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Abstract: Analytical applications of Laser Induced Breakdown Spectroscopy (LIBS),
namely optical emission spectroscopy of laser-induced plasmas, have been constantly
growing thanks to its intrinsic conceptual simplicity and versatility. Qualitative and
quantitative analysis can be performed by LIBS both by drawing calibration lines and by
using calibration-free methods and some of its features, so as fast multi-elemental
response, micro-destructiveness, instrumentation portability, have rendered it particularly
suitable for analytical applications in the field of environmental science, space exploration
and cultural heritage. This review reports and discusses LIBS achievements in these areas
and results obtained for soils and aqueous samples, meteorites and terrestrial samples
simulating extraterrestrial planets, and cultural heritage samples, including buildings and
objects of various kinds.
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1. Introduction

The very first experiments of laser induced spark emission were performed in the 1960s and
involved a laser beam producing a vapour upon irradiation of a solid target and an electrical spark
subsequently exciting the ablated plume [1]. These experiments can be considered as early precursors
of Laser Induced Breakdown Spectroscopy (LIBS) and since then LIBS has shown its huge potential
as an effective technique for fast multi-elemental analysis.

Starting from the 1980s, significant achievements have been achieved in both laser and detector
technology, which have made reliable and relatively inexpensive instruments available to research
laboratories [2]. This has promoted a huge development of the technique and its adaptation to the
qualitative and quantitative analysis of a wide variety of solid samples [3,4]. These include: metal
alloys for metallurgy and for jewellery [5-11], cultural heritage materials [12-16], soils, rocks and
sediments [17-23], dried and fresh vegetables [24,25], explosives [26]. Gas mixtures and aerosols have
also been studied by LIBS [27-30], as well as solutions, for which single- and multi-pulse approaches
have been tested [31-34].

What renders the range of applicability of LIBS so wide are primarily its several instrumental
advantages, particularly its extremely flexible experimental set-up. Virtually any kind of substance can
be analysed by LIBS with no sample pretreatment and no particular sampling procedures needed.
Thus, the analysis can be performed in air [35], in vacuum, in fluids [36], and even under extreme
conditions such as high temperature and pressure environments. This enables to design compact and
portable LIBS instruments, fit for in sifu [37,38] measurements and for applications such as space
exploration [39-43], as well as potentially adaptable to on flight analysis of asteroids and to stand-off
analyses [44]. Besides, LIBS provides a fast response and is thus suitable for on-line process control [45],
has a good sensitivity (generally of the order of ppm) and induces a limited and localized damage on
the sample surface, being the removed amount on the order of tens or hundreds of nanograms.

LIBS can be easily coupled with other laser-induced spectroscopic techniques, primarily Raman
spectroscopy and Laser-Induced Fluorescence (LIF) (see for example [46,47]). These unique and
attractive features qualify LIBS as a technique highly competitive with other largely applied
spectroscopic methods for elemental analysis, such as Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). In particular,
it is often the technique of choice, in some cases coupled with other techniques such as Raman
spectroscopy, for geochemical and cultural heritage applications, due to their particular demands for
non-destructiveness, speed of analysis and possibility of performing in situ and remote analysis.

On the other hand, the main drawbacks of LIBS include: its strict dependence on the fulfilment of
equilibrium conditions in the plasma; the possible saturation of the signal for high concentration
elements due to self-absorption effects, even for high-energy lines, that makes their quantification
difficult or impossible with LIBS; the onset of matrix effects when analysing samples of very different
kinds or very inhomogeneous specimens; the large number of complex physical-chemical phenomena
involved in the processes of ablation and plasma formation, evolution and interaction with the
background ambient.

In the present paper, the Laser Induced Plasmas (LIP) fundamentals and LIBS analytical methods
are outlined, and the recent achievements obtained by our research group in the field of elemental
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analysis for cultural heritage, environmental and space applications are reviewed and inserted in the
frame of the main questions the LIBS community has being addressing in the 2000s [48-50].

