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Abstract

A pulsed, focused laser beam is used to induce dielectric
breakdown (LIB) in various solid metallic targets and bulk
agueous samples. Emission from the breakdown plasma is
investigated using a non time resolved techniquéh the
feasibility of qualitativeelemental analysis in mind’he results
whilst supporting the use of LIB for elemental analyBighlight

the compliations present withulk aqueous solution3he study
emphasises the need to discriminate continuum background
radiation from elementdines; pointing toward the need for more
involved approaches to improve the sensitivity of LIBS when
applied to aqueous solutions.
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Introduction

The breakdown plasma produced when a laser beam is focused onto a sample can provide
detailed analytic informtion about the sample. One can infer the presence of elements and
their concentrations from spectral analysis of the plasma emission.

Breakdown occurs when a focused laser beam produces an electric field so strong that it
exceeds the dielectric strengthtloe material at the focus, producing a laser spHrk

Material at the focusing point is ablatéahr short pulse exposures the breakdown is optical
and the high irradiances present cause ionisatonversebremsstrahlungmultiphoton
ionization andimpact electron ionisatiof2-5], producing a visible flasihe breakdown
produces dighly ionised, expandg atomic plasma which becomes opatjuthe laser
causing further absorptidi,5].

Analysis of plasm@&missionspectrum can be used as a diagindsol. Plasma spectroscopy
has been used historically in astrophysics and plasma ph§kiésdasuring the
characteristic emission spectrum frplasmacanprovide detail about thglasma structure
Properties such as the electron and ion temperaancedensities can be inferred from
spectroscopic datg4{10].

The light emission during the early stages of the plasma is characterised by broadband
continuum emissiofrom the ultraviolet to the infraredith few spectral featureg]. Once
the laser is offthe plasmaxpands andoolsandionic species begin to recombiaed de
excite This stage is characterised by emission of ionicaanchicspectral radiation due to
electric transitionscharacterised by sharp peaidsich rise abve the fadingontinuum [L1].
These spectral linggpically have decay lifetimes whigsersist long after the plasma
particularly for resonarines [4,6]. Thespectral linesand decay lifetimearecharacteristic
of theelemental composition of tteanple material and henapialitativespectral
measurement dhe fluorescence decagn be used to identify elemental spe¢&42?].

Laser induced breakdown spectroscopy (LIBS), describes emission spectroscopy using a

laser spark and was first proposedloyee and Radziemski in 19813, 4]. LIBS has been

usedto quantitatively determine tlmposition of powdered coal [14] and the detection

of Pb in soil is highlighted in15). A feasibility study performed by th&oods Hole

Oceanographic Institutiofig) staledi L1 BS i s a promi sing anal ytic
used to detect analytes in high pressure, bulk aqueousosoli. 6 The study al so
the capability of LIBS to simultaneously detect multiple analyaélswing for theanalysis of

deep sea sediments and ocean fluids, including hydrothermal vent fiB&sspectrometers

have the potential to be very small, highly portable devices, easily deployed in tharfctld

are able to performeattime analysis17-20]. However,several studies highlight

complicatiors and reduced sensitivity when applying LIBSrgpurity analysis irbulk

agueous solutions compared to gaseous or solid samg|ed{24].

This study will investigate the differencesplasma spectra aolid metalic targets in air
andagueous solutiond his investigation will assist fututudies aimed amproving the
analytical power of.IBS when applied to bulk agueous solutions.

Theexperimental method involveketermining the best procedure withie limits of our
equipmentTheapproach to the problem is critically analysed and solutions to improve
spectral resolution and reduce experimental error are propdsed.esults obtained will be
discussed in relation to the feasibility of using plasma spedpyggechniques fdiquid
sample identification, ionic concentration and impurity analysis.
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Figure 1: The experimental setup is split into sectioAsthebeam focusing opti¢c8, the light collection opticsandC,
spectral dispersion and detectichhe water cell shown is used for the aqueous samples. In the case of solid targets the
water cell would be removed and the sample mounted on a stand.

The Beam Focsing Optics

Referring to section A dfigurel, the laser beam is expanded using a Galilean telescope
reduce divergence}] before entering the experimeiithe expanded beamdgectedinto

the experiment by a serieémirrors, and focused onto either the surface of the solid or
directly into the bulk of the liquiddepending on the type of sample in.UBe focusing lens
is mounted on a rail controlled by a micrometer gauge stotaé position can be modified.

In the case of aqueous solutions, a glass water cell is used to contain the Shepédl is
placed offnormalto the beam direction to prevent back reflections causing damage to the
optics[26]. Solid samples are mounted arstand and the focusing lgmssitionis tweaked

so that breakdown occurs at the sample surface.

