavelength range of 92 nm to
108 nm which contains several emissiines from a number of species present in the target
sample including carbon as a trace element (in particular’tHm€ at 97.7 nmand alsdines
from the steel matrix (in particular the¥dines at 98.12 and 98.4 nm). Thé*@ne at 97.7
nm is the most sensitive carbon line in terms of signal to noise ratio and limit of detection with
respect to any other lines present in the vactlirange of 40 nm to 160 nm. Hence it is the
most suitab@ for performing quantitative composition analyses of metals and alloys for their

carbon content [21]. The line corresponds to tR8$$'So) - 15°2s2p EPy) transition.

2.6 Analytical Figures of Merit

The Limitof-Detection (LoD) is one of the most impant figures used in analytical
spectroscopy and in chemometrics. The International Union of Pur@&@pleed Chemistry
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(IUPAC) has defined limibf-detection as the smallest concentration of analyte in the sample

that can be reliably distinguished from @etoncentration. It should also be stated that,
according tAAssociation of Analytical Communitiea(OAC) , At he | i mit of de
as the lowest contenttheanb e me asur ed wi t h r e2sToelimibof-e st at

detection dependn the statistical distribution of data points in a spectrum.

The gaussian distribution is used as a function to distribute the data points within the
spectrum, which is mainly defined by the standard devigtiand mean of the data. In terms
of quantitative spectroscopic analysis, the general expression for a gaussian distribution is

integrated and normalised to unity:

C2
&

h Qw p eq. (2.9)

The probability (P) of a data point lying within the integrated area is obtained by changing the
limits of the integral to the values pf therefore by subtracting probability (P) from unity (1
P) the probability of datapoints lying outside the integrateea can also be calculated. Hence,
if the standard deviation and mean from the background signal is calculated in a spectrum, the
probability that a data point lies outside the normal distribution (w ,, ) can be estimated.

The limit of confidenceet by IUPAC for a particular analyte is 3giving confidence
level of 99.87% that the data point is the signal and not the part of background. For a typical
calibration curve the intensity of the line is plotted versus the concentration of analyte. The

limit of detection is given by the following:

D€ 0O— eq. (2.8)

» IS the standard deviation of the background intensity of the sample of lowest concentration

of analyte whereas s is the slope of the calibration curve.
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The Limit of Quantifcation (LoQ) is another analytical parameter used in
chemometrics and analytical spectroscopy. According to Association of Analytical
Communities AOAC Athe | imit of quantificatioao
which can be quantitatively datmined with precision and accuracy according to analyte and

mat r i x ¢ o n.slticah&e cengpoted us2ng the equatior®2r@mely:
060 — eq. (2.9)

where, is the standard deviation of the background intensity of the sample of lowest

concentration of analyte wheresis the slope of the calibration curve.

Summary

This chapter includes the basic theory and principles of laser plasmas required for the
discussion of the results in this thesis. First of all, plasma defingamording to which plasma
is a local assembly of atoms and/or molecules, ions and free electrons with an overall neutral
electric charge. Its detailed explanation includes threenéas criteria required to generate

plasma.

A basic description of the main processes involved in laser ablation of matter has been
given The lasemmatter interaction phase refers to the direct laser surface and the initial removal
of matter into a vapur cloud via laser ablation. Various other processes involved in this phase
including the laser absorption by the target material, laser plasma expansion and processes

involved in atomic emission spectroscopy have been defined and outlined.

There are may processes that takes place within a laser produced plasma which
facilitate the absorption, propagation and emission of radiation. Atomic processes are
categorised into three main groupings or classes based on initial and final states of the electrons

involved; namely bountbound, freebound, and freéree transitions. There are two different
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mechanisms of energy transfer that underlie these processes, namely radiative and collisional.
Radiative processes concern the energy transfer between photonsrfegoietic radiation)

and species with the plasma whereas collisional processes are related to the transfer of energy
between species within the plasndasmas in complete thermodynamic equilibrium (CTE)
exhibit a detailed balance between each atomidaiam and ionization process, collisional

and radiative. Three essential criteria for the plasma to be in CTE are also explained in detail.

The main atomic processes, plasma parameters and equilibrium models were also
discussed along with a descriptiof the formation and expansion of laser plasmas. The
technigues involved in spectral analysis are also discussed. Along with the theory, various

underlying concepts of the different diagnostic techniques were also included in this chapter.

Two main methodlogies are also discussed which are used to study laser produced
plasmas namely, atomic absorption spectroscopy (AAS) and atomic emission spectroscopy
(AES). The basic principle of AAS is that atomic and molecular species in various different
states of iaization will absorb photons at discrete wavelengths. AES ygesite mechanism
where hot plasma is used as an excitation source which is essentially cooled down and then it
is changed from the continuum dominated emission state to a line dominatedesisEe i.e.

from continuum dominated state to radiativeeseitation dominated state

The limit-of-detection (LoD) is one of the most important figures used in analytical
spectroscopy and in chemometrics. The International Union of Pur@ @uicd Chemistry
(IUPAC) has defined limibf-detection as the smallest concentration of analyte in the sample

that can be reliably distinguished from zemmcentration.
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Chapter 3 1T EXxperimental System

Overview

3.1Introduction

This chapter describes the experimental setups and procedures used duroharttrisl
project. The experimental design requirements for Vacuum Ultraviolet (VUV) LIBS are more
complex than those for visible (Vis) and near infrared (NIR) LIBS. As air is a strong absorber
of VUV light, a closed vacuum system is required for LIBS in VUV range [1]. In this doctoral
project, a specially designed vacuum target chamber was used tartiblthanipulate the
target. The spectrometer (glied by the Acton Research Corporation) ghd charged
coupled device (CCD) array detector (Andor Technology Ltd., Model No. D\BA2Owere

also vacuum compatible [2]. In the initial course of the stadymparison of single channel
time resolved,and multichannetime integrated VUV LIBS outcomes was performed to
investigate and compare the limit of detentfor each case. For both time resolved and time
integrated VUV LIBS, the same experimental sedmol experimental conditions were used.
Experimentonlineplasmas, created at tlesserbeamfocusformed bya cylindrical lens, were
performed with the samegerimental setup. For all time integrated and tresolved VUV

LIBS experiments, a Continuum &lite model 11F10 Q-switched Nd:YAG laser was used to

form the plasmas.

The experimental setupgr time integratedising point and line plasmase presented
in figure 3.1 Figure 3.2shows schematic of the time resolved VUV LIBS monochromator set
up. The vacuum target chamber was a simple hollow aluminium cube. Two slits were used in
tandem to enable spatially resolved spectroscopy, hamely-alfiooé adjustable width which

was conbined with the spectrometer entrance sh#]1For the experiments performading
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this experimental setyphe foreslit was set to a measured width of 250 um and was placed
between the target and the entrance slit of the spectrometer, with whichatigveesl. The
spectrometer used was a vacuum compatibie,rbrmal incidence instrument, model number
VM521, swpplied by the Acton Research Corporation [5]. It covered the spectral ramge fro

30 nm to 325 nm. For all timetegratedmeasurements backilluminated VU\-sensitive

CCD camera was used as a multichannel detector. Each spectral slice or window captured by
the full width of the CCD had a width ofpproximately 20 nm. For the timeesolved
measurements combination of a plastic scintillator 212) and a photomultiplier tube {R

1450) was employed as shown in figure 3.2. The detector has a time resolution of a few

nanoseconds.
Target
Mirror Plasma I
Spherical Lens Fore ! Target Manipulator
y Polarizer cco
(:r) Half Waveplate Entrance Slit
<
— C  — I
: < J’
a g i/
3 2 /
@ =1 i
3 : ==
= B
a L] Grating

Figure 3.1 Schematic diagram showinige VUV LIBS set up for the timmtegrated
spectroscopy of point and line plasmas.
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j Polarizer

c:_; Half Waveplate Entrance Slit

Sure Lite Laser Il
Jaiawoupads ANA

Figure 3.2 Schematic diagam showing the timeesolved VUV LIBS monochromator set
up. The CCD detector is replacedtbye resolved detector.

Detailed descriptiomof the main sections of the VUV LIBS experimental setapsgiven

below.Thesenclude details on the laser, target chamber, spectrometer and detectors used.

3.2Laser System

3.2.1. Brief Description of Contnuum Surelite |1l -10 Laser System

Plasmas were formed by focusing the output pulses from a commercial Continuum Surelite
Model. 111-10 Nd: YAG laser onto solid targets. It is a Class IV, Q switched laser producing
linearly polarised pulses with a temporal duration & As (FVHM) [6]. This laser system
utilises two linear flashlamps which are gas (xenon) filled in a close coupled configuration to
pump the Nd: YAG laser rod. It can attain high pulse energies, of@f0tmJ, when working

at maximum output power with a 5% vdim (+2.5%, shoto-shot) in output pulse energy.

The host laser medium is a rod (of length 115 mm and 9 mm diameter) of crystalline yttrium
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aluminium garnetde0 012) doped with neodymium ion®) (&*), abbreviated to Nd: YAG,
which gives a fundamental wavelength of 1864t The laser can also operate at thg,2¢
and 4" harmonic wavelengths of 532nm, 355nm and 266nm, if desired. Table 3.1 contains the

main specifications of the laser system uggd

Table 3.1 Specifications of the Continuum Surelite 1110 Q-switched laser system

Wavelength (nm) 1064
Energy (mJ) 650 mJ (max)
FWMH (ns) 4-6

Repetition Rate (Hz) From Single Shot to 10 Hz

External Triggeditter (ns)| O 1

3.2.2 Nd: YAG Laser Fundamentals.

Population inversion refers to the point in the lasing mechanism where the number of atoms of
the lasing host materials in thppe lasing state exceed those in the lower lasing state. The
energy level dezeme for a 4 level laser system, as is the case for the Nd:YAG laser, is shown
in figure 3.3. At room temperature most of the population of Nd ions resides in the ground state
(E1). Intense optical pumping via one or more flashlamps (or a bank of ladesdexcites

the system from state E1 to state E4.

E4 is a shortived state and decays rapidly to the state E3, which isgpe lasing
level. This state is metastable (with a lifetime of ca. 100 us) and so it becomes heavily

populated during the og®l pumping cycle. State E2 is the lower lasing level and can decay

75



rapidly to state E1, thus facilitating the inversion between E3 and E2. In the absence of a Q
switch each time the population inversion reaches a value where the laser gain exceeds the
optical loss (due to e.g., absorption, scattering, etc.) the laser produces a pulse (typically of
duration 100 ps or so). For pulsed operation (say 10 Hz lamps as here the output looks like a

train of long pulses (duration 10 or so). Thisiscalled Fi x ed Q& operati on.

4 Level System ”

short lived level 4

. N4>N3
Rapid Decay

Long Lived Level 3

E3 . ..“ Metastable state

N3>N2
E2 short lived level 2
Rapid Decay
Pump N2>N1

Photo absorption £1 .

Stimulated Emission

Figure 3.3 Simplified energy level scheme foddevel laser system.

The principle of the €witched laser is that an eleciptic shutter is positioned within
the laser cavity to prevestimulated emission from occurring along the laser rod, which in
turn leads to the generation of a substantial population inversion betwpanand lower
levels of the lasing transition. The combination of a linear polariser, Pockels cell (PC) and
gquarte-waveplate is known as afvitchfigure (3.4) and effectively acts as a rapidly opening
(ca. 1 ns timescale) optical shutter. The Pockels cell can change the polarisation state of light
by theapplication of a voltage. The ¥4 wave voltage converts linearly to circularly polarised

light. The purpose of the-Qwitch is to maintain high losses, and hence prevent laser action,
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by degrading the Q factor of the resonator during the initial pumping cycléss way the
population inversion and hence the optical gain of the lasing medium (here a Nd:YAG rod) can

reach a very high value.

The Q factor is basically the quality factor of the laser cavity which is defined by the
ratio of the energy stored ihd cavity to the energy lost per optical cycle. When the population
inversion reaches its peak, the Q factor is switched abruptly by suddenly opening the optical
shutter. A few photons, generated by spontaneous emission from the Nd:YAG rod, are enough
to trigger the process of stimulated emission. The population inversion is now so large that the
laser gain exceeds the new (much lower) loss by a huge factor and the stored optical energy is
depleted in a few passes of the optical cavity to generate a(&wrhanoseconds) pulse
carrying an energy of mJ6s to JO6s (depending
pumping). Q switching can occur in either active or passive modes. In active mode the electro

optic gate is used whereas passive swilglig achieved by means of a saturable absorber [8].

3.2.3. Contnuum Surelite 11l -10 Optical Layout and Operation.

Referring to figure 3.4 which illustrates the Continuum Surelite optical layout, the Pockels cell
is triggered when the gain saturationagimum population inversion) has occurred in the
medium. Initially no bias ispplied to the Pockels cell. Sbght from the laser rod will be
linearly polarised by the dielectric polariser (in the horizontal plane). It passes through the
guarterwaveplaé where it changes to being circularly polarised and on through the Pockels
cell, unaffected, to be reflected off the back mirror. The returning beam passes (unaffected)
through the Pockels cell and gets another ¥ wave phase shift at the-eyaaeplatefor a full

% wave phase shift so that it is now vertically polarised and is hence rejected by the dielectric
polariser (now acting as an analyser). When a high voltage (the ¥ wave voltage, here 3600 V)

is applied to the Pockels cell, horizontally polarideght, exiting the dielectric polariser will
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experience 4 x ¥4 wave phase shifts, so that it can pass freely up and down the full cavity, with
laser light leaking out from the output coupler. Hence the Q of the cavity is switched to a high
value and laseaction depletes the energy stored in the laser rod rapidly to produambesb

giant pulse (here up 860 mJ in a pulse of durationi46 ns) at the fundamental wavelength

of 1064 nm.

Q switch

Ovolts M4plate

Laser head - 2 flashlamps, Exit port
Nd:YAG rod, cooling shutter
system

Rear
Mirror

!

. . !
! Dielectric !
H i I . .
! Pockels Cell polariser : Gaussian mirror

3600 Volts

Figure 3.4 Schematic diagram dihie Q switched Surelite Nd YAG laser system.

The optical resonator or cavity ispgorted by graphite rods to ensure both thermal and
mechanical stability. The pumping chamber houses the Nd:YAG laser rod, of length 11.5 cm
and diameter 0.9 cm, and arpaii closely coupled flashlamps. The output coupling mirror has
a reflectivity of 100%. A mechanical shutter (not shown on figure 3.5), which can be operated
manually or in conjunction with a laser safety interlock system is located between the laser rod

and Q-switch [8].

The laser can be operated at harmonics of the fundamental wavelength. Potassium
dihydrogen phosphate or KDP crystals can be mounted externally to the Nd: YAG laser for
this purpose. For second harmonic generation (SHG) two collineambd®&ams enter KDP
crystal with the same circular polarization and are combined to produce a frequency doubled

beam which satisfies the usual phase matching conditions. Phase matching is achieved by angle
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tuning of the KDP crystal and the resulting beams harizontal polarization. A dichroic mirror

is used to separate the fundamental beam from the harmonic. It diverts the harmonic beam to
the exit port and sends the residual infrared light emanating from the KDP crystal to the beam
dump.The same proces$ fvequency addition can be used to generate higher order harmonics.
For the third harmonic generation a 532 nm beam and the residual 1064 nm photon are
combined to generate a 355 nm beam. The fourth Harmonic is then obtained by the combining

two 532 nm bams in the nonlinear crystal.

In standard operating mode at the pulse repetition rate of 10 Hz, the Pockels cell in the
laser cavity triggerspproximately 180 us after the flashlamps breakdown. This is starting
delay time used when optimising the jpuit (pulse shape, duration and energy) for the Surelite

[11-10 laser.

3.2.4. Synchronisation of the Continuum Surelite 11410 Laser with the
Andor (DV420-BN) CCD Camera.

Pulses generated by Continuum Surelite laser systems are lipetatyzed and exhibit a

Gaussian (spatial) beam profile. The laser can be operated in both single shot and 10 Hz pulse
repetition rate mode for different experiments. The laser was mainly used in a burst mode, with

the number of individual pulses in eachirét, controlled by the laser synchronization
electronics. A delagate generator (SRS DG535) was used along with an AND gate for
synchronisation of the Surelite laser with the CCD camera. All connections between the laser,
DG535 and CCD camerawereof tt@BNC6 t ype. An active | ow TTI
with a duration of 10us triggered the laser flash lamps which were permitted to run
continuously so that the laser cavity could reaches a stable operating temperature. This signal
was deri vamhsftreoamcthhek® signal generated by
triggerd mode and wast ptuak eBAINC rtoem ntibnea 6. T A del
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signal was t-8kemutpom BINE aAd sent to one i
AND gate. The delay was set at ca. 180 ps, corresponding to the recommended mean flashlamp

to Q-switch trigger delay time.

The 6Fired BNC output of the Andor CCD ca
other input of the AND gate while the output of the Bgate was fed to the-Qwitch trigger
of the Continuum Surelite HLO laser. When the Andor software issued an acquisition
command (by <clicking on the O6RUNGO6 software
computer to the CCD detector. The CCD detectori n t urn, sent a TTL si
output on the breakout box which, since it was connected to the second input of the AND gate,
open that gate for the duration of the OFiT
acquisition (or exposuree. As noted above the delayed version of master clock TTL signal
(with a pulse repetition frequency of 10 Hz and a pulse width of 10 ps) input is present on the
other terminal of the AND gate. Hence thes®itch was triggered repetitively at 10 Hz satth
the laser generated a burst of pulses for a period of time equal to the full exposure time, e.g.,
20 pulses for an exposure time of 2 seconds. The details of laser synchronisation circuit are

shown on figure 3.5 [7].