2. Basic Principles of LIP and LIBS

When a short laser pulse (with typical duration from ns to fs), is focused on a portion of matter, a
significant amount of energy is transferred to the latter, which can result in the formation of a plasma
of the irradiated material, a phenomenon usually referred to as breakdown at the material surface. The
breakdown can occur only if the pulse irradiance exceeds a threshold value which depends on the state
of aggregation of the material [51]; an irradiance value of ~1 GW/cm? is generally considered as an
appropriate reference value to yield a high-temperature and high-electron density plasma from
virtually any kind of irradiated solid targets. Once ablated, the material expands at supersonic velocity
(in vacuum the initial expansion velocity is ~10° cm/s) in a direction orthogonal to the target
(approximately, expansion along the radial component can be neglected in the early stages after
ablation). LIP is not a stationary system and typical values for temperature and electron density of LIPs
in air range, respectively, between 20,000 K and 10" cm™ in the early times after its formation,
and 5,000—6,000 K and 10'7 ¢cm at the late stages of its evolution.

Several phenomena can contribute, at different extents, to produce the breakdown and yield the
plasma, depending on the features of both the laser (wavelength, pulse duration, irradiance) and the
irradiated material (state of aggregation, physicochemical characteristics). During its finite
lifetime (~10 us in air), the produced plasma plume emits radiation that can be detected and used to
retrieve qualitative and quantitative information about the elemental composition of the irradiated
target, provided that the ablation is stoichiometric, namely, that the composition of the luminous
plasma is the same as that of the target. Due to its transient nature, LIP manifests departures from the
thermodynamic equilibrium due to the escape of radiation, that is, to radiative dissipation of part of the
internal energy of the system. Anyway, such energy loss is negligible with respect to that exchanged
by processes between material particles, which are therefore locally and instantaneously in equilibrium
and are established in a shorter time than that required for the plasma to expand. Such condition is
referred to as Local Thermodynamic Equilibrium (LTE) [52] and its occurrence is the underlying
premise for the use of LIBS as an analytical technique, as it will be better clarified in the following section.

An example of a typical experimental set-up for LIBS experiments is provided in Figure 1, where
the instrumentation generally employed in our laboratory is sketched as a block diagram. It mainly
consists of a laser source (in our case, a nanosecond Q-switched solid-state laser, Nd:YAG, with first
harmonic at 1,064 nm and second harmonic at 532 nm), a system for the radiation detection that
comprises a monochromator coupled with an Intensified Charge Coupled Device (ICCD), and a pulse
generator to synchronize the plasma production and the emission spectra acquisition. The emitted light
can be collected through an optical fibre, as depicted in Figure 1, or directly focused on the
monochromator entrance slit. Acquisition parameters, including number of spectra accumulations and
averages, starting delay time and gate width of ICCD aperture with respect to laser pulse, can be set
via software by means of a computer interfaced with the spectrograph. It is important to note that in
LIBS experiments the solid targets are usually mounted on a rotating sample holder, in order to prevent
the sample from being deeply dug in the point where the laser beam is focused. Moreover, using this
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solution, spectra can be acquired from several points on the target surface and all contribute to the
overall signal, thus accounting for possible surface inhomogeneity that may affect the accuracy of the

analytical determination.

Figure 1. Block diagram of a typical experimental set-up for Single Pulse LIBS
experiments. The acronym PG stands for Pulse Generator.
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Another common configuration is the Double Pulse LIBS (DP-LIBS), which involves the use of
two time-delayed laser pulses to enhance the emission spectra intensity and improve the limits of
detection by using either a collinear or an orthogonal geometry. In the first case the two collinear
pulses follow the same optical path and reach the target surface perpendicularly with a time delay that
can be set according to the background environment [53]. In the second case only one pulse ablates the
target, while the other is directed parallel to its surface, with two possible temporal schemes. If the
parallel pulse is shot before the ablative pulse, it can produce a preparative pre-spark in air [54]. If it is
shot after, it can re-heat the ablated material [55]. In any of the mentioned double-pulse configurations
the two lasers can have the same or different pulse widths or wavelengths.