The Light Collection Optics

The light from theplasmais collectedperpendicular to the laspropagation directioby a
planaconvexlens producing aollimated beanfas can be seen in section Brijurel). A
short focal length is used to maximise the light intensity collected by theTleabean is
then focused onto the entrance slit of the monochroraatng another plarnoconvexlens.
Both lenses in the system are mounted on radédléav good collimatiorfor any sample.

Dispersion and Detection

A monochromator with interchangeable gratirgased to disperse the plasma lightican

be manually driven throughotltewavelength range under study (48@0nm) The detector,
alinear CCDsensolis placed at the exit aperture of the monochromatwoe linear array is
interfaced to an x86 PC usirgdata acagjsition (DAQ) card The readout signal is processed
in LabVIEWusingbespole Virtual InstrumeniVI).
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Equipment

The laser is €ontinuumMinilite Il Q-SwitchedNd:YAG systemwith a wavelength of
1064nm and a pulse duration ai$ At these sttings the maximum output energyddmJ

and when focused produces a power demsitiie ader 0f10°  10*W.cm? [3-5], which

is sufficient to produce dielectrizreakdownn pure water Breakdownalso occus in impure
waterand solid targetsince thehreshold intensity is reduced in the presence of impurities
for liquids[5,27], and the threshold intensity for solids is much lower than for pure water
[28].

The monochromator is@zernyTurner typeBentham M300vith a maximumspectral
resolution of 0.Bm. Three interchangeable diffraction gratings are available (150, 500 and
1800 lines/mm).

The detector is BlamamatsiNMOS linear image sens@®39093512Q). The array has 512
pixels and a pixel width of 26n. The sensor is self triggered byHamamatsiC7884G
driver and pulse generator circllixternal triggering of the linearrayis not possible when
using the pulse generatarcuit; it is constantly taking imges and provides digital outgot
indicatke the status of the signdlhe pulse generataircuit allows discrete changes to the
clock speed and integration time bétsensor.

VI Design

Preliminary workinvolvedbuilding aLabVIEWVI to enabletherecordingand processingf
experimental datdom the detectoiLabVIEWis versatile saltion and providedine-grained
control and signal manipulation abilitieBhe DAQ cardntegrates directly withabVIEW
simplifying the VI development procedsabVIEWreadily provides many functns for

signal manipulation and analysBuilt in testing analebugging features speeded up the
development processd here is the potential for extension to perform more operations on
the data if required.

A TekScope TDS70@0gital oscilloscopeavas used to look at trerayoutput signals and
their relationshipsThe high sample rate availalgeovidedsufficientresolutionto observe in
reaktime thedigital signals in full detailFrom this work we gined full knowledge of the
signal relationshipand the effectfochanging the integration time

TheVI convertsthe output signals from the linearray into a voltag@ixel plot, triggered by
the start pulseAdditional functionality such as automatic averaging of successiveorgad
and saving functionalitis implemented

Experiment

For qualitativespectral anakis, the critical parameter to be measured is the waveleRgth.
a quantitative analysis of impurity concentrationplasma parameteithe detector intensity
needto be calibratedh addition to wavelength calibration

There are severalystematicsources of wavelength errbithe most significanare concerned
with the position of the linear array with respect to the agerture of the monochromator.
Broadening of spectral lines due to errors or limitagiwith the optical systemcrease the
uncertainty in the wavelength of the pdathis is known as instrument broadening.
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Preliminary work and Calibation

Themonochromator isalibratedagainst the linear array positiosingalow pressure

Mercury pencil lampData fromNIST Atomic SpectrBatabasdq29] is used for calibratian
Low pressure is a requirement to improve accuracy by reducingraaeleningand shifting
mechanisms{]. Calibrationensuresthat the monochromator is linear in wavelengitd
givesthedispersion relationThis dispersion relation igital to produce a wavelength
spectrumas needed for elemental analy3is.minimise instrument broadening the
refocusing mirror of the monochromateasfocused exactly onto the linear array at the zero
order calibration lineA full calibration of the emission intensity is not important for
gualitativeanalysig6]. However,it is favourable to maximise intensity to allow resolution of
small peaks over background noiskerent inthe detectosuch as leakage currefio

achieve ths it is vital to have a well aligned optical path and a near perfectly collimated beam
to ensure as much light as possible arrives at the monochraatiateing for reduction of

the slit width

Researclshowsthat the most effective method of removing biaekground continuuns to

use gated or timeesolved method30] sinceonly the light emitted in the later stages of the
plasmacycleis of interesfor species identificatiarit is not possible tperform adequate

time synchronisation of the lasgrilasma and detectsimce the detector is not triggerable
Neither is t feasible to run the experiment by the clock of the linear array since the low
integration times required for single plasma detection meant the laser shot rate would be too
high. This limitation of the detectopreventsemporal resolutiomnd sahe detector nos
independently of the laser pulse wdHarge integration tim& he averaging of many

successive plasma emissiaafows the resolution of atomic lines evthe continuum

baclground.