Cccb

1sec

¥4 Fire &£ pC

Q switch
»
Flash Lamp

AB CD
10 Hz 10 pulses /sec

10 Hz

Figure 3.5 Schematic diagram for the synchronization of the laser system and CCD.
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3.3 Vacuum System and Target Chamber

3.3.1 Vacuum Pumps

It is well known that air strongly absorbs radiation in the vacuum ultraviolet (¢a180 nm)

andin the extreme ultraviolet (ca. 2B0 nm)spectral ranged]. Data from theCenter for X

Ray Optics) at Lawence Berkeley National Laborato(€XRO) website shows that the
transmission of 1 cm long air path at atmospheric pressure is effectivelynzbeo\VYUV [8].

Hence a lowpressure environment is required for the generation, transmission and spectral

analysis of VUV radiation.

For the experiments carried out as part of the work reported in this thesis two vacuum
pumping systems were used, onetfog target chamber and one for the VUV spectrometer.
Each vacuum pumping rig was comprised of a combination of a rotary pump and a
turbomolecular pump. The rotary pump was used to evacuate air down to a pressureof 1 x 10
3mbar, at which point the turbartecular pump could be switched on. The combination could
typically produce a pressure of better than 1 Xrbbar for each vacuum chamber (target and

spectrometer).

In order to monitor the pressure in each chamber a pair of gauges namely arRirani
a Penning gauge was used. The Pirani sensor was used to measure pressures abéve 1 x 10
mbar and Penning sensor had a useful range of-1mb@r to 1x16 mbar. Although not used
in this work, gas could be admitted to the target chamber and mahtaira fixed pressure

via a variablegas inletvalve.

3.3.2 Target Chamber and Targets
A 12.5 x 12.5 x 12.5 chaluminiumhollow cube was used as a target chamber. A series of

flanges were machined in order to allow the coupling of two entrance windowsa(ficaide),
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the chamber mounting pillar and turbomolecular vacuum pump (underneath), a pair of vacuum
compatible target holdenanipulators (top and side) and coupling to the VUV spectrometer,
figure 3.6 [9].All sides were polished to accommodate stan@arahg seals used to keep the
system vacuum tight.The target surface was aligned with thatic axisof the full VUV

spectrometer system.

| e

S o
»Iara.-ﬁz\
Chamber

! A\s\

Vacuum flahge

Y

XYZ stage for the lens

Figure 3.6 Target chamber along with its associated vacuum and optiogdonents

For the alignment of the optical system, target, spectrometer (entrance slit and grating),
and detector (CCD array or exit slit with VUV sensitive photomultiplier tubdég¢laim-Neon
(He-Ne) laser operating at its green output wavelengt®@ nm was used. It was mounted on
a XYZ translational stage. The target was screwed onto a post which was in turn coupled to an

o-ring sealed aluminiurstagethat could be moved by a pair of manual micrometer drives in
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the X and Y directions. The targeatlter post was mounted on a#ring sealed (Wilson seal)
flange, which was in turn bolted to the aluminium plate. The post passed through a hole in that
plate into the vacuum chamb@&ihe post could be moved irdzrection via a micrometer drive

so that tle target could be moved in all three directions from outside the chamber without

breaking the vacuum.

A wide range of (Carbon/Steel) targets, with different analyte concentrations, were
purchased from Glen Spectra Reference MateriflsFor time integreed point plasma
experiments and time resolved experiments, a cdrouas used to mount six samples
simultaneouslyon the aluminium stagewhile maintaining the identical experimental
conditions. For the line plasma experiments samples were placed idiffer@nt targets
holders depending on the target size. Two different holders were also needed in order to achieve
the optimum distance from the vertical line plasma todptc axisof the spectrometer.
Although there is no need for sample preparatiohlBSS, in order to clean the surface, the
first few pulses of the laser were used to ablate any contamination. After that step, VUV spectra

were acquired.

Table 3.2 shows the list of steel samples used for carbon concentration. The
concentration of theasnples is provided in weight/weigtdatio which is normally defined as
the ratio of the solute weight to the solution weight. Here the solute is the carbon (analyte)
content (in grams) and the solution is the Fe (matrix) weight (also in graarsy.per rnflion

is the number of units of mass of a contaminant per million units of total mass.
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Table 3.2 Concentration of carbon in the various samplesised

Sample Carbon Sample Carbon
Concentration Concentration
(Ppm) (ppm)

CRM 12 B 1767 520 CRM 12 A215/3 9100

CRM 12X 15252 | 940 11 CM 5078 180

12 M BSXCCV 4400 1008BS XAAS 410

IARM 268 B 870 CRM Fel/l 50

1522BS 2932 2080 CRM 14 MI 206A 680

3.3.3 Glass Capillary Array (GCA)

A glass capillary array (GCA), positioned between the target chamber and the spectrometer, is
another important part of the VUV LIBS system. The GCA permits a pressure difference
between the two main parts of the vacuum system (target chamber and specirance
reduced the amount of debris entering the spectrometer from the target chamber, while leaving

the aperture between these two areas large enough to ensure a high level of transmission of

VUV light from the plasma to the spectrometer.

A GCA is bagcally a glass plate with very fine holes (pores) bored in it (most often it
is a bare, unprocessed, microchannel plate) and is transparent to VUV radiation with typically
50 % of normally incident radiation being transmitted. Depending on the pore dilength,

GCAs are capable of maintaining up to 3 orders of magnitude pressure difference between

entrance and exit faces.
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Microscopic view of a Glass Capillary
Array with precision 5 micron pores.

Figure 3.7 A Glasscapillary array (GCA) with 5 micron diametermores [10]
Table 3.3 Specifications ofthe GCA used for VUV LIBS

Manufacturer Collimated Hole Inc.
Diameter 25 mm
Thickness 3 mm

Pore diameter 50 microns
Material Leadalkali Silicate

For these experiments a Glass Capillary Array (G@éhased from the Collimated
Hole Inc was used. It was made from lealtali silicate and had a diameter of 25 mm and was
3mm thick, with a quite large pore diameter of about 50 um (to ensure high VUV transmission

while trgpping large size debris parted fom the laser plasma).
3.4 Spectrometer

The common type of spectrometers used for LIBS are listed below [12]:

1) Czerny Turner Spectrometer

2) Echelle Spectrometer

3) Paschen Runge Spectrometer

4) Normal Incidence Spectrometer

A 1 m normal incidence spgometer mount was used for all VUV LIBS experiments carried

out as part of the work reported in this thesis. Details are given below.
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3.4.1 VM521 1m Normal Incidence Spectrometer

Experiments were carried out in the VUV spectral range andphetrometer used for these
experiments was a 1m normal incidence Acton Research Corporation VM521 spectrometer
[1,2,12] which was egpped with an Al+MgF coated 1200 groves/mm holographically ruled
diffraction grating spplied by Bausch and Lomfbhe Al/MgF2 coating on the grating ensures

enhanced reflection efficiency at VUV wavelengths.

The spectral range specified by the manufacturer went from 30 nm to 325 nm. However,
for the grating used here, tepectral range extended from 35 nm to 120 nm in practice. The
spectrometer, shown in figure 3.8a (top view) and figure 3.8b (side view) used a concave
grating in an offRowland circle mounfThe spectrometer usasocalledoff-Rowland mount
in which theentrance slit, the exit slit and the gratelblie on a circleof diameter equal to the
radius of curvature of the gratinhe offRowland designation refers to the fact that as the
grating is rotated it must also be translated so that each new wgthalemains in focus at the

exit slit (or exit plane when using a CCD detector).

(a) (b)

Figure 3.8 Top view(a) and side view (b) of the spectrometer and target chamber.
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VUV light from the plasma passes through the G&W into the spectrometer through
entrance slitAs stated above thepectrometer is comprised of only three parts, an entrance
slit, a concave grating and an exit slit. If all three components are properly located on a circle
with a diameter that is equ@al the radius of curvature of the grating, i.e., thealted Rowland
circle [12], the entrance slit will be imaged, by the grating, onto the exit slit position for all
VUV wavelengths. In effect, the concave grating combines both dispemnd focusingf the

radiation that enters the spectrometer.

The grating is housed in the vacuum chamber of the spectrometell asboth the entrance
slit and exit slit. For operation as a spectrometer, the exit slit is removed and replaced by a
backilluminated GCCD camera (Andor Technology, DV4EN). With the grating sent to the
zero order position both the incident and reflected radiation lie at the angle of 7.5 degrees with

respect to the normal to the grating as shown in the fig@re 3.

Grating radius of
curvature =R

Entrance slit

Exit slit

Figure 3.9 lllustration of the Rowland circle showing entrance and exit slit locations along
with the grating.

One issue that affects Rowland circle mounts is astigmatism, an optical aberration in

which the horizontal and vertical fodo not coincide [11]. This problem becomes less and less
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acute as the angles of incidence and reflection become smaller and smaller, i.e., they get closer
to normal incidence. Therefore, this type of spectrometer faces less astigmatism than grazing
incidence systems when using concave gratings. In all systems the vertical focus is optimized
to obtain the sharpest possible emission lines at the exit slit or CCD detector. Minimising the
astigmatism is important because with a tall enough CCD detector @dvaicheter PM tube)

it could be possible to capture the whole spectrum, and hence optimise thécsigriak ratio

of the recorded spectra. It is well established that conditions can be obtained to make a normal
incidence mount almost stigmatic overamow spectral range by locating the light source at

thesecal | ed Si (18W4E. f ocus [ 12

Diffraction by the spherical concave grating is described by the same formula as for a

plane diffraction grating:

i1 AOEJl OFEf eg. (3.1)
where m is t he s pleicthewavelengthraddedrs the ibter roovesspacirdg )
(d = 8.33 x 10 mm for the 1200 grooves/mm grating used here). The first order light in the
spectral region from 35 nm to 70 nm is free from any order gy@nig problems since the
reflectivity of the grating is close to zero for wavelengths below 35 nm. To changentine c
wavelength on the exit slit or CCD camera, the grating is rotated and moved along a linear
drive screw to refocus the system for each new wavelength range. These movements are
achieved by a motor control systenpplied with the spectrometer. For ydine focusing the

spectrometer also has a manuailofometerdrive) control external to the spectrometer vacuum

vessel,
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3.5 Signal Detection and RecordingSystem

3.5.1 Time Integrated Detector

A back illuminated (BI), VUV sensitive Andor Technolody CCD (ChargedCoupled
Device) Camera (model numbB420-BN) was used for the timategrated studies. In this
work, the camera was used in full vertical binned (FVB) mode to increase the signal to noise
ratio of the spectra recorded. In FVB mode the charges storedchn vertical column are
summed downwards along each column of pixels so that final image is one dimensional. The
temperature for the baghuminated CCD (BICCD) can be reduced t80°C with a water
assisted cooling system. The CCD converts photon®latdronic charge packets that can be
stored, transferred, digitized and processed by the associated readout and signal conditioning
electronics. The CCD chip is a tvaimensional array of the Metal Oxide Semiconductor
(MOS) capacitors. Each capacitor cistsof a layer of silicon dioxide, grown on a silicon
substrate. A positively biased metal electrode,-eadled gate is then formed on the top of the

oxide layer as shown in figure 3.1

Photons Transparent Conducting Layer(gate)
)C- f) 2YXC-
p-type silicon

+
A\
|

L

T

Figure 3.10 Schematic of a MO$apacitor structure

With the positively biased gate, photogenerated eledtoda pairs are separated and

the electrons are attracted to Sg0rface beneath the gate. The potential well, formed below
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the gate contact, is also callixd depletion region since it is free from majority carriers, which

are holes in fiype silicon. The amount of fpped charge in each potential well (pixel) is
proportional to the total integrated light flux incident on each CCD pixel during the course of
the exposure. As the integration time and or flux increases, the numbeppeltedectrons

rises, and the depletion layer is widened. The voltage between the gate and the p type silicon
is thus increased. This voltage is known as reverse bias voltags, iasthe gposition to the

original gate bias. The increment in the reverse bias voltage also increases the strength of the

depletion zone electric field.

The basic layout of a CCD pixel is shown in the figurd.3The geometric arrangement
of the pixels of the CCD is a rectangular array of dimensions 1024 pixels x 512 pixels in our
case. The geometric pattern of the stored charges in the CCD pixel array represents the
electronic image intensity. It is readout by shifting each row vertically dowhwae by one
into the shift register which is then read out sequentially. Once the pixel information in the shift
register is read out, data is shifted down by another row and register is loaded up with the new

data which is then read out.

1024 elements

/lpixel

N
N N T T

| I N N |
| N N N

SIUBWR|3 ZTS

L L L 1 11
L L 1 11
LT T T 1T

L

output <1 I I I

Amplifi
mplitier Shift Register

Figure 3. 11 Basicdesign of a CCxhip [9].
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As mentioned above, in LIBS experiments for this doctoral research, the camera was
used in full vertical binned mode (FVB). In FVB mode charges stored in each vertical column
are summed inta final 1-dimensional (1D) image. This mode has two advantigady; it
improves the signal to noise ratio (SNR)tloé spectrabtained.The output from each pixel
has two components, the signal due to the exposure to the spectral image denoped S(p
wheri@ @&md adorpe t he coor di nnadane the noi$e camprisingghie x e | |
inherent pixel noise (mainly thermal and readout) along the quantum or photon noise in the
spectral image, denoted N(p). So the total signal iSt(pi, p) =S(p, p) + N(p,p) wi t h O01i 06
the pixel i ndex along the horizont averticdli r ect i
direction The CCDusedherehdsi 6 running from 1 tiohl2bue 4 and
to the randomly fluctuating nature of the N{p) values, about some mean valiaken as zero
nominally heresumming a large number of noise values will result in a large reduction in the
fluctuations, approaching zero fluctuation in the limit of a large number of noise values.
Assuming a Poisson (shotlantum) noise probability distribution the noise amplitude
fluctuations will be reduced by a factor @)Y2. As a resultfor the CCD used here, where
each vertical column has 512 pixels, by vertically binning (adding the pixel values vertically

downwads), the noise fluctuation is reduced by a factor of (522p3.

The second advantaggethatit increases the readout spdeda factor of 512 (in this
case)as onlythe remainingL024(horizontal) pixelvalues need to be read outrh the CCD
In fact one can afford to increase the readout time per pixel which is typically 8 or 16
microseconds to 32 microseconds or even higher which improves the readout noise
performance (more time available for the charge to be more fully readout from gachi

the charges are clocked out of the CCD).

The thermally generated background signals are reduced by lowering the temperature

of the CCD using a thermo electric cooler. The temperature of thermoelectric camera of Andor
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Technology used in these expeents can be reducedit@0°C with the assistance ofater
cooling. In practice the camera was operated at a temperatd@°€f as Khater [16] showed
that there was no further significant gain in either the thermally generated background, or the

noisefluctuation on that background.

In order to determine theensitivity of the CCD camera, i.e., thember ofVUV
photons/count at 97.7 nit is necessary to know the number of photoelectrons generated per
photon and the number of counts per photoelectron generated by the Andor processing
electronics. So, for 97.7 nm light (photon energy 12.7 eV), one obtains ca. 3.5
electrons/VUV photonExtrapolating the measured sensitivity of the Andor8@D [17] to
the 10 eV photon energy range one obtains a sensitivity of ca. 0.02 cownts&\).25 counts
per 12.7 eV photonsr 4 photons/CCD couninverting, one count requires 97.7 nm photons
to fall on a pixel. Taking the case of 18400 ppm target used in this doctoral thesis. 150
spectra give rise to 100,000 counts at the peak of the 97.7 nm line and ca. 40,000 counts
(background subtracted) at the half maximum. So integrating over thedlg p& pixels at
the FWHM) we would expect a full count o&.500,000. Dividing by 150 one gets 3,333
countgsingle laser shdor the full 97.7 nm line whickranslates intd x 3,333 =13,333 VUV

photonsfor 4 photons/CCD count

One final pointconcerns the wavelength range covered by the 1024 pigel CCD.
With the entrance slit width iypically set a0 mm andnoting the 1:1 magnification of the
instrumentthe corresponding ma g enstromentabwidth atthe focal plane is also ~ 50n.
The reciprocal linear dispersion is 0.8 nm/ntmthe current workthe Andor ™ CCD chipis
26.6 mm wide and has 1024 pixels along this axist&fbeg thewavelengthntervalcaptured
by the camera i26.6 x 0.8 nm oabout21.3nm. Since this interval is covered by 1024 pixels,
the spectral distance between pixels is about 0.021Smue full vertical bin (FVB) mode is
used as described above it essential that the entrance slit, grating and CCD camera are all
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aligned wth each other. Any misalignment can be checked by recoding a full 2D image of a
spectrunthat isdominated by narrow lingg.g., Al). This was done occasionally, and no such
misalignment was observed. Also, comparing horizontal lineouts with the FVB tlataot

show any observable difference in line widths, indicating that broadening due to misalignment

was absent.

3.5.2 Time Resolved Detector

In this doctoral research, followgrthe timeintegrated VUV LIBS gperiments, experiments

on timeresolved VUV LIBSwith metal targets were performed using the same experimental
setup as explained above. However, a e detector was used for timesolved VUV
LIBS, as illustrated in figure 3.13. For these experiments, the@D detector (used in the
time integratd system) was replaced by a plastic scintillator and a photomultiplier tube

(PMT).

@

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)
lonizationtrack
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Figure 3. 12 a) Schematic diagram of time resolved detector, showing the plastic scintillator
andphotomultipliertubeg b) scintillation process combined with the light detection by
photomultiplier tubg18].

The plastic scintillator was placed on the vacuum side oWwthdow. EJ 212 Plastic

Scintillator (Eljen technology) was used to deeonvert the VUV radiation to visible light.
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A fast time response photomultiplier tube (PMT) was used in combination with the scintillator.
The base material used in thssintillator was Polwinyl Toluene (PVT) [B]. Due to low

yield of plastic materialthe primary fluorescent emitter (flguis usually suspended in the
base matrix prior to the bulk polymerizatiamich absorbs the scintillation from the base and
then enits at longer wavelengths converting UV radiation from the base to the visible light
which can be used by the Photo Multiplier T{i®@. Figure 3.14 shows the emission spectrum

from the EJ212 for UV irradiation.