A collinear double pulse configuration can also be used to induce the breakdown of liquid samples,
which proceeds with plasma formation mechanisms that are completely different from those occurring
in solids. In particular, a single laser pulse is not appropriate for the analysis of bulk liquid samples,
because most laser energy is spent in the interaction with the surrounding liquid bulk, which rapidly
quenches the plasma. Therefore, a double-pulse approach is necessary for the analysis of submerged
targets and liquid bulks, most typically water solutions. The plasma produced by the first pulse rapidly
extinguishes, producing a cavitation bubble within the aqueous bulk; the second pulse induces a
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plasma inside the bubble which evolves similarly to LIPs in gaseous background and can be therefore
useful for analytical purposes.

A detailed discussion about the laser-water interaction and the plasma generation under water is
beyond the scope of this paper, but the interested reader can refer to previous works of ours and of
other groups for a comprehensive treatment [56-58]. In the following sections, short mentions will be

given to some applications of analytical LIBS to liquids (aqueous matrices) and submerged solids.
3. Elemental Analysis by LIBS

The use of LIBS for elemental analysis relies on some fundamental assumptions that must be
verified, especially when semi-quantitative and quantitative analysis of samples is pursued. First of all
the conditions of optically thin plasma and LTE are always the underlying premises for laser induced
plasma studies by emission spectroscopy, both for fundamental studies and for analytical applications.

The emission intensity /,; of a peak of frequency v, is related to the number density of excited
emitters, N, by:

1
Ly = ENuAulhvulG (1)

Where A4, is the spontaneous emission coefficient of the given transition, / is the Planck constant and
G 1is an instrumental factor depending on the experimental set-up used [59]. This relation is valid only
when the considered u/ transition is optically thin, that is, not suffering from self-absorption, a condition
that can severely affect low-energy and resonance lines, particularly for high-concentration elements.

Several methods can be found in the literature [60-62] to evaluate and correct self-absorption, and a
good practice in analytical LIBS is to select accurately the emission lines to be used for analysis. With
this regard, some line selection criteria have been proposed by our group [21] and are briefly
recalled here:

- All spectroscopic lines involving the ground state should be excluded, because they are the
most severely affected by self-absorption phenomena, which alter the spectral line profiles and
thus hinder the quantitative determination of major elements. For these elements, lines
corresponding to transitions with lower energy level below 6,000 cm™' should also be
possibly excluded.

- All transitions with spontaneous emission rate lower than 2 x 10° s™' should not be considered
for quantitative analysis because the corresponding emission times might be comparable with
the time associated to the plasma variations [63].

- All emission lines with high relative intensity (generally >3,000) should be considered with
care. In fact, when the emission of low intensity transitions is under the detection limit, e.g.,
close to the plasma border, these lines are still detectable, therefore they can be useful for the
detection of trace elements but they have high probability to overestimate the population,
especially for elements at high concentration.
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Two further aspects to be considered in the use of analytical LIBS are stoichiometric ablation and
plasma homogeneity. All the ablation-based analytical techniques, such as LA-ICP-OES or LA-ICP-MS,
as well as LIBS itself, are affected by the stoichiometry of material removal from the target, which
may be altered by matrix effects, such as preferential ablation, or fractionation, of some species. The
fractionation issue has been addressed in a number of papers [2,64-67] due to the occurrence of
non-linear calibration graphs of emission intensity as a function of analyte concentration for reference
samples. Fractionation effects are often present in LIBS analysis, in dependence on the matrix under
study. For some of them, for example copper-based alloys, the effect can be minimised to reach an
acceptable uncertainty of concentration determination by choosing appropriate laser parameters, such
as fluence, wavelength, pulse duration, and employing calibration techniques to improve the analytical
performance, though they may never be truly overcome [68].

On the other hand, establishing plasma homogeneity is a more complex issue. As a matter of fact,
spatial and temporal gradients of temperature and both electron and heavy species number densities
arise in the plasma, due to its fast dynamics and its interaction with the background environment. The
peripheral zones of the plasma are the most involved in phenomena such as recombination processes
(between ions and electrons within the plasma and between species from the surrounding ambient and
plasma species) and confinement by the shock wave contact wall. Consequently, differences may arise
between plasma parameters in external zones and those in plasma core. Anyway, for diagnostic or
analytical purposes, only the portion coming from the plasma core is usually employed. For this
sampled portion, the homogeneity assumption holds, as demonstrated by several authors with
spatially-resolved LIBS spectra (see [67] and references therein). The validity of this assumption can
be further ensured by means of appropriate experimental approaches, such as choice of temporal and
spatial regions suitable for spectra detection, and methods of data treatment for spatial resolution, such
as the Abel inversion [59].