Optimisation of Parameters

The optimal integration time on the linear aria$s. This allows the resolution of peak®ver
the continuum background without generating too much noise frotaliligthtingand
leakage currentis the detectarA laser shot rate of 10Hz providsgfficient pulses per
integration to give peaks over thenitauum. Higher shot rates brimginimal improvement
and it is favourable to reduce the shot raterder to improve the reproducibility of the
plasmaHowever, another study by Cas#ieal [31] suggests that shab-shot pulse energy
variance has a minimal effect on the LIBS signal.

Higher resolution gratings makiee data acquisition process more difficult without giving

extra information about the sptrum. The 150lines/miglow resolution)grating isused

Increasing the width of the entrance slit improved the intensity and signal to noise ratio at the
expense of increasing peak widfn optimal value of 0.86mm issedfor aqueousamples

this isreduced further for solid targets in air.

Procedure

Particularly with agueous samples the light collectioticepmeedso be tweakedor each
sample This is because trdiffering refractive indices of theolutionscausea chang in the
effective facal lergth of the focusing lens, changitige plasna position. This also affectise
light collecting lens and the degree of collimation.

For each samplihe presence of the zero order pedkhe first pixel of the detectes

ensured if not the linear arrapeed to be recalibratedgainst thenonochromator. Thissi
done in an effort to reduce the wavelength error between datase&sal snapshots are then
captured with the VI starting in the low wavelength rawgé subsequent snapshdtaving a
slight owerlap so that no part of the spectrum is missed.
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Samples

Distilled, deionised, and UV treated water is used as the solvent for all aqueous samples.
Pure waterNaCl solution, and a solution coaining 66% KCI and 33% NacCl issed.

The metallic sampleareLead, Copper, and Aluminium.

Results

Datafor each samplevas obtained by the addition of $0apshots each with an integration
time of 5s.The laser pulse rate was 1QHherefore each spectrum ke cumulative
emission of 500 full plasmeycles

Individual snapshots of the entire spectrum were placed togesiray the dispersion

relation Using the dial reading of the start pixel of each snapshot, successpghotsvere

placed together exactly to produce an extended intensity versus pixdlhiotiasthen

converted into wavelength using the dispersion relafoy.significant overlap between the
snapshots has been removed as it complicates the plots without providing useful information.

Intensities arén arbitraryunitsand areaffected by many factors including the spectral

response of the detector, integration time, and pulse rate. The dthasbsen further

processedo accurately represt the plasmamission A simple Gaussian model of thiaear
arrayspedral responseurve based on itypical profile at 25C (asprovided by the
manufacturégrwasapplied(see[32]). A similar model of the typical grating responsas

built using a Spline of reference points. To apply these response functions it was necessary to
createa Spline of the raw data.

The measuredavelength of the laser line was found to be within 1% of the actual value of
1064nm.This gives an upper limit af10nm due to error in calibration sinak wavelengths

of interest are below this valu€he error n the wavelength is thus estimated tath@nm

thisis mainly associated with the uncertainty in the position of the linear array with respect to
the monochromator and errors in calibratidh. quotedwavelength values hereon have a

10nm uncertainty.

It is important to consider the incredsmmgicationsduethe presence of ionic lines.
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Figure 2: The emission aftés00plasma cycles of a

Lead targetn air. Detector and grating response has been

accounted for.
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Figure 3: The emisionafter500plasma cycles of a

Copper target in aiDetector and grating response has
been accounted for.

. Solid Aluminium in Air
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Figure 4: The emissiorafter 500plasma cycles of an

Aluminium target in airDetector and grating response
has been accoud for.

Figure 2, the spectrum obtained with the
Lead sample shows several sharply
defined linesagainst background intensity
stretching over the emé range observed
Strong peaks at 403nm, 420nm, 435nm,
and 556nm arpresent

Figure 3, the spectrum of Copper in air
shows many similarities to that of Lead. In
particular the high wavelength region has
exactly the same characteristic. Well
defined lines are present%0nm, 496nm,
459nm, 438nm.

Figure 4, the spectrum obtained for
Aluminium in air is again very sinak to
other metallic sampledVell defined peak
at563nm,496nm, 459nm, and 392nm.