The R1450 is a Hamamatsu head on typetpmultiplier tube (figure 3.15) with a
spectral response extending from 300 to 650 nm. The EJ212 scintillator was chosen since the
wavelength of its maximum emission (423 nm) is well matched to the peak sensitivity of the

R1450 PMT (at 420 nm), figure 3l1
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Figure 3. 13 The fluorescence spectrum of theZP scintillator [T].

The response time of the PMT was ca. 1.8 ns and the rise time of the scintillator was

0.9 ns with a decay time of 2.4 ns. The down converted visible light was delivered to the
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entrance window of PMT which was placed in the atmospheric pressure (air Sithe) o
window. The output signal from the photomultiplier tube is coupled to an oscilloscope where

the measurements were recorded and stored.

Forthe EJ212 scintillatarthefluorescence yield is one 420 nm photon per 27 VUV
incident photonsi-or aFWHM of 50 ns and an average PMT voltage of 50 mV across 50
ohms theaverage PMT current is 1.0 mA (50 mV/50 ohms). So, the charge’i& ¥®0 x
10°sec= 5 x 10 C (or ~3 x 1@ electrons)The photocathode Qfér the PMT is ca. 25%.
Henceone gets one phaelectronper4 x 420 nm photond.he PMT gain is 2.4 x 10”6 for
an applied voltage ~ 1600¥s a resultthe number of exiting electrons per incident VUV

(97.7 nm)photon is:

Ne = 0.25 x 2,400,000/27 ~ 22,222per VUV PhotonHence,at 97.7nm, Q ~ (2.2222 x40
X 1.6 x 10'°C) ~ 3.55 x 16° C per VUV photon.Fromthe aboveconsiderationsthe
measured charge for t8&.7 nm line emitted from tH&L00 ppm targgblasmais 1mAx 50
ns =103 A x 50 x 10°sec = 5 x 18* C (or ~3 x 18 electrons)Finally we obtain thathe
number of VUV photons ~ (5 x 161"l C/3.5555 x 1045C) = 14,06(photons good

agreement with th#3,333photonsestimated from the VUV CCalculation above

Figure 3. 14 Side view of the Hamamatsu PMT model number R128( [
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Summary
In this chapter, the details of the equipment used in the LIBS experihamiseenpresented

The major features of the experimental setup included the Nd: YAG laser, the vacuum system,
the spectrometer and the CCD cameara describedFor all experimets a Nd: YAG
(Continuum Surelite 1HLO) laser was used with pulse eneofjyip to650 mJ, a repetition rate

of 10 Hz and a wavelength of 1064 nm.

A 1 m Normal incidence (VM 521) spectrometer which waspguagsi with an Al+Mgk
coated 1200 groves/mm holographically ruled diffraction gratingpleed by Bausch and
Lomb was used to obtain both time integrated and ties®lved VUV spectra. The spectral
range of the VM521 specified by the manufacturer extended from 30 nm to 3R®weaver,

for the grating used here, the spectral range extended from 35 nm to 120 nm in practice.

A backilluminated (Bl), VUV sensitive Andor Technolody CCD (Charged Coupled
Device) Camera (model numbB420-BN) was used for the timategrated stui@s. In this
work, the camera was used in full vertical binned mode to increase the signal to noise ratio of

the spectra recorded

For the time resolveYUV LIBS, a combination of scintillator and photomultiplier
tubes vasusedas detection system. Thselection was made on the basis of efficiency and
compatibility with each other. The plastic scintillator EJ 212 from Eljen technology was used

in the combination of Hamamatsu photo multiplier tube (R 1450)
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Chapter4 i Limit of Detection (LoD)
Optimization for Carbon in Steel: Point
Plasma LIBS

4.1 Introduction

In this chaptera comparison of timeesolvedand timeintegrated VUV LIBS is presented and
discussed. Quantitative VUV LIBS analysis was performed to obtain calibrativasctor
carbondetectionin steel samples, and to determine the corresponding Limits of Detection
(given in units of parts per million). The term Limit of Detection is widely used as a figure of
merit and is one of the most important parameters in anal\gaences. It is the smallest
concentration that can be detected with reasonable certainty for a given analytical procedure

(as defined by the International Union of Pure Amglied Chemistry or IUPAC).

The main aim of the work reported in this chaptas to improve themit of detection
(LoD) for VUV LIB S by extending it into the timesolved domain. The Limit of Detection

(LoD) in LIBS is defined as:
D€ 0 — eq. (4.1)

where 0 is the standard deviation of the bac
the calibration plot of line intensity versus element concentration. With known values of both

the slope of the calibration curve and the standard deviatiohoé b ackgr ound si gn
LoD value is then determined by the above equation. To benchhmaitkof detection
measurements using time resolved VUV LIBS, initial experiments were conducted using the

existing space resolved, time integrated VUV LIBSteyn [1]. In this way it would be possible
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to quantify any improvement in the Signal to Background Ratio (SBR) as well Amihef
detection (LoD) obtained from timeesolved LIBS. All LIBS experiments were carried out

using a single laser pulse folapma generation.

4.2 Space ResolveWUV LIBS - Principle

A schematic diagrantiustrating the basic concepf &pace resolved LIB&s shown in figure

4.1. A soc a | foe-dlitb\bas placed between the laser plasma and the entrance slit of the
spectrometer. Thiore-slit width was seto 250 pmand the entrance slit width was $e60

pm. The foreslit was located 40 mm from the plasma and 350 mm from the entrance slit of
the spectwmeter. The optic axis of the spectrometer is defined as the line drawn from the
entrance slito the centre of the grating, and from the grating centre to the centre of the CCD.
The foreslit and entrance slit acenteredn the optic axis of the spectneter so that plasma

radiation can pass through them and fall on the diffraction gratjBj [2

Theimportant point is that thiore-slit defines a slice of the expanding plasma plume
that can b& v i e w eabfuredby theGspectrometelaking the cuent example consider
the plasma plume t o be MHoting the geparatore between the d 6 |
plasma plume and the entrance slit is (350 mm + 40 mm =) 390 mm, and that the angular
opening defined by the foidit is ~ 0.25/350 radians &7 mrads, the width of plume viewed
by the spectrometer is (0.7 x"18 390) mm ~ 275 pm. To a good approximation one can state
t hat I f the entrance slit I's set to a widt
spectr omet elnthiswaysfddial tesolutiod alodg the plasma expansion direction,

i.e., orthogonal to the entrance slit direction, is achieved.

Theoptic axisof the systenis depicted as the blue line in figure 4.1 (aJihle distance
between the target surface and theoptici s i s senont efdi ghuyr ed 4. 1 ( a)

ranges from 1 mm to 10 mm for VUV LIBS experimeii@siring the early stages of
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plasma formation and evolution, when the temperature and density are high, the spectral
emission is comprised of mainly continuum emission, bremsstrahlung, recombination
radiation. However, it should also be noted that the electron density is so high, that emission
lines from bouneto-bound transitions in the hot core of the plasma will bstsingly affected

by Stark broadening, that they will overlap and blend into each other. In this way they create
the appearance of a continuum and add to the underlyingéeand fredoound contributions

to the spectrumNormally time gating via an ICD is used to block out the continuum emission

[3], which is present only in the early stages of the plasma evolution (typically < 500 ns) when
plume is dense and hot. Here, a #sli¢is used to occlude the hot core of the plasma plume,
responsible for mst of the continuum signal, from the entrance slit of the spectrometer,

exploiting spatial, as opposed to temporal, resolution.

In practicefor v alswueat od r O6Higuited.b) thé honecare of the plasma
plume is visible to the spectrometer and a strong specsitting atop a bright broadband
continuum is usually observed. On the other hand, a very weak spectral,signgrising
discrete lines and a weakntinuum pedestal observed when the target is pulled back from
theopticaxisby di stances of 1s6 @m1l 6lencenpy displacing thee . , f
target surface by a few mm from the optic axis of the VUV spectrometer, and, using the fore

slit to occlude theore, the continuum emission can be screened out to a significant degree.

There are a couple of other points to ndtee CCD detector used here is not gated and
hence the/UV LIBS system is time integrating. However, sindagma plumes formed by
table top lasers expand at maximum speeds of decra®* or 100nm.ns? [4,5], there is a
Ot tofifel i ght 6 before the plasma plume reaches 1
surface is displaced fr om igure hlp). Goosider theli st an
following scenario. Itthe foreslit is located at a distance of 2 mm from tpic axisof the

spectrometefi.e.,s = 2mm), no emission will be recorded in first 20 ns because it will take at
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least 20 ns for the plasma to expdnda distance o2 mm and reach theptic axis of the
spectrometefblue line infigure 4.Xa,b). Of course, in practice the plasma plume tituents

(i.e., atoms and ions) will have a distribution of velocities. Therefore, different species will
reach theoptic axisat different times, i.e., the more highly charged janisich predominantly

emit at shorter (soft Xay) wavelengths, wiljjet there first while the more lowly charged ions
(which emit at longelUV and VUV wavelengths) will reach the optic axis latétence,
although it cannot be measured with this system one would expect to see a time delay between
the intensity peak of the soft-day emission and intensity peak of the VUV emission from
these plasma#n the same way when the target is placed further away, e.g., at 4 mm from the
optic axis of the spectrometer (figure 4.1(b)), the plasma plume will take more time to reach
the opticaxis. Assuming a plume expansion velocity of d@.s?, the time of flight will be 40

ns and so little or no emission would be expected to be detected before thisrtiateempt

to illustrate this point is madey showing these timef-flight delays asvhite space up to 20

ns (figure 4.1(a)) and 40 ns (figure 4.1(b)) along the plasma expansion tine @xcg case.

Anotherpoint to note is that the duration of the sefay emission will be shorter than
that of the VUV emission, since the more highly charged ions will be lost very quickly (on a
timescale of nanoseconds) due to rapid recombination rates. On the othé@rie&mdwn that
the full duration of the emission in the VUV, coming from all VUV emitting atoms and ions in
the plasma plume, can exceed 100 ns, depending on the spectral rahiges j§]borne out by
the time resolved VUV measurements in chapter Tlwield a duration of 100 ns or so for

the 977 nm line emission.

In summary, space resolved VUV LIBS allows for some control over the amount of
continuum emission admitted to the spectrometer. The optiteahl position of the target

surface can biundby observing the spectral emission in real time to obtain the best
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possible (line) signal to background rati ¢r even to obtain the maximum continuum

emission if one wanted to carry out VUV photo absorption spectroscopy [8].

4.3 Choice ofLaserPulse Energy

The other experimental parameter to be adjusted to obtain the optimadflidatection for

VUV LIBS is the laser pulse energy (and hence irradiance or power density on targe?2

Khater et.al 3] showed that th87.7 nm line emissiomncreased monotonically with laser pulse
energy in the 200 mJ to 800 mJ range. He also showed thaigtredto-background ratio

(SBR) increased with laser pulse energy up to a value close to 400 mJ before it began to turn
downwards So, one can concludthat the optimal pulse energy for VUV LIBS experiments

should be in the 35850 mJ range.

A combination of half wave plate and polarizer is used to attenuate the pulse energy of
Surelite laser. The laser pulse energy as a function of half wave plageissbbwn in figure
4.2(a). The relative intensity of the 97.7 nm line was measured as a function of laser pulse
energy is shown ifigure (4.2(b)). For these experiments the maximpuiseenergy(at the
target) wagt50 mJandit wasat this pointhatthe maximunline intensitywas observedt is
also clear from the figure that the line intensity follows the same trend as the laser pulse energy,

as Khater observe@]

In the figure 4.2 (c) some examples of measured spectra@sm $br different pulse

energies ranging fro0 mJ to 470 mJ
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4.4 Time Integrated Space Resolved VUV LIBS System

The target was placed at optimum distance of 2 mm and 4 mm to perform spatially resolved
time of flight LIBS experimentsThe Surelite IH10 laser, running at a pulse repetition rate of

10 Hz was used to generdite plasma so that a plasma was formed every 0.1 seconds and the
emission signal recorded for evesoducedblasma. Hence during a CCD exposure time of 1
second, 10 plasmas were formed in sequence. Also, the full VUV spectral signal was recorded,
from the moment the expanding plasma reached the observing position until the plasma

completely decayed, as shown in the shadgdbnsin figure 41.

The number of spectra accumulated on the CCD for a laser pulse repetition frequency
(fr) of 10 Hzis directly poportional to the CCD exposure time and can be determined using

the following equation:
0 QY paEY . eq. (4.2)

Where, "Qis the pulse repetition frequency (Hz) antl is the exposure time of the CCD

camera. Typically, the exposure time is set to 2 seconds (i.e., VUV spectra from 20 laser shots
are accumulated in a single exposure) an@ 100 such exposures are made. Hence, a large
number of laser shots are used tor@ase the signal to noise ratio for the laser plasma plume
spectra recorded. However, the numberlagfer shots should not exceed a certain limit,
typically 25 shots, on a single spot on the Fe targets in order to prevent the effect of plasma

confinementand occlusion by the crater formed on the target surface.

Plasma occlusion leads to a reduction in the signal to background noise ratio for the
spectra while expansion from the cratered target surface can give rise to variations in the
electron temperate and density of the plasma plume, and hence the spectral distribution of
the radiation emitted [9]. In the time integratguhce resolved ($R) VUV LIBS
experiments, the observing positions were usually set at 2 mm and 4 mm.
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With a 1200 grooves/mm gting and a focal length f = 1m, the reciprocal linear
dispersionachieved forthe spectrometer was 0.8 nm/mm. Hence the width of the spectral
window captured by the 25.4 mm wide CCD camera vpasoaimately 20 nm. Although the
VUV region covered by the sptrometer ranged from 30 nm to 160 nm withgheingused,
in the experiments reported in thisctoralthesis, the CllII line at 97.7 nm is the maimint of
interest so the spectral wavelength range extending fppnoxdmately 90 nm to 110 nm was
focused on. It should be noted that spectral width captured on the CCD was redcaekbto
nm due to a coatingt one enaf the CCD coveringpproximately the firs800 pixels (when

in full vertical binned mode)Hence the signal yielded by these 300 pixels was not used.

Wavelength calibration of spectrometer was done manually using an existing
MATLAB code. The NIST spectral database [10] was used for the identification of strong and
clear emission lines (iontage, absolute wavelengthppe and lower quantum state (term)
designations, etcA quadratic fit was applied to the plot of wavelength vs pixel number for
each spectral window captured by the CCD. In this way a wavelength calibration function could
be generated for each such winddwigure 4.3 shows the spectrum obtaiasctounts vs pixel
numbemwhile using the CCD in full vertical binned or FVB modplying the corresponding
fit function for that spectral window, the wavelength calibrated specthomn in figure 4.4

was obtained

The laser was usually set to operate ptilse energy o#50 mJ for all spectra shown
below. The laser had good sttotshot stability of +2.5% which could be seen from monitoring
the pulse shape on a digitdcilloscope with a fast photodiode (Thorlabs, DET Series, 1 ns
risetime) in conjunction with a Tektronix TDS 3032B oscilloscap®& ac k gr ound el i mi
is performed to account for the effect of the background in each spectrum. This process is
applied inorder to remove the effects of any residual dark signal or continuum emission from

the background. In practice a dark level signal is usually recorded before each exposure and
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subtracted from the actual LIBS exposure. Hence the contribution from theattsegmal is

usually just the residual noise after subtraction.
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Table 4.1 Carbon and iron lines, wavelength, configuration and transition probability

lon Stage | Wavelength Transition Transition Rate
c? 97.7 nm | 129 (1So) -1 2s2p {Py) 1.77 x 10
Fe* 98.4 nm - -

For these experiments a wataroled Peltier cooler attached to the sensor in the Andor
BI-CCD camera helped to significantly reduce the dark signal level and the noise on that signal.
The workingtemperature of the CCD during all the experiments performed during this work
was set at35°C. In practice, an isolated spectral line is selected as the fingerprint of the element
of interest for the purposes of classification and quantification of tleaiesphere it was the
Clll 97.7 nm line. This is done in order to eliminate the influence of other lines on the
measurement; therefore, the only need got background elimination is to reduce the continuum

emission.

For the process of background elimination, a computer code was developed using the
software package MATLAB. In practice a relatively smooth region of the spectrum, free of
emission lines and near the selected line in each spectrum was chosen and tileoiritegr
signal over a fixed number of pixels (equal to the instrumentally broadened linewidth), was
taken in order to determine the background signal level. The background signal was then
subtracted from the integral over the selected spectral line {latHimits of the integral
covering and same number of pixels as for the background level case). In this case the signal
corresponding to the integral of 11 pixels was taken as the background and subtracted from the

corresponding signal obtained by intatyng over 11 pixels of the selected spectral line signal.
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Using this method, we obtained reasonable values of the background eliminated line intensity

for the CllI line of interest in the spectra of the samples studied.

There are various studies on thefatusing effect in the single pulse mode including
[11,12,13] Thesingle pulse defocusing effect was studied using the VUV LIBS syfdtém
to examine the behaviors of three spectral lines, including two trace elements in steel (C I
97.7 nm), (SV 78.6m) and Fe IIl (98.4 nm). Results showed that there is a peak on each side
of the tightest focus position i.e., one maximum occurs with the beam focus located about 10
mm to 15 mm under the sample surface, while the other was observed when the beam was
focused at 5 mm to 10 mm above the sample surface. A possible explanation for this
observation is as follows. At the tightest focus, and hence irradiance on target, the plasma
temperature could become quite large (in the say @0 eV range), so that tik@minant ion
stages could be significantly higher than the ion stage of interest [14] Heféh€refore, very
low VUV emission is expected in this plasma regime because the low charge states are almost
absent. One way to solve the problem is to redueepthsma temperature by reducing the

power the irradiance on target,

In order to reduce the irradiance on the target one can either reduce the laser pulse
energy or defocus the laser to increase the spot size. The former has the effect of reducing the
plasma temperature but also the overall brightness of the plasma. Hence the latter was preferred
here. When the plasma is produced by focusing the laser beam underneath the sample surface,
the spot size is enlarged, the plasma temperature is lowered abd tared (by varying the
focal spot size) in order to increase the number density of doubly charged (carbon) ions as

required here.