As for the LTE condition, it is common practice in the LIBS literature to consider that the
elementary balances between material particles are in equilibrium, while the light-matter balance is
not, if the Boltzmann distribution (see next section) and the McWhirter criterion hold. This criterion
states the existence of a critical value for electron density NV,, that is:

N,(cm™3) > 1.6 x 1022T2(K)(AE,,,)? (eV) 2)

where T is the plasma temperature and AE,, is the maximum energy gap between two adjacent
transition levels n and m. Though a detailed discussion about the LTE condition in LIPs is beyond the
scope of the present paper, it is useful to mention here that the McWhirter criterion is actually only a
necessary condition for LTE, but its use has been widely documented for all analytical purposes in
LIBS literature (see for example [69] and references therein). A further requirement is that the
acquisition time parameters are accurately chosen to make sure that the Saha equilibrium of
ionization/recombination reactions is established in a time shorter than that associated to the change of
plasma parameters. For details about the assessment of LTE in LIPs, the interested reader can
refer to [52,70,71].
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4. LIBS Approaches to Quantitative Analysis

Two traditional approaches are possible for quantitative analysis by LIBS, a calibration line
approach and a calibration free procedure. The first consists in drawing a calibration line with a set of
standards of the same kind and of similar composition to that of the unknown sample. As shown in
Equation (1), the intensity of a given emission line is proportional to the number density of emitters,
which, in turn, is proportional to the concentration of the emitter (namely, the analyte) in the irradiated
sample. Therefore, the emission intensity is linearly correlated to the concentration of a given species
in the sample, Ix = K[X]. In order to minimize the matrix effects, which could affect the calibration
graph linearity, the emission intensity is usually normalized to that of the most abundant element in the
sample, which is used as an internal standard. Another possible approach for the calibration line is to
normalize the analyte signal to the intensity of the spectral background signal [17].

Furthermore, multivariate calibration techniques can be used for quantitative analysis by LIBS, such
as Partial Least Squares regression (PLS) and Artificial Neural Networks (ANN), which have been
drawing increasing attention from the LIBS community over the past few years (see for
example [72,73]). Such advanced calibration techniques can reduce the complexity of spectra, enabling
to extract the valuable information when the standard calibration curve method may fail. Moreover,
chemometric methods such as Principal Components Analysis (PCA) are often coupled to calibration
techniques in order to observe data clusters and discriminate outliers, prior to performing the actual
quantitative determination [38,74-76].

An alternative to calibration approaches is the so-called Calibration Free (CF) or Self-Calibration
method, which is based on the LTE assumption and was first proposed by Ciucci ef al. [77]. In LTE
conditions, the number density of emitters is given by the Boltzmann distribution:

__ 9uNp _ E_u
Ny = Z(T) exp( kT) )

where g, is the statistical weight of the excited level of energy E, from which the emission occurs, Ny

is the total number density of the given species, Z(T) is the partition function at the excitation
temperature T. By substituting N,, as derived from the Boltzmann distribution, in Equation (1) and
putting in a logarithmic form, the equation of a line is obtained:

In—T = jpRed _ Ju )

Aythvyigu Z kT

where an instrumental factor appears, G, which cannot be evaluated unless a radiometric calibration
is performed.

This method, commonly referred to as the Boltzmann plot method, enables the determination of the
excitation temperature from the line slope and Ny from the intercept. Ny is proportional to the species
weight percentage of species in the sample, which can be retrieved as described in [77] through a
normalization procedure:

2iw%; = x Y No; AW; =1 (5)

where AW, is the atomic weight of the species i and the normalization constant x also contains the
instrumental factor G. Once x has been determined, each percentage is given by

w%; = x No;AW; (6)
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In order for the CF approach to be used for quantitative measurements, the above mentioned
assumptions (stoichiometric ablation, LTE condition, plasma homogeneity, optical thin plasma) must
be strictly fulfilled.