All three spectraf the samples in alrave
similar characteristics. In particular, there
Is a very similar peak structuat the high
wavelength range witlittle variation
between all threelhis suggests thabere

is ionisation of air around theblated
sampe as highlighted in a similar study of
metallic targets in air [40]n this
situation,photons emitteérom the inner

of the plasmagonsistng of the ablated
metal ions ar@absorbed by the outer
ionisedair. So, he spectrumin the main,

is characeristic of an air breakdown
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Pure Water
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Figure 5: The spectrum obtained for pure watdter 500

cycles. Grating and detector response have been applied.

NaCl Solution
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Figure 6: The spectum of Sodium salt added to pure
water after 500 cycles. Grating and detector response
have been applied.
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Figure 7: The spectrum obtained from a solution

containing 66% KCI and 33% Na@fter 500 cycles.

Grating and detector response have been applied.

Figure 5 shows the spectrum of pure
water. The main profile is broadband
continuumpeaking at about 450nm. There
are twovery broad peaks at430nmand
~555nm

Figure 6 is the spectrum obtained fhiaCl
solution showing a similar profile to pure
water witha sharper peak 480nm and an
improved peak at 5%5fn.

Figure 7 shows the spectruwbtained for
the KCINaCl solution. The spectrum
shows peaks at 430nm, 555nm, 587nm,
and 765m. It is interesting to note that the
overall intensity is much greater comed
to the other aqueous samples across the
entire wavelength range observed and the
peaks are typically better defined.

As with the metallic samplesll three
spectra ohqueous solutionsave similar
profiles. All peaks are considerably

broader than thspectra of the air samples
and with many less featurekhe spectra is
characterised by the broadband continuum.
As expected there is a lack of
characteristic lines of hydrogen and
oxygen from watem the agqueous samples

[4].

The intensity observed for the aqueous
samples is much lower than that of the
solid samplesThis is in agreement with
the larger breakdowthreshold intensity of
waterand additional absorption of laser
radiation by mechanical effects

Particularly in the aqueous samples,
additional peaks are present when adding
more impuritiesshowingthat the emission
spectrum is dependent on the sample
composition.
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The background continuum has a similar profile for all samples, suggesting that#steh

is dependeriargelyupon the laser parametef$iecontinuum is more intense at shesrt
wavelengths for all samples and has a shape similar to a Planck blackbody radiatiott curve.
is valid to estimate thaverageplasma temperature by fittingRdarck radiation curve to the
background continuum34,33]. A rough estimate of the plasma temperatarghe pure

water resulusing the Wein displacement law with ¢;, = 450nm is:

. 2.898x 108
Y= ————— = 6440 + 150K

=4 6%
This represents the average plasemperature over its lifetimeéhe valueagrees within
order d magnitude of more detailed calculations from similar stugBex2 24].

Discussion of Results

The plasma emission spectrum is shown to depend on the saonesition in aqueous
solutions This sampledependence of the spectral profgdevidencehat the peaks are

related to the presence of atomic spedtessoprovides support for using LIBS as a

technique for elemental analysis in aqueous solutldogever, in this study very few

spectal features were detected and the confirmation of the presepeetiofilarspecies is

not possible. The results for solid targets in air show that the plasma emission can produce a
rich spectrum but more work needs to be done to obtain such detajufruwes solutions.

Waterand aqueous solutions sh@ewer spectral lineqyroader peaks and weaker intensities
comparedvith solid targets in aifThere are many physical processes which can account for
the additional broadening observed in aqueous sakitiit the primary source of

broadening in the results is due to the instruments and the aligofrte optical path. Ais

fact alore cannot account for thecrease irbroadeningcompared with aior the lack of

spectral features.

Line BroadeningMechanisms

Photonscan be partially rebsorbed as tlydravel through the plasma. This process is known
as &If absorptiorbroadening34] and carbe reduced by ensuring the plasma is optically
thin. This process alsis responsible fothe spectrabtaired forthe solid targets to be
characteristic of the surrounding ionised air only.

Dopplerbroadening refers to theawelength shift due to particle velociythe atom during
photonemission. This effect can both increase and decrease the observedgtavele
resulting in a broadening of the spatiine. Here the effect minimal since light was
collected perpendicular to the laser dr@hceperpendicular tohe direction of greatest
plasma expansiof85, 36].

Stark broadeningefers to the broadenirgf spectral lines due to the modification of quantum
energy states in the presence of an electric fizle: to the nature of plasma this effect can
contribute tospectral line widtltonsiderablyand is most apparent during the early stages
where the plava is dense and highly ionisgid6,34]. It would be possible to reduce this
effect considerably with time resolution techniques.