In practice the laser pulse energy and spot size are varied until the power density is such
that the plasma temperatureps to ca. 10 eV, which is optimal for the generation of excited
doubly charged ions, and the radiation emitted by them. When the laser is focused above the
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target surface the point with the highest power density lies above the target surface.
Consequentlywhen the (defocused) laser ablates the surface the resulting plasma plume
expands outwards, back along the incident laser direction, into the region of space where the
laser focus exists. Hence a high plasma temperature can result (due to reheaéngurhéh

by the high | aser irradiance spot) resul ting

spot 0.

4.2.1 Timelntegrated VUV LIBS (Target 2 mm from the Optic axis of the

Spectrometel)

The first step was to reference carbon line which couldsied to both identify and quantify

trace amounts of the element in the iron matrix of the steel targets used in this stitdyaSo

also important that the line chosen would be well isolated not just from other emission lines in
the iron matrix but alsorém other impurity lines. It has already been established in other
studies [1,7] that theTline at 97.7 nm is an excellecd@ndidate for this exercise. In order to

have a spectrum to compare with those of the steel target spectra of carbon were recorded under
the same laser and optical conditions as those for steel. Accordingly, a pure graphite sample
was placed in the targbolder which was located a distance of 2 mm from the spectrometer
optic axis A total of 50 shots were taken and accumulated, to obtain the spectrum shown in
figure 45, while changing the lateral position of the target from time to time in order td avoi

excessive surface/target damage and/or crater formation.

As can be seen, the spectrum exhibits a low background level and high signal to noise
ratio under these conditions. The CIII line of interest, located at a wavelength of 97.7nm and
correspondindo the1g2s2p {P1) to 1$2< (*So) transition, is shown enclosed in vertical red
bars on the figure, Also, highlighted is the region of the spectrum free of carbon line emission

around 104.4 nm.
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In the next experiment the graphite was replaced by a C/Fe reference target with a
known concentration of carbon (208m). Locating the target at 2 mnofn theoptic axisof
the VM521 vacuum spectrometer, a typical spectrum obtained is shown in figuhe drder
to calculate the signal to background ratio, the intensity values (in counts) for 11 pixels were

integrated around the C W2s2p {P1) to 125 (1So) line at 97.7 nm.

In addition, the background (continuum) level was obtained by integrating across 11
pixels he intensity values around 10, which is a largely line free and smooth region of
the spectrum. Figures @4.4.9) show the avege spectra for four sample targets with different
carbon concentration$able 4.2 shows the line intensities obtained udifigrent (C/Fe) steel

targets.
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barsi the background was obtainedibyegraing 11 pixel values around 104xn.
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Figure 4.7 Spectrum obtained for the reference C/Fe tartfe2Z BS 293pPwith a carbon

concentration of 208pPpm located 2 mm from the spectrometgtic axis Red bar$ thell

pixels integrated around the C 11I?2s2p {P1) to 1225 (!So) line at 97.7 nm. Black bais
the background was obtained by integratl1 pixel values around 104xn.
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Figure 4.8 Spectrum obtained for thheference C/Fe targetZ M BSXCCV) with acarbon

concentratio®400ppm located2 mm distance from the spectrometetic axis Red bar$

the 11 pixels integrated around the C I1#2s2p {P1) to 1825 (1So) line at 97.7 nm. Black
barsi thebackground was obtained by integngt11 pixel values around 104un.
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Figure 4.9 Spectrum obtained for the reference C/Fe tai@BM 12 A215/3)with a carbon
concentration 0f9100ppm located 2 mm from the spectrometgtic axis Red bar$ the 11
pixels integrated around the C 11I?2s2p {P1) to 125 (!So) line at 97.7 nm. Black bai's
the background was obtained by integrgtl1 pixel values around 104¥n at 2 mm
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The regions from which the carbon line and background intensities are determined are
marked by red (C Il line 97.7 nm) and black (background continuum 104.4 nm) vertical lines
in the figuresThe general trend seen in the above spectra is that the typtehtie CIIl 97.7
nm line increases with concentration from &f#n (reference targdiARM 268 B) to 9100
ppm ((reference targsERM 12 A215/3)table 4.2 The background subtracted ins#ies were
obtained by the trapezoidal integration methaqaliedto the wavelength calibrated datéth
the wavelength intervd@bne pixel widthbeing set at c&.02 nmFinally, as expected for such
low carbon concentrations (and corresponding high and similar Fe concentrations) the average

backgound continuum signal is similar in each case.

Table 4.2 Line intensity values for the different steel sample with concentrations of 870
ppm to 9100 ppmi target located 2 mm from theoptic axis

Time Integrated LIBSTarget Location: 2 mm from th@ptic axis
Sample Concentration Laser pulse energy| Line Intensity (CllI)
(ppm)
IARM 268 B 870 450 mJ 2.75E+03
1522 BS 2932 2080 450 mJ 4.27E+03
12 M BSXCCV 4400 450 mJ 8.24E+03
CRM 12 A 215/3 9100 450 mJ 2.22E+04

4.2.2Time Integrated VUV LIBS (Target 4 mm from the Optic axis of the

Spectromete)
In the next experiment, the target was placed at 4 mm fromptieaxisof the spectrometer.
Again, typical spectra obtained from the average of 50 laser shots is shown inltig4. 13

for all four different samples. The same C Il line at 97.7 ram extracted for the line intensity
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measurements and the background intensity level measurements were made in the wavelength

region around 104.nm.
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Figure 4. 10 Spectrum obtained for the reference C/Fe taigét{1 268 B) with a carbon
concentration 0870ppm at 4 mm distance from the spectromeiptic axis Red bar$ the
11 pixels integrated around the C [1P2s2p tP1) to 1$2% (*So) line at 97.7 nm. Black bars

i the background was obtained by integraitl 1 pixel values around 104mm.
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Figure 4. 11 Spectrum obtained for the reference C/Fe targg2Z BS 293pwith a carbon

concentration 02080ppm located 4 mm from the spectrometgtic axis Red barg the 11

pixelsintegrated around the C 11l 2s2p {P1) to 1€28 (*So) line at 97.7 nm. Black bai's
the background was obtained by integratl1 pixel values around 104xn.
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Figure 4. 12 Spectrum obtained for the reference Cikiget (2 M BSXCCV) with a
carbon concentration 04400 ppm at 4 mm distance from the spectrometgtic axis Red
barsi the 11 pixels integrated around the C 11#2s2p {P1) to 12 (1So) line at 97.7 nm.
Black barg the background wasbtained by integratg 11 pixel values around 104Mn.
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Figure 4. 13 Spectrum obtained for the reference C/Fe taQBiM 12 A215/3 with a
carbon concentration d100ppm at 4 mm distance from the spectrometptic axis Red
barsi the 11 pixels integrated around the C I1#2s2p {P1) to 1828 (*So) line at 97.7 nm.
Black barg the background was obtained by integratl1 pixel values around 104un.
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If we compare the spectra of the lowest carbon concentration (cpp8JC/Fe
target (ARM 268 B) placed at 2 mm (figure @). with the 4 mm (figure 4.0) distance€rom
the optical distance of the spectrometer there is a drastic drop in intensity plid£IH the

wavelength of 97.7 nm i.drom 31122.67 to 2684.8@ounts(table 4.3)

Table 4.3 Line intensity values for the different steel samples with concentrations of 870
ppm to 9100 ppmi target located 4 mm from theoptic axis

Time Integrated LIBS Target Location: 4 mm from th@ptic axis
Concentration | Laser pulse energy Line Intensity (CIII)
(ppm)
IARM 268 B 870 450 mJ 2.32E+02
1522 BS 2932 | 2080 450 mJ 5.70E+02
12 M BSXCCV | 4400 450 mJ 1.21E+03
CRM 12 A 215/3| 9100 450mJ 2.67E+03

A general tend showng a significantdrop inthe spectral linentensityC(lll) at 97.7
nm for all targetsocated at a distance of 4mm,comparison witha target displacement af
mm, dis observedHowever, pectra athe4 mm positiordisplaya very low background
signal in comparison with the spectra obtained at 2 winich improves the overall signal to

background ratian this caseas discusseldterin section 4.4.

4.5 Time Resolved VUV LIBS

For time resolved experiments, as mentioned in se8tihhe same laser, spectrometer setup
was used, however, the back illuminated (Bl) CCD wadssstuted by a single channel time

resolved detector that was comprised of the combination of a plastic scintillator and a
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photomultiplier tube (PMT). The exit slit for the VM521 spectrometer was replaced so that it
was returned to operation as a monoatator. The spectral window width encompassed by
the width of the exit slit was set equal to the width of 11 pixels on the CCD camera, i.e., 282

pim, so that the same signal integration took place in each case.

A scintillator was placed behind the exitt slihich captured dispersed VUV radiation
and converted it to light in the UV and visible region of the spectrumpfib®nsemitted by
the scintillatorwith a peak wavelength of 420 nm,enedetectedoy the photocathode of the
PMT and converted into electrons whigkrethenamplified by thedynodechainin thePMT.
The time resolved output signal from the PMT was then recorded as a voltage signal by a fast

sampling digital oscilloscope (Tektronix TE3®32B, 300 MHz, 2.5 Gig&amples/sec).

Initially the monochromator was set at a wavelength of 97.7marder to record théme

history of the CllI1s2s2p {P1) - 12 (*So) line emission.

Typicaloutputsignak areshown in figure 4.4-4.17wherethesignal starts aftea delay
of ca. ® nsand terminates at about 230 ke 60 ns delay arises from the fixed pulse used to
trigger the oscilloscope and appears approximately 60 ns before the optical pulse. The VUV
signal persists out to a time delay of ca. 230 ns, by which time it has returned to a value close
to zero volts (cf. figure 4.14) he continuum emission (figure 8)Ylwas obtained by setting

the monochromator centveavelength to 104 nm.

For thesignals shown in figures 4.14 to 4.1Bettarget was placed at 2 mm distance
fromtheopticaxis6 s & of t he tkegimerésolvedesperenersameashown in
figure 41, so that thdine emission from the plasma for the specific wavelengtimterest
(here 97.7 nm) could be isolated and recorded over the full duration of VUV emission (here

230 ns). The time history of tlentinuum emission around 10 could also be recorded
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over its full duration and subtracted from the 97.7 nm to giwelly backgrounesubtracted

and time resolved emission signal for the CIlI line of interest here.

The time resolved data, recorded for all four targets, was then processed and the integral
of the voltage signal around 97.7 nm obtained to determin€lthkne intensity. In the same
way the integral of the signatound 104.41m, captured by the digital oscilloscope, was also
computed, in order to obtain a measure of the background (continuum) signal. The numbers
corresponding to the line and backgrdyeontinuum) integrals are shown in figurd3or
all the target positions. The integral of each time resolved line and continuum emission signal
for each spectral region, used to constructrgég419, was determined using a simple

MATLAB code.

Figures 4.47 4.17 show the time resolved plasma emission at a centre wavelength of
97.7 nm for four different carbon concentrations in steel samples. Each of the traces represents

the average of 50 time rdged traces with one trace obtained per individual laser shot.

0 50 100 150 200
Time (ns)

Figure 4. 14 Time resolved plasma emission at 97.7 nm for the steel taitfetr carbon
concentration 0870ppm located 2mm from the monochromatgptic axis

120



Voltage (mV)

(0] 50 100 150 200
Time (ns)

Figure 4. 15 Timeresolved plasma emission at 97.7 nm for the tamgbta carbon
concentration2080ppm.
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Figure 4.16 Timeresolved plasma emission for the tangéh a carbon concentration of
4400ppm.
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Figure 4. 17 Time resolved plasma emission at 97.7 nm for the steel tauitfetr carbon

Voltage (mV)

-20

25

-30

-35

Voltage (mV)
L \
@

20!
25}
=30 |

-35 "
o

(a)

s0

(c)

50

100

Time (ns)

100
Time (ns)

concentration 09100ppm.

150 200

Voltage (mV)

Voltage (mV)

-20

25

30

-35 -

20
-25 ¢
30|

=35
o

(b)

50 100 150 200

Time (ns)

(d)

50

100 150 200
Time (ns)

Figure 4.18 (a-d) shows théimeresolved continuum emission signal for a target with a
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carbon concentration of 870, 2800, 4400, 940 (respectively) obtained at a
monochromator wavelength of 1@sm.



For the background elimination from thll 12s2p {P1) to 125 (*So) line

emission the continuum emission was also measured for every sample with the

monochromator set at a wavelength of 104.4 nm. Figushdws the continuum emission

obtained for the target containing 4400 ppm C. For the calibration curve the time integral of

the continuum signal is subtracted from the time integral of line signal in corresponding plots.

Figure 4.8 shows the continuum arxhckground signal for the target with carbon

concentration of all four samples.
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Figure 4. 19Integral of the line and continuum signals for targets with carbon concentrations

of (a) 870ppm, (b) 2080ppm, (c) 4400ppm and (g 9100ppm.
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4.6 Calibration Curves from Tl -SR and Time Resolved Spectra.

Calibration curves linking carbon concentration to 97.7 nm line intensity were constructed
using spectra obtained using single point plasmas with the VUV LIBS system operating in both
time integrateespace resolved (73R), multichannel with CCD detection mode and also in

time resolved (TR), single channel with PMT detection mode. In each case the line emission

signals at 97.7 nm are background subtractethusie signalsecorded ar 104.Am.

4.4.1Time Integrated Space Resolved (TISR) LIBS Calibration Curves

I.  TISR Calibration Curve (Optic axis 2 mm from the Target Surfacg

With the target located 2 mm from tbetic axisof the spectrometer, 50 single shot spectra
were ecorded for each sample, having a specific concentration. The steel sample was moved
laterally in the laser focus, moving the target position by a few mm after 25 laser shots. The
final spectrum in each case was obtained by averaging all 50 single spéetraarbon
concentrations varied from 87pm to 9100ppm for the four targets used and the resultant,

backgrounecorrected, intensities are shown in figur2Cbelow.

The best fit straight line for the resultant calibration curve shows the data points
scattered quite well on either side of the fitted line indicating that simple univariate analysis is
quite well justified in this cas@he estimated error on each data point arises from experimental
factors (e.g., signal and background fluctuations, oreasent uncertainties and systematic
error) and is £10% of the largest signal vallige calibration curven figure 420is based on

thebackground subtractedilues shown in table 4.2
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Pearson's r 0.98837
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Figure 4.20 Time integrated VUV LIBS calibration curve for spectra recorded with the
target located 2 mm from spectrometgtic axis

. TISR Calibration Curve (Optic axis4 mm from the Target Surfacg

With the target displaced by 4 mm from thygic axis once again 50 sgle shot spectra were

taken for each of the four samples. As can be seen from figutethe?best fit line, passed
through all the points well, a better outcome compared to the 2 mmTteseoefficient of
determination (R squared value) obtained in this case is 0.9998, W#ijgh confirm this
assertion. With the targptaced at 4 mm distance from the optic aaigwer continuumlevel

and a higher and more stable signabs observed, dith of which contributed to improved
results in this case compared to the results when the target was displaced by 2 mm from the

optic axis.

For reference the calibration curivefigure 4.2 below isbased on the background corrected

line intensity vales shown in table 4.3.
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Figure 4.21 Time integrated VUV LIBS calibration curve for spectra recorded with the
target 4mm from spectrometaptic axis

4.4.2 Time Resolved (TR) VUV LIBS- Calibration Curves

For the timeresolved measurements, each sample was irradiated by 50 laser shots and the
calibration curve was constructed using the average spectral intensity obtained from the
accumulation of 50 time resolved VUV traces for each sample. First all &3 tnaere added

and then integrated using MATLAB code. Background subtraction was performed after
integration of time resolved signal by subtracting the integral of the continuum from the
integrated signal using the same MATLAB software. As shown in figidzthe best fit line

passes well through all the data points well, showing a clearly linear relationship between
intensity and concentratiohe calibration curve (figure 422 is based on the background

subtracted valuegivenin table 4.4.
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Figure 4.22 Timeresolved VUV LIBS calibration curve for spectra recorded with the target
located 2 mm from spectrometgstic axis

Table 4.4 Line intensity values for the different steel samples with concentrations of 870

ppm to 9100ppm i target located2 mm from the optic axis

Time resolved LIBS Target Location: 2 mm from th@ptic axis

Sample Concentration Laser pulse Energy | Integral line emission
(ppm)

IARM 268 B 870 450mJ 931.43

1522 BS 2932 2080 450mJ 1128.4

12 M BSXCCV | 4400 450mJ 1627.6

CRM 12 A 215/3 | 9100 450mJ 2726
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4.7 Limit of Detection Determination

The limit of detection (LoD) depends on the fluctuation in the signal with respect the
background and therefore it depends strongly on the standard deviation of the background for
the lowest concentration of carbon, which is ®pin in this case. Using the plots shown in
figures 4.D to 4.2 the slope was determined for each case&SRI(2 mm and 4 mm) and TR

(2 mm) TR VUV LIBS.

For each case the standard deviatidnth® background signal at 104rnm was
detemined and hence the DCcould be extracted by using the usual formula (Chapter 2,

Section 2.6), namely:

O-H

D E O
U E Y

A

where 6S6 is the slope of the calibration cu
Hence using the ratio between three times standard deviation of the background continuum
values and the slope of the calibration curve, the limit of detection is deterriheiad. 45

shows that LoD value in the time resolved VUV LIBS mode was lower than for both time
integrated cases (BR-VUV LIBS for targets displaced by 2 mm and 4 mm ). This is an
important result as the optimization of LoD for carbon in steel is main aim ofdHereported

in this thesis.