The surrounding bulk aqueous solution can also contribigedctral line widttdue to
collisions with mundary water clusteand quenchin3,12,27).
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Lack of Spectral Featuregn Aqueous Solutions

In highly absorbing liquids, impurities solution carscatter the plasma emission light,
decreasing the efficiency bght collection [4. Becauséhe photons need tcatrelthrough a
large volume ofvater to be detected it is possible that photeitis energycorresponding to
resonant lineare reabsorbed by otheground state atonisefore leaving the cell thus
reducing the intensity of the spectral line.

The Background Coninuum and Plasma Temperature

The background continuum has the same shapeadisamples and can be approximated as
an ideal emitterThe general shape of the continuum correlates with the results given in a
similar study on laseinduced breakdown at nadtair and metalwater interfacesZ2]. The
increase in continuum intensity at lower wavelength can be explained if one notes that the
absorption coefficient for inverse bremsstrahlung is proportional to the square of the
wavelength [3B Thus the plasme less opaque tow wavelength photons arae more

likely to escape and be detected giving rise to a higher intensity.

More information about the validity of this approach cardomd in [7. A fuller

investigation of the plasma temperature would require time resolution on the scale of the
plasma lifetime to look at the variation of temperaiareme and spacgl]. To get an
accurate value for the temperatutes intensity should bealibraed [6].

Critical Review of Approach

The results show that it is possible to observe spectral lines without time resolution but
highlightlimitations of the noftime-resolved approach. The background continuum is strong
and will cover many of the weaker éis due to transitions occurring from short lived states.
Thepresencef ionic lines complicateslemental analysiparticularly prevalent with

aqueous samples

Themethodsimplified the process of interfacing the linear array WwehVIEWand
effectivelydecoupledhe differentsectionsof the experimentshown inFigure 1). It is

known that laser plasmalsave poor reproducibilitgnd thosgroducedn bulk water exhibit

strong shoto-shot intensity oscillatios [2,4,27,37]. Our approach automatically

compensated for this effect by averaging outrétmelomvariation. A timesynchronised

method would suffer from tiseproblens unlessadditional stepso averageuccessive

snapshots were ntaken However, being unable to resolve the ptasn time severely

limited theability to perform an elemental analysis due to the strong continuum and presence
of ionic lines.

It is vital to furtherreduce systentig errors in the experinme. Instrument broadenincan be
reducedby decreasinghe slit width and integrating over more time to compensate. Greater
optical precision would allow the slit width to be reduced further.

The post processing of results mayift@rovedby considering the absorpti@pectrum of

water in the visible regiorg]. It would also be ideal to get experimental measurements of the
grating and detectors response using a calibrated standard lamp instead of modelling the
typical responselhis additional efforivould not be rewarded with anymore physical insight
into thenature of the spectral emission withailgo improving the method ameducing
uncertainties.

In future studies it would be ideal to use metallic samples in air and thesaampées in
water to make easier comparisons and clearer deductions of the effect of bulk water on the
emission
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Time resolutiorcould be achieving with the same equipm@ngating the detector so that
only light after a certain period in the plasma cysldetected. This approach has the
advantage that would be relatively easy to intedgeainto the existing setup.

Future research

The study sbwspoor spectral sensitivitygf bulk aqueous solutions compared with targets in

air. It has been suggested thdtitional techniques are required for LIBS in agqueous

solutions to produce spectra sufficiently detailed for elemental analysis. For example, double
pulse LIBS B] and gas buffering3g], both of which essentially aim to reproduce plasma
conditions simir to those in air breakdowWa9].

More accurate measurement of the plasma temperature can be realised by performing an
absolutemtensiy calibration [§. This would additionally allowidgnostcs ofplasma
parametersallowing identification obptimallaser and plasma parameters for aqueous LIBS
[41].

Conclusion

The present studsuccessfullynterfaced dinear array with_abVIEWby creathg a bespoke
VI. This allowed thespectrameasurement direakdown plasma emissiarhenused in
conjunction witha monochromator.

Laser induced brédown plasmas wergtudiedto establish théasibility ofusing such
techniques for effective elemental analysis of aqueous sariple® is a particular interest
in applying LIBS techniques to deep sea sediment asadysito the potential of mobile,
reattime quantitative elemental analysissitu.

It is shown thathie application of LIBS to aqueous solutiansfers from increased
complexitiescompared with solid targets in aithe results hint at the feasibility this
techniqudor quantitative analysis but also show a requirement to refine and tweak the
methodologies employeth particulartheneedto discriminate atomic emission lines from
the continuum background radiatimessentiaind the study suggaesmethods to achieve
this.
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