The goodness of the linear fit is an important parameter for the determination of the
quality of calibration curves.®Rs a coefficient which takes the value between 0 to 1, and the
closer itis to 1, the better is qualdfthe fit. For the LoD calibration, it should ideally be better
than 0.97 [1,7], whereas?Ralues above 0.99 indicate a very good linear fit and are highly
desirable. The Rvalues in table 4.4 show that the best linear fits to the calibration data are

obtained for time integrated VUV LIBS with the target positioned 4 mm away fromopte

128



axis, although the limit of detection at 316 ppm is somewhat poorer than that obtained for the
2 mm target postion (224 ppm). However, the latter fit, ha$\aaRe pst at the threshold of

0.97 and so, for that reason, the 4 mm position, which exhibitsl B chosen for reporting

the LoD value.For the time resolved mode, with the targisdisplaced® mm from theoptic

axis As a future step a systematic studyhd effect of target displacement in this case will be

performed.

Table 4.5 Comparison of the analytical quality of three VUV LIBS methods used for
carbon in steel

Method R2 Value LoD SBR

Time integrated space resolveq 0.975 224ppm 2.4

VUV LIBS at 2 mm

Time integrated space resolveq 0.99988 3160pm 2.8

VUV LIBS at 4 mm

Time resolved VUV LIBS 0.99985 56ppm 3.3

Hence the results from this data are considered to be more reliable (even if the LoD is
higher for the TISR case at 4 mm). In table 4.3, the LoD obtained at 2 mm distance from the
optic axisis slightly lower (at 224pm) than at 4 mm, which is 31§m However, as the R
value for the data obtained at 2 mm is 0.975 compared to 0.999 (effectively 1) at 4mm, the
value of the LoD obtained is considered to be more reliable for the LIBS data obtained with
the target displaced by 4 mm from thptic axisof the VM521 spectrometer. This not

surprising considering the good fit of the intensity data to the fit, and albeit the the overall
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reduction in counts for both the line and continuum signals results in a higher LoD, albeit once
that one can have confidenioe For the time resolved case the LoD, appf is significantly
better than both time integrated {SR-VUV LIBS) cases and, given the proximity of thé R

value to 1, one can have a high confidence in the LoD in this case.

In order to measure the inguement in the LoD by using time resolved VUV LIBS,

an improvement coefficient is introduced and defined as:

- eq. (4.3)

where TISR and TR have the usual meanings.

Table 4.6 Comparison of time resolved system with respect to time integrated LIBS
system

Time integrated at 2 mm | Fime-lntegrated-at4-mm

Timeresolvedat 2 mm 4.0 56

It is clear from the above that time resolved LIBS shamismprovement in comparison
with time integrated LIBS a correspondingargetdisplacemenof 2 mm with-thet—value

afactor of 4.

In relation to the absolute LoD values obtained with VUV LIBS system used here, it
should be noted that these depend critically on a number of keyrspstrformance factors,
especially the emission line signal to naiaBo (SNR)and signal to background ratiSBR).

The SNR depends in turn on the source intensity,sgeetromete(VUV) transmission/
throughput and the detector sensitivitpise perbrmance. In the first veron of the system
reportedby Khater et al.I5], an image intensified photodiode array (IPDA) was used as the

multichannel detector. The best absolute hafitdetection (IOD) obtained for carbon in steel
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was 87+10 ppm. Simply changing to tberrentAndor BNCCD detectarthe carbon/steel

LoD improved damaticallyto just a few ppni3]. This example is used to illustrate the point
that it is not possible make direct comparisons 00D values betweedifferent LIBS setups

or between setupwith modified detectioror between measurements madé the ame

setup, butat quite different time§3, 11, this thes]s The latter point is made since the VUV
LIBS system performance will degrade over tid@e example concermgflectivity lossdue

to coating of the grating surface with vacuum pump\Wi¢ alreay know thathe CCDhas a
coating on the surface which has made part of it (an area covering ca. 300 x 512 pixels)
completely insensitive to VUV radiation. So one can only conclude that the remaining active
area suffers from at least some sensitivity .Id8se canalso expect areduction inthe
transmissiorof the GCA due to plasma debesther deposition on the surfadacing the
plasmas. Clogging of at least some of the pores is also possible for those cases where the

moving debris penetrates the GCA

Looking at the historical trend in absolute LOD measuremet performaiacey Xi
measured a LoDof 54 ppmin vacuw [11]. In contrasMuhammad Khatemeasured..2 ppm
(albeitin air at very low pressure 0.1 mb§2]. He did not measure the LGB vacuq but he
mentioned a signal to background ratio that was 5 tpoeserin vacw. So, one can expect
the LOD to lie someWwere between 5 to 10 ppm for vacuum conditions whicit ieasts

times lower than when Jiang Xi performed her experiment®btained d OD of 54 ppm.

Using the same 97iimline, underthe same experimental conditions andubkig the
sameexperimentakystem, a LODbf 316 ppmwas obtainedhere So, there has been decline
by a factor ofapproximatelysix in the LOD achievable with the current TI SR VUV LIBS
setupsince2014 [1,7] In summary,as the absolute LoD values depend ongbality of the
LIBS optical system, the absolute values cannatitextly compared, antiencewe can only

look for improvements in LoD betweeng.,time integrated and time resolved VUV LIBS
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measured at the same timeatpoint noted, for completenesgamparison with other groups

performing limit of detection focarbon in steel is presented in the table 8,61 16-21]. In

most of the studies cash line at 190.3 nm was studied

Table 4. 7 Comparison of limit of detection with the literature

1992 1993 1999 | 2000 |2001 |2002 |2012 |2019 2020
C(l) C(l) C(l) C(l) C(l) caimy cam | cm c(m
193.09 |193.09 | 193.09|193.09 | 193.09| 97.7 97.7 193.09 | 97.7 nm
Aguilera | Aragon | Aragon| Strum | Noll et | Khater | Jiang |V strum|S. Zehra
et.al[15] | etal[16] | et al et al al et al et al et al et.al
65ppm | 250pm | 80ppm | 7 ppm | 3ppm | 1.2ppm| 3.6 34ppm |56 ppm
ppm
Summary

Results of point plasmexperimentsare discussed in this chaptéor this study specifically
the C?* line atawavelength of 97.7 nm wasudiesusingstandard referendargetswith four
different concentrationsThe studyincludesacomparison of time resolved and time integrated
LIBS methods for the limit of detection of carbon in stdelitial experiments were based on
atime integrated/UV LIBS studyfor targets with surface displacement2ahm and 4 mm
from theoptic axisof the spectrometeResultsshow that whethe target was placed at 2 mm
from the optic axisof spectrometefin timeintegrated LIBSmode) thdimit of detectionwas
224ppmwhile thesignal to background ratiwas found to be 2.4. When the target was placed
at 4 mm from th@ptic axisof the spectrometérngain inin timeintegrated VUVLIBS mode)

the limit of detectionncreased t@16 ppmwith signal to backgrounchtio of 2.8.In the case
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of timeresolved VUV UBS, thelimit of detectionwas significantly better56 ppmat asignal
to background ratiof 3.3. It can beconcluded that, time resolvadJV LIBS shows a lot of

promise forthe detection of carbon in steeith low LOD values
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Chapter5 1 Limit of Detection(LoD)

Optimizationfor Carbonin Steel Line
Plasma LIBS

5.1 Introduction

Although in principle laser induced breakdown spectroscopy is a straightforward technique,
there are a variety of experimental parameters that affect its performance [1,2]. These pertain
to the main components such as the laser, the focusing opticsgttestaape, the spectrometer

and the type of detection. Taken together there is a huge range of possible combinations which
can be explored [1,2]. In this thesis, with a special focus on VUV LIBS [3,4], the laser is
simplified to a device which produceslges with a duration of a few nanoseconds, carrying
energies of up to 1006s of mJ . The Acton
incidence spectrometer parameters (e.g., dispersion, focal length and mount) are fixed. The
targets used are all standaefierence metals [4] presented to the laser as flat surfaces aligned

with theoptic axisof the spectrometer.

In the previous chapter, time integrated, multichannel detection, with a back illuminated
CCD [5] was compared with time resolved, single chadatdction, with a fast scintillator [6]
and photomultiplier tube [7]. In bottases the experiments were space resolved, achieved by
placing afore-slit close to the emitting plasma. In this chapter the emphasis is on the focusing
of the laser pulse ontbe target surface. Specifically, the key performance parameters for LIBS
[2,8], namely signal to background ratio (SBR) and limit of detectio])lare compared for
time integrated, space resolved SR) VUV LIBS [9,10] for both point and line focus

geametries [1,2,11].
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Experiments on the latter are explored in detail, specifically the effect of focusing and
the location of the plasma with respect to dipic axis In these experiments a planonvex
cylindrical lens with a 1064 nm antireflection dogtand a focal length of 130 mm was used.
Importantly the axis of the plasma is aligned vertically, to lie along the direction of the entrance
slit of the spectrometer. Combined with the near normal incidence configuration of the ARC
VM521 VUV spectromete[12,13], it can be expected that this configuration is partially
stigmatic [13,14]. Hence the illuminated slit is focused onto the CCD and its full length of a
few millimetres can be captured by the tall CCD. Considering the line plasma source t® act lik
a 6continuous array6 of point sources, one
that a signal to noise ratio (SNR) gain in the recorded spectra could be achieved which, with
line focus and plume region selection, could result in SBR ancehe® gains over a single

point plasma.

5.2 Effect of LaserFocus andTarget Position

For these set of experiments, a playtindrical lens with a focal length of 130 mm was
oriented in the vertical direction such that the laser was focused onto thestafge¢ to form

a long and vertical narrow line of plasma in the corresponding direction as illustrated in figure
5.1. As a simple planoylindrical lens was used, focusing occurred in only one direction and
the length of the line formed depended on tlaenditer of the laser beam. The length of plasma
column so formed could then be adjusted by controlling the diameter of the laserTiheam

was done by placingn apertur¢an adjustable irisin the beam before it was incident on the

lens The effect of dmcusing and of the absolute target position with respect togtie axis

of the spectrometer were both important parameters to be varied and optimised to obtain the

best possible @D values.
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Figure 5.1 TISR LIBS setup with plangonvex cylindrical lens (focusing in the vertical
direction).

Since theoverarchingobjective of this research is the optimization of tr@Lfor
carbon in steel using the*Cline at 97.7 nm, the dy task has to be to maximize the
corresponding SBR. Hence it is the combination of high emission intésigihal)along with
low backgroundand backgrounéluctuation, amounting to a low standard deviatisid for
the background, that must be aimed fiay this end, a steel sample with a carbon concentration
of 520ppmwas used in experiments, designed to determine the lens and target positions that
optimised signal to noise rat{i®NR), signal to background rati®&BR) andlimit of detection
(LoD). Measurements were made for target positi@isplacements from theptic axisof
VM521 VUV spectrometerjanging from0.5 mm to 2.5 mm in steps of 0.5 mm These

measurements were also made at each target positidifféoent lens positiongangingfrom
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12.5mm to 25 mm, in step of 1 mm. BEsershots were taken at evagrget and lenposition

and then averaged.

Figures5.2- 5.4 showsome sample spectra obtained at lens positions of 5 mm, 10 mm
and 20 mm for target positions ranging from 8 to 9.5 mm fothe chosemeference steel
sample CRM 12 B 176{purchased from Glen Spectra Reference Matelt§lsThis sample
has an average concentration of ppénhwhich sits in the middle of the range for other samples

used for loD studies, as can be seen in table 5.1.

Table 5.1 Steel samples and the respective carbon concentrations

No Sample Label Concentration (ppm)
1 CRM Fe 1/1 50

2 11 CM 5078 180

3 1008 BS XAAS 410

4 CRM 12 B 1767 520

5 CRM 14 MI206A 680

6 CRM 12 X 1525P | 940

For all these experiments a combination of half wave plate and polaagausedo
attenuate théaser pulse energyn the case thpolariser is set orthogonal to the polarisation
direction of the laser to act as an analyser. The half wave plate is inserted between the laser
output aperture and the polariser and rotated to control the polarisation plane angle and hence
the power transitied by the analyser polarisgh]. Thelaserpulse energyround450 mJis

used to perform all these experiments.

All spectra used for the calibration curves and limit of detection calculations represent
the average of 150 laser shots. Spectra wertuiep and stored as single laser shots and

aggregatedafter eachexperiment for posprocessing and analysis. During the experiments
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there were 25 laser shots at each target position, achieved by simply moving the target in the
x-y plane and/or rotating #fter each 25hot accumulation. This was done in order to avoid
the crater effects. The laser was focused abodebelowthe target surface, as previous studies
showed that maximum intensity of the selected C(lll) line was acquired when the laser beam
was focused betweeénto 10 mm above and belade target surface in case of single pulse

VUV LIBS experiments in point plasma studies [1].

In addition, when the focal point is above the sample surface, the plasma temperature
is expected to be higher besa the plasma plume expands into the more tightly focused laser
beam region where the laser beam power density is correspondingly higher than in the case
where is focused below the targetface For the line plasma studighe effects of defocusing
of the lens with respect to the target were stydaasdthey were in previous studies for point

plasmas15,16,17, so thathe optimum target position and lens positiauld bedetermined

700
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Figure 5.2 TI-SR VUV LIBS spectra for different locations of the target surface relative to

theoptic axisof the spectrometer. The C(lll) line at 97.7 nm occupies the pixel range from

467 to 475 while the pixel range 637 to 645 was chosen to estimditadkground intensity.
The cylindrical lens was defocused b¥.5mm (pbelowthe target).
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Figure 5.3 TI-SR VUV LIBS spectra for different locations of the target surface relative to
theoptic axisof the spectrometer. The C(lll) line at 97.7 nm occupies the pixel range from
467 to 475 while the pixel range 637 to 645 was chosen to estimate the backgrensity.

The cylindrical lens was defocused by nmelpwthe target).

800
600
400
200

(s3unod) Ayisuaju|

[N}

Figure 5.4 TI-SR VUV LIBS spectra for different locations of the target surface relative to

theoptic axisof the spectrometer. The C(lll) line at. 9 m occupies the pixel range from

467 to 475 while the pixel range 637 to 645 was chosen to estimate the background intensity.
The cylindrical lens was focused byp2Znm (above the target).

Figures 5.2 to 5.4 show three examples 66R VUV spectra foplasmas formed by
a line focused laser. Each figure corresponds to a different degree of defocusing of the
cylindrical lens, namely 5mm, 10 mm and 20 mm above the steel target surface. In each figure
four spectra are shown corresponding to displacenwodritse target surface by 8.0 mm, 8.5
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mm, 9.0 mm and 9.5 mm, respectively, from ¢ipéic axisof the VM521 VUV spectrometer.

It is clear that the@verall spectral intensity varies significantly with target location for every
lens defocus and especially so when one comparés3nam location to the other three. The
effect of lens defocuss also clearbut more gradual, with the overall spectraleimsity
decreasing with increasing defocus frda.5mm to 7.5 mm below and above the target

surface
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Figure 5.5 TI-SR VUV LIBS spectra foadisplacemendf the target surfaceelative to the
optic axisof the spectrometeof 1 mm. The C(lll) line at 97.7 nm occupies the pixel range
from 467 to 475 while the pixel range 637 to 645 was chosen to estimate the background
intensity. The cylindrical lens focus was varied fralimm to3 mm in increments of 0.5 mm
(above the taget).

Figure 5.5 shows the spectra obtained at a target positidnnah with the lens
defocused froml mm to3 mmwith an emphasis oanalysingts effect on the line intensities
and background intensities. The plot was motivated by the fact th@trima target offset
appered to yield the best compromise between a low background intensity while exhibiting
clear and distinct line emission. Hence it was considered a good plan to look at the defocusing

effects on the spectral distribution of the VUV esion in more detail than in figure 5624.
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For limit of detection, the standard deviation of the background intensity is considered
as a parameter of the utmost importance as the lowest fluctuation in the background intensity
is one key to obtainindié best limit of detection in LIBS experimerf®ar example,n figure

5.2above for each of these spectra shown, it can be seen that the spectrum recorded at a target

position of0.5exhibits the highest overall line intensities.

Background Intensity (104.4) nm

Intensity (Counts)

Figure 5. 6 Intensity of the background (at ca.4149 nm) obtained at four different target
positions ranging from 8.0 to 9.5 mm and lens positions ranging from 5 mm to 25 mm.

However, tlis spectumalso exhibisthe highest background levels, and one can expect

the highest fluctuation in the background since, in simple terms, for a background signal level

ofN66counts, the noise or f | ub.tToespecaobiainedn t h a't

at a targeposition ofLl mmin each of figures 5.2 to 5.4ppears to be the best compromise on
the basis of the two key criteria, i.e., high Clll 97.7 nm line intensity along with lowest
background level (with respect to the line intensity) and hence low flumtuati the

background. In order to select the optimum spectrum from those recordepettieal data
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needed to be analysed in greater detail with respe@7.ttnm line intensity and 184nm

background level

To this end, the background intensity waeasuredfor different target and lens
positions, as can b&hownin figure 56. The average backgroundensity was extracted by
computing the itegral of 11 pixels around 104mm. It can be seen that there isage drop
in the background intensity when the target is moved idamm to1l mmrelative to theptic
axis of the spectrometeOn the other hand, there is not much difference when the target is
moved further talisplacements df.5mm and2 mm. Thesignificant dropoff irthe background
between the 0.5 mm and 1.0 mm target positions reflects the fact that most of the continuum
emission comes form the hot core of the laser plasma which is quite small in extent (typically
less than 1 mm in diameter). ke, when the target surface is pulled back by 1 thenmain
continuum emitting region is occluded from

5.6that is observedetween 0.5 mm and 1.0 mm.

It is also worth noting that the background intensity chamgete significantly with lens
position for a target position &5 mm (figure 5.6)Therefore, 0.5 mm target locatioshould
be compared with the background continuum emission at target spdsitiens ofl.0 mm,

1.5mm, and2.0 mmwhich is lower and more stable

The intensity of the CllI line of interest was obtained by taking the integral of 11 pixels
around a wavelength of 97.7 nm (figur@)5Each individual spectrum represents the ager
of 150 laser shots with 25 single shot spectra taken at each target position. The line intensity is
highest when the target iscateda distance 00.5 mm from theoptic axis At 1.0 mm the
average peak intensity drops sharply and continues to decrease more slowly as the target is

moved to locations d.5mm and2.0mm.
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Figure 5.7 Intensity of the 97.7 nm line obtained at four different target positianging
from 0.5mm to2.0mm and lens positions fro2.5mmto 17.5 mm above and below the
target surface

Background subtracted line intensity (97.7 nm)
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Figure 5.8 Background subtracted, peak intensity of the 97.7 nm line at four different target
positions ranging fror.5 mm to2.0 mm and lens positions fro2.5mm to17.5mm
above and below the target surface
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Hence the target position is very significant in ¢ipgimization of the signal in T8R
VUV LIBS. In summary a target location @fmm results in a significantly lower variation in
the background intensity with lens position while maintaining a strong 97.7 nm signal. In
addition, it was found that the 9mm signal was also reasonably insensitive to the lens defocus

with the target locatedt 1 mm.

For the calibration curve and limit of detection determination, it isbémekground
subtracted intensitgf the C?line at 97.7 nm that is used. Therefdree background subtracted
line intensity was analysed at different target and lens posffiguse 5.8) The overall trend
in 97.7 nm line intensity (raw and background subtracted) with target logagonilar in both
figures (5.7 and 5.8}-or eachtargetlocation,the lens position range over which the 97.7 nm
line intensityappears to beguite stabldies between-1.5and2.5mm.As proposed earlier, the
target locatiorthat gives the best comprasei between a high 97.7 nm signal combined with a

small background signal levisl 1.0 mm with respect to theptic axisof the spectrometer

One other highly significant parameter is the standard deviation of the background,
which is the parameter used ¢mantify the fluctuation in the background or continuum
emission. Figure 9.shows that the standard deviation of the background (SDB) is largest and
varies quite a lot with lens position (focusing/defocusing) when the target is placedd the
mm positon. It is lower and flatter for all other target positions. It also varies with lens position
with the lowest fluctuation of background emission when the lens was placed betvieem
to 25 mm position from the target surface, albeit the improvementaiginal. This result
serves to cppe fasten the choice of target surface location to lie@tnm with a lens defocus

somewhere betweet.5 mm and2.5 mm.
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Standard deviation of the background intensity

Standarddeviation

Figure 5.9 Standard deviation of the backgrountkensity (at ca. 1404 nm) obtained at four
different target positions ranging frodnsto 2.0 mm and lens positions fro&2.5mm t017.5
mm above and below the target surface

Figure 5.10 below shows the integral of 150 spectra obtained at 1 mmpasgein
and 2.5 mm lens positiorkigure 511 (a) shows how the Clll 97.7 nm line and background at
104.4 nm intensities vary with target position for one single lens position, nan@aym. It
can be very clearly seen here that the line and background (continuum) intensity values both
drop significantly when the target is moved away fromogbiec axisof the spectrometer, from
0.5mm to thel.0 mm position. The rate of the decay in ea@nal drops significantly in the

0.5 mm to2.0 mm range and it can be seen that the optimal SBR is obtained at a target position

of 1.0mm.

The datain figure 511 (b) shows the average line inteysidbtained at every target
position from 1.5 mm to 2.0 mnJsing the values of average background subtradied
intensities and average background intensibes can extract the signal to background ratio
(SBR) which is an important indicator of the &jityaof spectral signal used for LIB8hich is

shown in figure 5.10 (b)

147



The standard deviation of the background shown in figurkis.dbtained bygimply
calculatingthe standard deviation of the background of 150 spectra obtairadhaarget
posiion. For the optimum limit of detection, we need to find the target position where we can
obtain the most stable signal.j.@ith very low standard deviatioAlso, in the case of figure
5.11, the standard deviation of the backgro(8dB) was obtained avery lens position

from 12.5 mm below to 7.5 mm above the target surface.

The spectra obtained represent the accumulation of a number of individual laser shots
(determined by the laser repetition rate and CCD exposure time, typically 10 pulse pdr secon
and 1 second). The thermal background (or dark signal) was subtracted from each
accumulation (CCD integration) leaving the residual thermal noise fluctuations on the
resulting spectrum. This residual noise was thus superimposed on the noise due to random
photon number fluctuations on each signal. Hence, the noise on each pixel results from
different noise sources. To obtain the final spectra for the construction of each calibration
curve and the determination of the background standard deviation a nafralbbeumulated

spectra were added together to form the average of typically 150 single shot spectra.

For the calculation of the SDB, 11 pixglspresenting 11 measurements of the
background signal (pixels 637 to 645 around 104.4, mmje usedA MATLAB code was
used to process all measurements including accumulating and averaging spectra and
determining standard deviations.this case each x@l was considered as a single
background measurement for the statistical analysis and the sum of 1Waselsnsidered
as the total background. The resulting sum of 11 pixel values for a target position of 1 mm is
equal to c.a. 300 as seen in figurkélsa. Figure 5.11 b shows the corresponding standard

deviation which was calculated to ba.10 counts.
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Figure 5. 10 Overlapped 150ine plasma spectra, when the target was placed at Amidm
lens positiorat 2.5 mm

The trend in figure 3.0 (b) shows that the signal to background ratio increases with
distance of the target from tlgtic axisof the spectrometer. It is interesting to note that while
the standard deviation of the background (SDB) is quite flat for target positiond dermm
to 2.0mm, the SBR increases from below 6 to almost 8. This observation indicates that while
both the ggnal andthe background levemay be decreasing relative to the 97.7 nm line signal

(in this target position rangethe background does so faster.

149



5000 : . : . : . : .

4000 ~ —=— Line Intensity 97.7 nm _
—m=— Background Intensity

w

o

o

o
1

Line Intensity (counts)
S
8
1

i

(o]

o

o
1

T T T T T T T T T T T T T T T
04 06 08 10 12 14 16 18 20 22
Target Position (mm)

Signal to background ratio
(A N
1 1
T T
8B
punoiByaeq ay) Jo uoleIASP pIRpURIS

T -
05 15 25
Target position (mm)

~—@— Signal to background ratio
=0 Standard deviation of background

Figure 5.11Line (97.7 nm) and background intensities obtained at fifi@rent target
positions ranging fro.5 mm to2.0 mm. The lens position was fixed ailmm. Usingthe
raw data shown in panel (a), the signal to background ratio (SBR) and standard deviation of
the background (SBR) at ca.4l9 nm are obtained arsthown in panel (b) Two plots in (a)
and (b) have two different scales

Figure 512 (a) illustrates the variation in both CIIl 97.7 nm line and continuum (around
104.4 nm) signals with lens position. The target position W@snm. These data were ustd
construct the traces in figurel2.(b). The background signal varies from 22@20 counts
with a mean value of ca. 310 counts. The 97.7 nm discrete line signal varies from just below

1,600 counts to just above 1,280 counts with a mean valuppodxamately 1430 counts.
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Whereas thaeignal to background rati®GBR) varies from a minimum value close to 3.0 to a

maximum value of ca. 5.5, as shown in figuri23b).

In figure 512 (b) the SBR and the standard deviation of the background (SDB) are
shown. These data were obtained from spectra recorded at a target poditioomoft can be
seen thathe SBR increases as the lens is moved fildtvb mm to 2.5 mm and thereafter it
remans reasonably constant over the focus range #&mm to 25mm below and above the
target surfacafter which it again starts to decrea®e.the other handhé SDB fluctuates over
the whole lens focus/ defocus range from a lowppFeximately4 to a high of almos20 but
is confined tca reasonable narrow rangevalues from ca.8 to 12, for lens positiondying in
the range froml.5 mm belowto 25 mm above the target surfacdence, once agaia lens
defocusposition betweerl.5 mm and2.5 mm is a good choicéor TR-SI VUV LIBS
experi ments wi t hasddth paramete(SBERsanisSBDae lquiterstable in
that range. This 1is cl| ed2().flisloud aschbe notedthagt r e g
although both line and continm signals exhibit the lowest absolute intensities in this lens

defocus range (figure B (a)) the SBR is highest, lying between 5.0 and 5.5 in this case.

The optimum target position was also confirmed tolb@ mm with the lower
background signal andwer standard deviation of the background signal and relatively higher
signal to noise ratio for the Clll 97.7 nm line intensity in comparison to other target positions.
Also, according to data obtained the optimum lens position obtained was foundntahiee i
rangel.5mmbelowto 25 mm. This lens position range yield good SNR for the 97.7 nm line,
stable SBR values of ca. 5.5, along with low fluctuation in the background (figux€hj)1
For this reason, the target surface was located at a distatid@noim from theoptic axisof
the spectrometer and the lens position (focus/defocus) was chosen%arime @ front of the

target.
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Figure 5.12Line (97.7 nm) and background (ca4l4nm) intensities obtained at lens
positions ranging from2.5mm to7.5mmbelow and above the target surfasbentarget
was fixed atl.0mm. (a) Using the raw data show in pan@) the signal to background ratio
(SBR) and standard deviation of theckground (SDB) are obtained and shown in panel
Two plots in (a) and (b) have two different scales.

Hence the optimum conditions determined above and subsequently used to perform the
final experiments, shown in the next section 5.3, are summarised in table 5.2 below. Using
these conditions line plasma experiments were performed on a number of stafetartee
steel samples and compared with time integrated, space resolvB&)Eind time resolved

VUV LIBS results.
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Table 5.2 Parameter for experiments on calibration curves and limitof-detection for C

in steel
Optimized lengposition 2.5mm
Optimised Target position 1.0mm
Laser Energy 450 mJ
Focus type Line focus
Pulse width 6 ns
Lens Type Cylindrical lens
CCD Exposure time 1 sec (Laser in single shot mode)
CCD Temperature -4 C
Laser Beam diameter 9.5 mm

5.3 TI-SR VUV LIBS Spectra for Optimum SBR

Using optimized experimental parameters, finatSR VUV LIBS experiments were
performed for line plasmas formed on six different steel targets of low carbon concentration
(listed in Table 5.1). The data extracted from these spectra were used to construct the
calibration curve for the determination of the carbon content in unknown steel samples Figure
5.12 - 5.17 show the spectra of the six differenteel reference samplasith carbon
concentrations of 50, 180, 410, 520, 680 and 940 parts per mpiom).(These TISR VUV

LIBS spectra were obtained by aggregating 150 single shot spectra. Using the information
shown in Section 5.2, the target surface was pulled back froropthe axs of the Acton
Research Corporation VM521 VUV spectrometer by a distance of 8.5mm. The lens was set in
order to focus the Continuum Surelite-110 laser 20 mm in front of the target. The laser pulse
energy waset to 40 mJ. The spectra show the cleaoletion of the Clll 97.7 nm line with

target concentration relative to the Fe matrix spectrum.
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As in Section 5.2 above, in order to determine CIlI line and background intensities,
the counts from 11 pixelsenterecat wavelengths 097.7 nm(line) and 1@.4 nm
(continwm), respectively, were summed. In order to get the continuum free 97.7 nm line
signal, the background level was subtracted from each line intensity. These corrected
intensity values were used to determine the signal to construct the taatiloarve for

carbon in steel.

14000 Steel sample with carbon concentration of 50 ppm
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Figure 5. 13 Spectrum obtained with the reference target CRM/E€carbon concentration
of 50ppm). Red bar§ the 11 pixels integrated around the C I#2s2p {P1) to 125 (1)
line at 97.7 nm. Black baisthe background was obtained by integrating 11 pixel values
around 104.4 nm.
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<104 Steel sample with carbon Concentratoion 180 ppm
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Figure 5. 14 Spectrum obtained with the reference tadgeCM 5078carbon concentration
of 180ppm). Red bar$ the 11 pixels integrated around the C 1#2s2p {P1) to 1828 (*So)
line at 97.7 nm. Black baisthe background was obtained by integrating 11 pixel values
around 104.4 nm.

=10% Steel sample with carbon concentration 410 ppm
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Figure 5. 15 Spectrum obtained with the reference tadg¥#i8 BS XAAS(carbon
concentration of 41ppm). Red bar§ the 11 pixels integrated around the C 1#2s2p {P1)
to 182< (1S9) line at 97.7 nm. Black baisthe background was obtained ibyegrating 11
pixel values around 104.4 nm.
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«10% Steel sample with carbon concentration 520 ppm
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Figure 5. 16 Spectrum obtained with the reference tafgetM 12 B 1767 carbon
concentration of 52ppm). Red barg the 11 pixels integrated around the C I1#2s2p {P1)
to 12¢ (*So) line at 97.7 nm. Black baisthe background was obtained by integrating 11
pixel values around 104.4 nm.

«10% Steel sample with carbon concentration 680 ppm
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Figure 5.17 Spectrum obtained with the targ@RM 14 M| 206A(carbon concentration of
680ppm). Red bar§ the 11 pixels integrated around the C I1#2s2p {P1) to 1922 (1S0)
line at 97.7 nm. Black baisthe background was obtained by integratingikel values
around 104.4 nm.
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«10% Steel sample with carbon concentration 940 ppm
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Figure 5. 18 Spectrum obtained with the targeRM 12X 15252° with a carbon
concentration of 94ppm Red bar$ the 11 pixels integrated around the C 11#2s2p {P1)
to 125 (*So) line at 97.7 nm. Black baisthe background was obtained by integratidg

pixel values around 104.4 nm.

The line, continuum and SBR values extracted from each spectrum shown in figures
5.12 to figure 5.17 (inclusive) are shown in table &.& clear from the table that there is a

general trend for the SBR to increaselmdbncentration, as expected.

Table 5.3 Clll 97.7 nm line intensity (background subtracted), and signal to
background ratio (SBR) obtained from different samples of steel having different
carbon concentrations

Sample Concentration | Laser pulse Line Intensity
(ppm) energy(mJ) C (I
CRMFE 1/1 50 450 421
11 CM 5078 180 450 1180
1008 BS XAAS 410 450 2340
CRM 12 B 1767 520 450 2960
CRM 14 MI 206A 680 450 3890
CRM 12X 1525 940 450 5420
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The datacontained in the Table 5W8as used to construct a calibration curve for
carbon in steel and ultimately determine a hofidetection for ISR VUV LIBS using a
line plasma focus which could then be compared with the results on point focus plasmas from

chapter 4.

5.4 Calibration Curve

For this exercise 150 single shot VUV spectra of each steel sample were aggregated, from
which the CIlII line at 97.7 nm was extracted and the background continuum level determined.
Background elimination on the emission lineimterest was done by subtracting the integral

of 11 pixels of the background signal (in the vicinity of the 97.7 nm line) from the integral of
11 pixels of the raw carbon emission line intensity values at 97.7 nm. The background
subtracted CIII emissionre intensity was then used to form the final calibration curve shown

in figure 5.8.

Calibration curve for Carbon in steel — Cll1 97.7 nm line
6000 —mm
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Intensity (counts)
&8
o
o

2000 |

1000 |
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Figure 5.19 Carbon in steel intensity calibration cur@x different samples with carbon
concentrations of 5ppmto 940ppm(cf. Table 5.1were used to construct the curve
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The calibration curve is quite linear with a coefficient of determinatiéhqfR0.99823
whichcan be considered to be a vgoodvalue. A calibration curve with the Rralue of about
0.97 is considered as reliable but if in cases where it is higher than 0.99, it means that the
regression model is sufficiently reliable to predict the outcomes of the unknown values. In this
case it meanshat the value of carbon concentration can be obtained on the basis of the
measured intensity of the (background subtractét) 7.7 nmline intensity obtained from
the spectrum of any sample of unknown concentration, within this rantje hext, andinal
section, the limit of detection and limit of quantification for carbon in steel are computed. These
require some additional information to be determined, namely the slope of the calibration curve

6S6 and the variancs.in the background signa
5.5 Limit of Detection (LoD) and Limit of Quantification (L 0Q)

On the basis of calibration curve obtained in the previous section the limit of detection can be
calculated. The formula used to obtain limit of detectiooD(Lis shown inSection2.6 (Eqn.

2.34). By definition it isthelowest quantity of a substance (analyte) which can be distinguished
from the absence of that substance with soefinedconfidencelevel, typically 997%, or

3s [18]. The latter is the signal corresponding to the absence of the analyte, in this case carbon,
is sometimes referred to as thmit of blank (LOB). The limit of detection may be obtained

from the calibration curvefigure 5.8) by dividing the slop€5.6) of the calibration plot by
threetimes the standard diewion of the background signal (88untg (the latterarising from

the specification of a 9%% confidence interval for a normal distribution).

z

0e0 =~50ppm

For the case ofI-SR VUV LIBS of carbon in steglising line plasma formation, the
limit of detection is found to be50 ppm(or 50 pg/g)as calculated abové&he corresponding
limit of quantification (LoQ) is usually taken as 3.3. »oD [18] and hence it is I6ppm (or
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167 ug/g) in this case. These values are to be compared with those obtained from VUV LIBS

measurements made with point plasmas in chapter 4. dlbe @btained in those cases were

ca. 220ppmfrom TI-SR LIBS for a target displacement of 2 mm from dipéic axisand ca.

315ppmfor the same measurements made at 4 mm target displacement from the OADThe L

obtained from the single channel time resolved (TR) VUV LIBS data was closer to the value

obtained here at ca. §8pm but still some 10% higher. In ordey compare the threeoD

val ues an

Table 5.4 LoD improvement for line plasmabased VUV LIBS overpoint plasmabased

Oi

mpr ovement

eg (5.1

VUV LIBS

parameterd b i

S

Point plasma- time
integrated space
resolved at 2 mm

Point plasma- time
integrated space
resolved at 4 mm

Point plasma- time
resolved

45

6.3

11

Hence result@n table 5.4show that limit of detection for thene plasma experiments

is better than other time integrated and even time resolved nse#ilbdit the LoDs are quite

ntro

close The results obtained through line plasma experiments can be even better than all other

single pulse experiments performedtbrs system. In 20Q2vhen the system was nei A
Khater achieved 1.@pmusing the same systdit0,12] Jiang et almeasured &oD of about
~54 ppmin 2013 using single pulse experiments in vacuum wheegeesating the exasme
experimentdheregave esults of 31Gppmof LoD [19]. Therefore we can conclude that line

plasmawill yield a significantly better absolute LoD for a VUV LIBS system with all new

optical components (grating, GCA, etc.)., $6-SR VUV LIBS with a line plasma source can

be consicered to be the optimum method to improve limit of detectawrtrace amounts of

carbon in stel samples
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If we compare our optimized values with the other existing values in the literature, it is
evident that most of the groups have determined (Lobeatvavelength of 193.09, for the ClI
line. The current study shows that the results show the lowagoff all times in single pulse
mode in vacuum using both the Line plasma method and time resolved LIBS for the C(lll) line

at97.7 nm.

Table 5.5 Comparison of limit of detection with the literature

1992 1993 1999 | 2000 |2001 |2002 |2012 |2019 2020

c(l) () cay |coy |cw |camy |can | cq) (D)

193.09 | 193.09 | 193.09 | 193.09 | 193.09 | 97.7 97.7 193.09 | 97.7 nm

Aguilera | Aragon | Aragon| Strum | Noll et | Khater | Jiang |V strum|S. Zehra

et.al et al et al et al al et al et al et al et.al

65ppm | 25Qopm | 80ppm| 7 ppm | 3ppm | 1.2opm| 3.6 34ppm | 50ppm

ppm

Summary

The results of line plasma experiments are discussed in this chapter. the effect of defocusing
of the lens and target position was investigated for target positions from 8 to 9.5 mm back from

the optic axisof the VM521 spectrometer and at lens positioe®cdus positions of 5 mm to

25 mm above the target surface. The optimal lens position was found to lie between ca. 16 and
20 mm. The 20 mm lens defocus position was chosen for the different statistical analyses
leading to LoD measurements. The optimungeéaisurface position was chosen to be 8.5 mm

from the VM521optic axis
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The spectra obtained for 6 different samples were analysed and discussed in the later
part of the chapter. The C(lll) line was analysed for each spectrum and a calibratiofocurve
intensity versus concentration established from which the limit of detection could also be
determined. It was concluded that a line plasma, obtained by employing cylindrical lens
focusing, is the optimum method to obtain the lowest limit of deteatiaraibon in steel in
comparison with all other techniques used for the determination of the limit of detection under

similar conditions.
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Chapter 61 Conclusions and Future
Work

6.1 Introduction

The work reported in this doctoral thesis is an investigation of the diffepgnbaches to
optimise the limit of detection (LoD) for carbon in steel plasmas using laser induced breakdown
spectroscopy (LIBS). It was found that the LoD foc&@mounts of chon in steel, obtained

via timeintegrated and space resolved-8R) VUV LIBS, could be improved (up to a factor

of six or so), by employing a line plasma source by substituting a point plasma source by a line
plasma. It was also foundahtime resolved VUV detection (using single channel detection)
resulted in an improvement in LoD by up to a factor of four over multichanrR8RTYUV

LIBS. The main findings and colusions of the thesis are summarised in this final chapter. A

few suggstions on potential future work are also outlined.

6.2 Summary and Conclusions

The main objective of this research was to develop a robust technique for the quantitative
determination of trace amounts of carbon in steel using a VUV LIBS system [1,2,3]nCarbo
has a large and mostly desirable effect on the material characteristics of steel with most steel
making processes ideally having a specific C concentration along with other light elements
(N, P, O, S) to determine mechanical and physical propertiest#fgess and ductility [4].

A slight variation in the quantity of these elements has a significant impact on the material
traits of the steel, therefore the precise quantification of carbon in steel is highly desirable [6].
To this end, a large numbef research studies have been carried out using optical emission

spectroscopy (OES) to improve the emission signal from carbon ions using LBE{¥7].
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This technique has been widely used for the visible and UV regions, although a few
experiments wer also performed in the VUV region, however optimization of the limit of
detection (LoD) is still a challenge. Therefore, in order to address this challenge, the current
work is an effort towards the further improvement of the ability of LIBS for the gicatibn
of light elements in metals, specifically here, carbon in steel. In this project the main emphasis
was on the use of the?Tine at 97.7 nm for classification/detection and also quantification.
Two new variations on the VUV LIBS technique wengastigated and further developed to
improve the limit of detection of C in steel over single pulse VUV LIBS with time integrated
detection, namely focusing the laser to a line feSR VUV LIBS and time resolved or TR
VUV LIBS. For these experiments theel samples with a carbon content ranging from 0.05%
to 0.9% (wt/wt %) were explored, which maps quite well onto the concentration range o

interest in various types of industrial and technological steel products.

Chapters 1 and 2 are maintpncerned with setting out some of the fundamental
properties of laser produced plasmas and the basic principles of LIBS. Chapter 3 describes the
various experimental setup used along with the design of the basic single channel VUV

detector built for the wrk reported in chapter 4 on TR VUV LIBS.

Chapter 4 describes a comparison of time integrated space resolved (TISR) and time
resolved (TR) VUV LIBS. For time resolved experiments a single element detector comprising
the combination of a scintillator anch@omultiplier tube (PMT) was used. The limit of
detection (LoD) results derived from this (single channel) time resolved VUV LIBS system
were compared with the time integrated (multichannel) system at two distinct target positions,
namely 2 mm and 4 mmdm theoptic axis It was observed, as previously established, that
the position of the target surface with respecbptic axisof the spectrometer plays an
important role in optimising the signal to background ratio (SBR) in time integrated space

resohed (TISR) VUV LIBS experiments [7,16]Specifically, here, fortime integrated
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multichannel measurements, it was found that both the signal to background ratio (SBR) and
the limit of detection (LoD) were improved when the target surface was placed tdrecelis

of 4 mm from theoptic axisof spectrometer compared to a 2 mm displacement from the

s pect r opiecaxkigaompare rows 1 and 2 in table 6.A)though when the target was
placed a2 mmaway from optic axis of the spectrometiee limit of detection is low(table

6.1) but thecalibration curve is not very smooth (figure 4.19) and coefficient of determination

is also relatively lower than achieved by placing the target at 4 mm. Therefore, the limit of
detection obtained at 2 mm position is ledgable. Coming to time resolved (TR) VUV LIBS

an improved limit of detection and better signal to noise ratio was observed compared to both
TISR VUV LIBS cases (compare row 3 with rows 1 and 2 in table 6.1). The improvement in

LoD was a factor of 4 congped to the best point plasma VUV LIBS case.

Table 6.1 Comparison of limit of detection and signal to background ratio of TISR
(point plasma, line plasma) and TR (point plasmajor VUV LIBS

Row No. Method (VUV) LIBS R? LoD Signal to

Background Ratio

1 TISR at 2 mm (point plasma] 0.988 224ppm 2.4
2 TISR at 4 mm (point plasma] 0.9998 316ppm 2.8
3 Time resolved (point plasma  0.9998 56 ppm 3.3
4 TISR (Line Plasma) 0.9998 50 ppm 4.4

In chapter 5, results on VUV LIBS with line focus plasmas were presented. The
experiments were performed in time integraspdce resolved (T$R) mode, with

multichannel (CCD) detection, using a vertically oriented cylindrical lens with the focal length
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of 130 mm. The optimum optical emission was obtained when the target was displaced by a
distance ofi mm from theoptic axisof the spectrometer. The limit of detection achieved using
a line plasma is compared with other two techniques in table 6.1 wicarebe seen that it is

competitive with TR VUV LIBS achieving a limit of detection at thednlevel.

In summary, for both point and line plasma sources, the experiments were spatially
resolved which is a simple and effective method to exploit theesgpependence of the laser
produced plasma to ensure (at least close to) continuum free atomic and ionic emission line
signals. The best results obtained for point plasmas were obtained when the target was placed
at 4 mm from theptic axisof the spectromter whereas for the line plasma the best results
were obtained when the target was placetratn from the spectrometeptic axis For line
plasmas, aligned with the entrance slit of the spectrometer, the detected spectral signal to noise
ratio improvedand this led to a significant improvement in the limit of detection. Whereas, in
the case of time resolved VUV LIBS it was possible to select time windows for both &1l (C
97.7nm) line emission and nearby background emission (at cd.rr@) in the tine interval
of 0 to 230 ns, which optimised the signal to background ratio (SBR) and the limit of detection

(LoD).

Two more studies are also included in thgpandices of this thesis, one, a preliminary
depth profiling of aluminium thin films deposited on a silicon substrate and a second one,
based on experiments performed in Padua at the Universita di Padova,-dis UNBS of
metals and semiconductors, to whacimultivariate analysis wagpplied for the purposes of

classification by element type.

In the depth profile study, aluminium thin films of different thicknesses, ranging from
0.0015 mm (1.5m) to 1 mm were used. The laser ablation rates for both highx(1G°

Wcm?) and low (1.6 x1®Wcm?) intensity (irradiance) values on each Al thin film were
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determined. By calibrating the system, the depth or thickness of unknown thickness of metallic

thin films could be determined.

The second study was based the application of multivariate data analysis for
elemental classification in recycling of scrap metals and semiconductord/i2JVIBS
spectra for nine types of metals and semiconductors were obtained to which principal
component analysis wapplied. It was found that, using a very basic W& LIBDS system
combined with PCA classification, worked well for separating out the many metals studied

and looks very promising fapplication to the metals industry as an economical separator.

6.3 Future Work

Focusng just on carbon in steel quantification there are many further experiments that can be
done. Had time allowed further measurements on the effect defocusing below the target surface
for line plasmas in FBR VUV LIBS mode could have been undertaken tofiom that
focusing above the target provides the best SBR and LoD values (as it does inttp&apoia

case [7,1b Further experiments on the effect of target surface location with respecotithe

axis of the VM521 spectrometer in time resolvedRjTVUV LIBS mode along with a lens

defocus study are warranted.

The most obvious is to combine the advantages of single chanAéUVRLIBS with
line focus plasmas. A more challenging experiment would be to extend the work to
multichannel TRVUV-LIBS by gating a VUV sensitive microchannel plate similar to the one
used by Khater et al. [3] or by imaging the down converted image (spectrum) from a scintillator
sheet onto a gated ICCD. Based on experience already at the laboratory, the former is likely to
bethe more sensitive detectiopmoach, but both experiments would need to be carried out to

confirm this.
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Having determined the best combination of plasma focus and time/space resolved
detection configuration it is clear that double pulse VUV LIBS cdndcexplored for further
LoD improvement. Although already studied for point focus plasmas-BRIVUV-LIBS it
remains to be explored for line focus plasmas combined with time resolved detection. To this
authorso knowl edge, t h e/rLIBS Usiagvudirafdste(fermosetamd st u d
pulsed) lasers in any mode (single/double pulse and with/without nanosecepldsona or
reheating pulses). In addition, for long wavelength VUV LIBS, the addition of e.g., a He or
other gas, with an ionization poterntiarger than the photon energy of interest, can have the
effect of improving both the emission intensity and limit of detection [3,8]. For DCU
specifically, it has been clear that the performance of the key optical elements such as the
grating has deterrated over the decades and hence the best absolute values of the limits of
detection can no longer be obtained. So new optics would benefit future experiments on VUV
LIBS. Given the high sensitivity of VUV LIBS for lovd elements it might also be worth
extending LIBS for depth profilingpplications studies in ppendix A to the VUV region by

placing the samples in vacuum.

In relation to data analysis tl@pplication of chemometristatistical techniques such
as Principal Component Analysis, although maiarUV-Vis-NIR LIBS, should bepplied in
VUV LIBS. It was investigated in the work performed during the mobility period in Padova,
and included in Apendix B. The PLS regression methodppaort vector machines, artificial
neural networks and other machilearning techniques can also be used to train the system and
use it for the identification and classification of unknown samples and also for the purpose of

validation.
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Appendices

Appendix A

LIBS Application for Thin Metallic Films

Al. Introduction

Technologicaldvancements in the last few decaldageresulted in widespread use of thin
films in various industrial sectors{4]. Thin films are commercially used as coatings for
optical components [5], as sensing materiah the chemical industry [6,7] and
insulating/conductive coatings for electrical devices [8]. The efficiency of thin films in any
application depends upon the uniform deposition on the substrate. Seralbfical
techniques are used by industry and research groups for characterisation of thin film
deposition. Depth profiling is an important parameter that provides meaningful information

about the uniformity of materialepositecbn a substrate.

In thiswork Vis-NIR LIBS was explored for the depth profiling @uminiumonsilicon
thin films. Thin duminium films were irradiated at high and low laser irradiantesblate
aluminium in air. This technique is useful for onsgglications as there is a very simple setup
used. Thisppendixincludesadescriptiorof the equipment used in this experimalaing with
the outcome of the laser ablation and crater forma@Goater size was determined by optical
microscope and 3d microgoe. The results arising from depth profiling by recording emission
spectra in the visible and near infrared regions of the spectrum are also presented along with

some comments.
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A2. Experimental Procedure

M1
Mirror < Laser I

Half wave plate( ) HP 1

P1 I_ Polarizer

Half waveplate pgjarizer  Lens

[ \ (& Plasma _
{ } -3 &
M2 U \\/ N ©
Mirror . -
HP 2 P2
Acq?.:sliation Icco Collecting
and Analysis | P I e OptiCS
| — Fibre
Optics

Figure A 1 LIBS setyp for the aluminium thin film experiments

The experiments on depth profiling of metal targets were performed using a simplesUV
LIBS system. Figuréd1 shows a schematic of the experimental sethpre thin aluminium
metallic films were irradiated with focused laser pulses infacommerciallyavailable Nd:

YAG laser (Continuum Surelite HLO, pulse width 6.0 ns, wavelength 1064 rimear
polarisationrand energyip to650mJ) was used. The laser pulses were focusednual spot,

<100 um in diameter, orthe metal target using a speciallysiged optical system. This
optical system is composed of plane mirrors, half wave plates, polarizers, and a focusing lens.
Thefirst mirror M1, set at an angle of 45 degrees, is used to transport the laser beam to the
halfwave plate and polarizer (HP1 aadl). This combination is usedpoovide gross control

over the laser energgnsure maximum linear polarization gmavidea good beam profile.

The second mirror M2 was again set at an angle of 45 degrees to direct the laser beam to the

second half wavplate (HP 2) and polarizer (P2). This combination is used to give fine control
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of the pulse energwhile ensuring a continued high degree of linear polarisafioplanc
convex lens with a diameter of 2.5 cm and 100 mm focal length was used to focasethe |
pul se down a spot size of & 40 Om diameter.
namely 1.3x18& Wcnt? and 1.6x1®Wcm? with corresponding pulse energies measured as
146 mJ and @ mJ on power meter.

The laser was used in single shot mode. Each laser pulse irradiated the aluminum thin
film metallic target surface which resultedthe formation of a plasma plume. The plasma
radiation was collected usirgjmplecollection optics, whichvascomprised otwo spherical
plancconvex lenseseachwith a diameterof 5 cm The collected plasma radiation was
delivered to a compact Czeriurner spectrometer (Andor Shamrock -$63) using an
optical fiber.The spectrometer featured a 163 mm focal length andri(81&rical aperture.

The spectrometer was egpid with an Andor Technology model DV434 ICCD Camera with
1024 x 1024 pixels. Each pixeds an area df3 um x 13 umThe spectrometer was operated
at a slit width of50 um and provided a spectral resolution0Oo46 nm. Wavelength drive is

operatedusingmanual micrometer scregauge which is calibrated at 1200 lines/mm to read
1 nm for a conversion of 10 um on the gaugewavelength range of ~ 60 nm could be

captured for a fixedcenteredwavelength or (micrometer screw gauge) positidhe

intensified CCD camera has a very fast gate times as low as 3 ns

The aluminium thin films were deposited with different thicknesses on the silicon
substrates to form sample targets for the LIBS measeints. In the first experiment, a single
laser pulse irradiateahaluminium coated silicon substrate that was placed in the target holder.
The thickness of the film was 3&n which was measured through micrometer screwguage
The laser irradiance wds Wcnt2, Radiation from he resultant laser produced plasma was
dispersedy the spectrometerecorded by the ICCRnd the spectrum was analysed usang

simpleMATLAB code FigureA2 shows the spectrum of an aluminium thin film on a silicon
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substraten thespectral region between 385 nm and 405 AbB90.55 nm, the spectral line
for Si (1) corresponding to the transition betwéan excited states, nameBg’3p4s (*P1) at
5.08 eV and3s?3p? (1So) at 1.91eV was observed. The spectral lines of Al (hpeared at
394.40 and 396.15 nm arising from transiidietweenthe 3s4s ¢€Sy) [3.14 eV] and &3p

(®Pos,1.9 [0, 0.1 eV]statesrespectively.

o
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o e o
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Figure A 2 LIBS spectrum recorded for a thin Al film on Si. The lines observed fdie/sit
wavelengths 0894.4 and 396.15 nm, while a Si line is present at 390.53hthree lines
arise from the neutral (atomic) species.

A3. Laser Ablation at Low Power Density

The same experiment was performed using a lower laser power densitkd€’1VBcnr?2. In
this case there was very léttontinuum emission, so a tinmegrated measurement could be
used for simplicity. Figurd3 shows the Al line intensitigstegrated over both line&r Al

thin films with different thicknesses. In the case of the low power density, the 1 mm film did
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not show complete ablation eveffter the 160 shotand anincrease irthe intensity was
observedred line figure A3) This behaviour has been observed in the past [9] and is the result
of plasma plume confinement by the crater formed after multiple laser shots are fired on a
single pogion of the target surface. The increase in intensity depends gednetry of the

crater or hole formed and a number of systematic studies of such confinement have been made
[10 and references within]. In summary it is believed that the confinemaultsréis an
increased collision rate amongst the plasma constituents (compared to free expfation
plasma plumewhich leads in turn to an increasepitical emission rate and intensityn the

case of 45um thick film, afterclose to 80laser shotsthe aluminium intensityf both lines
droppeal to almost zero. The 30 um thin film aluminium was completely ablatedaatiand

60 laser shots and the 15 pum thick film afedyout 30laser shots. In the case of the 1.5 pm
thin film, the aluminiumappearedto have beersompletely ablated after 3 shots. The ablation
rate calculated for the low power densifse using the results obtained from the experiments,
was found to bén the ranged . 5a.. 6 6 O i sheuiddbe noted thatue to the higher
excitation energy required to produce thelSine emission the silicon line intensity was
difficult to acquire at the lower power dens{fjgure A4) The ablation data are summarised

in Table A1l.
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Figure A 3 Aluminium line intensity(integrated over both lines at 304 nm and 396 nm)
measured at a low power density (1.6 X0xnr?) for different film thicknesses.
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Figure A 4 Silicon line intensity measured at a low power densit§y X110 Wcnt?) for
different film thicknesses.
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Table A1 Number of laser pulses required for complete ablation of aluminium thin
films from a silicon substrate using a low laser power density.

Target Thickness = Ablation Counts (No of shots)

1 mm (Red) Above 160 shots
45 um(Blue) 80 shots
30 pum(black) 60 shots

15um (Magenta) 30 shots
1.5um(Green) 3 shots

A4. Laser Ablation at a High-Power Density

Al films with thicknessesdf . 5 e m, 15 em, 30 ¢atspirradidtedavith, and
high power density laser pulses (1.3 X\¥cnr?) until the deposited Al was totally ablated

from the silicon substrat@xcept in the 1 mm thick case where material remained after > 160
shots) At this power density there was significant continuum emission for the early stages of

the plasma lifetimeHencea gate delay of 50 ns and a gate width of 130 ns was required for

the ICCD detector to obtain line emission with a low background. Figbreresents the
aluminiumdoubletline intensity recorded for different thicknesses at thedrigbwer density

as a function othe number of laser pulses incident on to the targeé ihtensity of thdoth

Al linesfor the 1.5 um thick film drpped to zero after the first shot and remained at this value

for the rest of the ten shots used.
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Figure A 5 Aluminium intensity measured at higher power densitg K110° Wcnr?) for
different film thicknesses.

For the next sample with an Al film thickness of i, complete ablation of the
deposited material was observed after about 15 laser pulses. For the sam@ehigkhess
of 30 um, after about 30 laser pulses the deposited material was completely ablated. The
sample with 45um Al was completely ablatedtear 40 laser pulses. The Al intensiy both
lines measured by first laser pulse for the last sample with 1 mm thickness was higher
compaed to other samples. The Al intensib§ both linesdropped to 50% after irradiation

with 80 laser pulseghe maxinum number used
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Figure A 6 Silicon substraténtensities measured at higher power density (1.3'%\1@n1?)
for different film thicknesses.

FigureA.6 shows the intensity of emission from the silicon substrates.pijearance
of the silicon just after the complete ablation of the aluminium films verifies the observation
made above. For the thickest aluminium layers (1 mm and 45um samples) the silicon line was
not observed after 80 laser shots in succession (albeit thel Amission started to be
disgopeared after ca. 45 shois 45um). However, in case of the 30um Al thin film sample,
the silicon @peared just after Z3scan and its intensity increased thereafter. For the 15 um
thick film, after 13laser shotshe intersity of Si | line began to increasehereas for the 1.5
pum film the silicon line was observed after the first shot and its intensity increased after that.
Table 2 shows the summarised results obtained for different thin films and relative
number oflaser pulses for complete ablation of the filifise ablation rate was calculated by
using the ratio between the number of shots at the point of complete ablation and the thickness

of the target film. Using the results obtained from the experiments, lgteatrate for Al thin
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films using the higher laser power density was calculated and foliedridhe range of 1.15

i 1.70 um/shot.

Table A 2 Number of laser pulses required for complete ablation of aluminium thin
films from silicon substratesobtained from Al | spectral emission measurements

Target Thickness Ablation Counts (No of shots)

1 mm (Red) Above 80 shots
45 pm(Blue) 40 shots
30 um(black) 30 shots

15um (Magenta) 15 shots
1.5um (Green) 1 shot

A5 Depth Profiling

A5.1 Crater Analysis using Optical Microscopy
A crater was observed on the surface of the thin films after the first sh@& »at13° Wen2.

The crater size was measured usingatical microscop€Olympus 1X8)). It had a resolution

of 0.2microns.
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Figure A 8 Crater size after 20 shots on the 15 pm Al film

Figure A 9 Crater size after 30 shots on the 15 piriilM.

The above figuresA9 - A11) show the images of the crater formed as a result of
irradiation with different numbers of laser pulses on the 15um aluminium film, at the higher
pulse power densityThe crater diameters for each case are given inn Table A3 bEtawv.
diameter of the mater is measured to be 17.1 um after thiesot and then it is incresed to
21.4 um after 20 shots where it shows further increament upto 28.7 um after 30 shots. Hence
the crater diameter is increased slowly afé2Q shots from 17.1 um to 21.4 um whiis an
increament of 4.3 um in total. Or diameter is increased 0.215 um per si@Grshots. After
215to 30 shot there is a rapid increamnet of diamter of 7.3 um which shows increment of 0.73

pm per shot.

Table A 3 Crater size with respect to numler of shots on 15 um Al film

Number of Shots Crater Size
st 17.1 ym
20 21.4 um
30 28.7 uym

Ab.2 Crater Analysis Using a Light Tight Test

To verify the complete ablation of aluminium thin films a light tight test was conducted. Each
irradiated film was back illuminated, and images were taken to check if transmitted light could
be observed. Three consecutive shots were taken on the 1.5mufinthiat the higher pulse

power density. In figurd 12 the leftmost position represents a vertical line with 3 single shot
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exposures; the middle position shows two shots per exposure; the holes in the rightmost
position are the result of 3 shot exposukéare it is evident that light cannot pass affésHot

and the aluminium was not completely ablated.

Figure A 10Light test conducted after the accumulation of 1 to 3 shots for the 1.5 pum thin
Al film.,

Summary

In this chapterthe ablation rate of aluminium thin films at high and low radiances was
determined and discussed. Crater morphology was also studiedansipgjcal microscope.
This study confirms that LIBSis useful for the determination of ablation ratend depth

profiling of the metalliahin films.
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Appendix B
Multivariate Analysis of UV LIBS Spectra of Scrap Metals and
Non-Metals

B1. Introduction
This chapter is focused on thgplication of Laser Induced Breakdown Spectroscopy (LIBS)

to the metakecycling industry as a tool for identification and classification of scrap metals.
LIBS is a robust technique which has been widely used for the analysis of metals for decades.
In case of quantitative analysis sometimes calibration curve become diffi¢aterpret and
understand, mainly due to the matrix effects. [1] These can include issues like linpprgria

or blending and opacity. Multivariate analysis is used to remove these affects from the spectra

and to classify and quantify the componentrirah more comprehensive way-[3.
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In this chapter scrap samplesmétak and semiconductors are studied using a PCA
classifier and also the identification of unknown matrices becomes possible. The experimental
setup, methodology and detailsemfuipment used to perform these experiments is described.
The experiments are performed in ultravieletible-near infrared (UWis-NIR) region, in the
spectral range from 200 nm to 850 nm. There are seven different metals which were explored
using LIBS,followed by classification and identification of alloys of those metals based on
Principal Component Analysis (PCA). Thipmndix also includes an analysis of silicon,

carbon and silicon carbide LIBS spectra using PCA.

B2. Experimental Procedure

A very ample LIBS setup was used as showrigure B2.1. A compact Brilliant B Nd:YAG

laser was used with a pulse energy of 0.13 Joules and 0.75 Joules. The corresponding peak
power densities were ca. 4.8 X’M.cnt? and 4.6 x 18 W.cn12. The laser beam waglided

via a mirror (M1) to a convex spherical Lens (L1) with 200 mm focal length to the target

holder where the sample was placed and ablated. Radiation from the resulting plume was
then focused onto the spectrometer slit via a simple 50mm convex splesrecwhich acted

as the collecting optic. The compact spectrometer (Ocean Optics, Model USB 2000+) was
used to record spectra. The details of the experimental setup are given in a little greater detail

below.
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Figure B 1 Schematic Diagram showing the Time Integrated UV Vis LIBS setup

B 2.1 Quant el oOBrilliant bodé Laser

For these set of experiments a Quantel Brilliant b laser was used, a high power, but compact,
Q switched Nd:YAG oscillator wht a super gaussian resonator. It has a beam diameter of 9
mm. The Nd:YAG laser rod is pumped by two flashlamps cooled by an air or water/water
heat exchanger. It has the possibility to add a harmonic generator for operation at 532 nm or
355 nm. A photogrdpof the laser head is shown in figure B2 mounted on an optical table

with the beam steering mirror M1 visible. Its basic parameters are included in Table B1.

Brilliant

T e ——
-

FigureB2Quant el &é6Br il liant boNd: M#e@s. | aser wus
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Table B 1 Basic parameters of the Q switched Laser system.

Wavelength (nm) 1064
Energy(mJ) 900 mJ (max
FWMH (ns) 6

Repetition Rate (Hz) | 10/single shot
External Trigger Jitter(ng 00. 5

B2.2 Spectrometer and Detector

For these experiments an Ocean Optics USB2000+ asymmetric crossed Czerny Turner
spectrometer was used. Light from the plasma plume was guided to the spectrometer via an
optical fiber. It is a miniature spectrometer{omnfigured for UMVIS measurements i

optical resolution of 1.5 nm FWHM. It covers a wide range of wavelength from 200 to 850
nm. Its integration time can be varied via the control software from 1 millisecond to 65
seconds and it can be synchronized to other devices by meaxtgmifaltriggering

functions. A Sony ILX511B (204&lement linear silicon CCD array) is used to detect the
dispersed radiation in the spectrometer which has a diffraction grating with a groove density

of 600 lines/mm and is operated with a slit of width 25um.

B2.3 Sanples

Seven metallic samples and threesmogtallic samples were included in the study. LIBS
spectra obtained by these experiments were then further subjected to Principal Component
Analysis. These spectra were used for the classification of differept®atals and also as
training sets for PCA to help with the identification of different alloys containing these

metals.

Table B 2 Samples used for LIBS analysis and RCA

Zinc (Zn) Ag (Silver) SIiC (Silicon
Carbide)
Ta (Tantalum) | Lead (Pb) Silicon (Si)
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W (Tungsten) | Carbon (C) Mo
(Molybdenum)

B3. Methodology

For these experiments each sample was ablated with the laser energy of 130 mJ with pulse
width of 6ns and a power density or irradiance of ca. 0.83%4@m?. Each sample was moved
slightly after 5 shots to reduce cratering and to ensure representative results for the whole
sample. The spectrometer was set to record emission spectra within téSLNIR range

from 200 to 850 nm. The spherical convex lens was positioned to ensure thaethedas

was set at 10 mm behind the ablation (sample) surface. All the samples were irradiated with
the focused laser pulses in air as shown in figurelBshots were taken for every sample
different positionsby randomly moving the sampl@he outpit spectrum was stored and

di splayed by the Ocean Optics 0OdGatdsmectrawvas e wob
taken and all spectra were subjected to multivariate analysis, in this case Principal Component

Analysis (PCA).

Before performing PCAthe first stepis to normalise all experimental spectra to lie
within the same intensity range which was chosen to be between Olaiscttitical to perform
this step because PCA is very sensitostheranges of the intensity valugsthe data sets (i.e.,

spectra).

Every spectrum contains 2048 pixels with the x gyixel number)defining the
wavelengthand they axis(pixel value in countshepresenting intensity. The normalization was
performed on every spectrum pixel by pixel by dividewch pixel count (intensity)y the
maximum intensityvalue in that spectrum so that all pixel (spectral) intensity value lay
between 0 ah 1 For this purposeg MATLAB code waswritten and theresultingnormalised
spectra(amounting to126 in total for all nine sampleswere saved.Following data

normalization thesecond step is the computationtloé covariance matrix
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The covariance matrix is a p x p symmetric matrix of (inkere p is the number of
dimensions) with the covariances associated with all possible pairs of initial variables as
entries. For exampléor a 3dimensional dataset with three variablesy(z), the covariance
matrix is expressed as follows

6 ¢ ofw 0¢ofm 6¢ am

0 ¢ ufvm 0 ¢ ufvm 0 ¢ nivn

O O0¢€¢dw 0O¢ ah
As the covariance of a variable with itself is its variaf@ev(x, x) = Var(x)), the varianceof
the initial variabledie along the main diagonahlso, due to the commutative property of
covariance (Cov(x,yF Cov(y,x)) , thecorrespondingentriesin the covariance matrix are
symmetric with respect to the main diagortashould be noted thdlhe signs of covariances
matter,a positivevalueindicategpositively correlatedvariables while aegative sigmndicates
an anti-correlation. Hencéhe covariance matrix is a table that summarises the correlations

(positive and negative)etweenrall the possible pairs of variables.

In the first set of results shown in section B @ly. B 12)using42 spectrai.e., 14
eachfor Mo, Ag and Tais useda covariancematrix was formed The next step is then to
calculate the eigenvectors and eigenvalues of the covariance matrix to determine principal
components (PC) of the datBhe pincipal components are the set of new variablesdaha
createdby makinglinear combinatiosof the initial variables. These new variables are formed
in combinatios that they ardargely uncorrelated and most of the information is compressed
into the first component. Sa dn-dimensionad datssetgives dné principal components, but
the PCA methodology tries toforceas mub informationas possiblénto the first component,
then maximum remaining informationtainthe second and thentinthe third and so on.

Therefore, the distibution of information this way will allow to reduce dimensibitse data
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while minimising theinformationlost. This is done by discarding theincipal components

with thelowestinformationcontent

In these exp@ments, three dimensional PCA was used which was obtained by
acquiring the eigenvectoand eigenvalueof first three columns of theovariance matrix. In
thefinal stepthe aimis to calculate the score assignecaxhspectrunfrom thefeature vectar
The feature corresponds to tgenvectors othe matrix which is formed by taking the product
of the covariance matriand the transpose of origal data matrixThe above is expressed

mathematicallyas follows:

Let A be the input matrix, wheesach row is a recorded spectrum (i.e., a list of intensity
values for each wavelength or pixel). Il f O n¢
for a 1024 pixel spectrum. The covariance matrix, M, is generated by computing the transpose

of A, (designated A, now a 61024 x nd matrix) and mul ti

M=ATxA

V is designated as the set of eigenvectors, sorted by eigenvalue magnitude, of the covariance
matrix. ki s designated as the o6principal compone

used as the eordinates of points that represent the input spectra, i.e.,

Trk=AXxVk

where Wk contains only the first k columns of the matrix V. In the current case théhiies
principal components are taken, i.e., k=3. For spectra with 1024 pixesihen a 1024 x 3

matrix.

This stepresults in the original data being reduced torepresented hyits three
principal component8CL, PC2, PC3in this casavhich carthenbeplotedin three dimesdonal

space Moreovera Gaussianellipsoid was also plottedor every sampleéo form a stastical

190



boundry based omean, mid point and standard deviatairthe datao find outlierspectra
Eachellipsoid creats a boundry to find any statical outliers ftite specific set of datdhe
elements within the ellipsoid are considered correlatad other words, thepelong to the
sameclas® In this way PCA acts as a classifier for the data, in this case correlating LIBS
spectra with the target material giving rise to each spectrum the data set being used to construct

the matrix O6AO.

In this preliminary study hreeseparat@nalygswere peformed In the first setscrap
metal spectravereclassifiedalong with spectra of pure samples of carbon, silicon and silicon
carbide(sectionB 5.1).In a second exercise the focus waghe identification oélementsin
this case carbon, silicon aa¢so the materiadilicon carbie. The PCAclassifierwas run 14
times using a new single silicon carbide spectrum each time to see if this spectrum is equidistant
(each timg from silicon and carbon (section B 5.2).€Tthird study was performed using six
differentscrapmetal samplew/here84 spectravere dvided intotwo sets of 60 and 24 spectra.
Thefirst set of 60 spectravas divided into 6 subsets, each contairfifgraining spectreone
for eachmetal sample The subsets werthen used to train the PCA classifier while the

remaining 24 (4 spectrfar eachof the 6sample) were used as test spectra.

B4. LIBS Analysis of Different Materials

B4.1 UV-Vis Spectra for M etallic and Semiconducting Samples

UV-Vis spectra for each scrap sample were obtaunmedkerthe same experimental conditions
from whichan average spectrurior each sampleould be obtained. In what follows, LIBS
spectra are divided into two categories, namalgtas which include metallic conductors
along with carbon, and semiconductors inahgdsilicon and silicon carbidéghe pectrawere

used to identify elements present in these materiat®imparingspectral lines corresponding
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to each element present in the santplereviouslyclassified transitionsih he NI ST &6 At o

Linesdéd dat abase.
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Figure B 3 Carbon (C) spectrunig-laser shot average)

The average carbon spectrum (figure B3) shows the carbon lines in UV and Visible
range from 280 to 800 nm. The C(l) lines at 359.51 nm and 359.55 nm corresponding to
transitions2s?2p3s (3P1) - 2s?2p7p (3Po) and 2°2p3s (3P2) - 25°2p7p (°P2) are observed as a
single unresolvefkeature located at a wavelength &9 nmin the spectrumThe series of
unresolved C (lll) lines ranging from 388.38 nm to 388.97 lmcafed aB88.7nm on the

spectrum) isused for the confirmation of carbon lin@sthe sample.

The average tantalum spectrum is shown in figure (B4) on the following page. There
are some weak tantalum lines sitting on the broad continuum feature. Once again, the strongest
features can be identified on the spectrum according to tlsured wavelength using the

NIST Atomic Lines Database and labelled. As for carbon many of the features are blended and

192



the measured wavelength corresponds to the peak intensity of the observed feature. The spectra
for the remaining samples are all showrthie following pages. Since the idea isyply PCA

to classify elements, lines are not explicitly labelled. The spectra are shown only for

information.
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Figure B 5 Silicon spectrum 14-laser shot average)

Silicon Carbide (SiC)
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Figure B 6 Silicon Carbide (SiC¥pectrum 14-laser shot average)
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Figure B 7 Lead (Pb)spectrum {4-laser shot average)
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Molybdenum
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Figure B 8 Molybdenum (Mo)spectrum {4-laser shot average)
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