The CF algorithm represents the only possible approach when the preparation of matrix-matched
standards is unfeasible or difficult (e.g., in extreme environments, such as nuclear reactors) and in
attaining automated analytical procedures. However, the accuracy of CF quantitative measurements
depends more critically on the necessary assumptions for analytical LIBS and may lead to only
semi-quantitative results when their fulfilment is unsatisfactory [67,78]. The results that will be
presented in the following sections have been achieved mostly by CF-LIBS or by calibration methods,
either with the standard calibration line approach or with multivariate techniques.

5. LIBS in Cultural Heritage Science

The most appealing features of LIBS applications in the field of cultural heritage analysis are
mainly the following: its micro-destructiveness, with ablated sample portions on the order of fractions
of micrograms and induced damage virtually invisible to the naked eye; its potential for fast
multi-elemental analysis and capability of simultaneous detection of major and trace elements; its
equipment, easily compactable into portable instruments for in sifu analyses of piece of arts that cannot
be removed from museums or excavation sites, or of historical buildings and wall paintings.

LIBS appears the most suitable technique for dating and rapid classification purposes of metal
objects that are among the most abundant archaeological findings, including tools, weapons and
utensils, as well as jewellery and statues. Copper-based alloys were the most used in the ancient times
and several LIBS analytical and fundamental studies have been dedicated to ancient bronzes, partly
because of their suffering from fractionation effects [2,64-66] mainly due to the significantly different
melting points of their main constituents. Fantoni ez al. [2,68] performed a modelling study aimed at
clarifying the fractionation effects that could be expected upon ablation of quaternary bronzes (Cu, Zn,
Sn, Pb) with different lasers, namely, single ns-pulse with different (IR to UV) wavelengths, double
ns-pulse, single fs-pulse. By comparing the concentrations in the plasma as results of simulations of
the different ablation mechanisms with certified concentration values, these authors identified the
possible deviations from the stoichiometric ablation and provided a method to optimize the
experimental conditions.

A different approach, based on the experimental comparison between ns- and fs-ablation of
copper-based alloys, was proposed by our group in [5], in order to establish if significant differences
might arise between the analytical performances of laser pulses of different duration. In [5] a variant of
the CF method was developed which was based on the assumption of partial LTE (pLTE) in the energy
range covered by the observed emission lines in the fs and ns cases. The number densities of plasma
species were determined by normalization of the line emission intensity to that of the continuum
background, which was assumed to follow a Planck-like distribution. With this method, the
concentrations of minor elements (Sn, Pb, Ni) in three bronze standards were calculated, while Cu
concentration was not determined due to the significant self-absorption of Cu lines, and its weight
percentage was just considered as the complementary species for the determined ones. The obtained
results, summarized in Table 1, showed that a significant agreement exists between fs- and ns-CF-LIBS,
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in spite of the known marked differences in the ablation mechanisms of solid targets by ultra-short and
short pulses [79-81]. Data in Table 1 show that a good agreement exists between the ns- and fs-LIBS
analytical results, as well as between them and the certified values for the concentrations of some
elements (Sn, Pb, Ni). It appears therefore reasonable to consider that fractionation was negligible in
both cases and that the residual fractionation took place in a comparable degree for both pulse durations.

Table 1. Comparison between the CF-LIBS results for three bronze standards upon
irradiation by ns- and fs-lasers. The experimental uncertainty was estimated to range
between 10—-15%.

Sample  Certified w% fs-CF-LIBS w% ns-CF-LIBS w%

B4 Cu 84.00 Cu-— Cu-—
Sn 11.05 Sn 9.32 Sn 9.70
Pb 2.50 Pb 3.99 Pb4.11
Ni 0.57 Ni 0.81 Ni0.31

B21 Cu 83.05 Cu-— Cu-—-
Sn 5.13 Sn 5.73 Sn 4.02
Pb 3.79 Pb 3.30 Pb 4.46
Nil.21 Nil.10 Ni 1.65

B22 Cu 82.75 Cu-— Cu-—
Sn 3.85 Sn 4.15 Sn 3.25
Pb 6.12 Pb 6.76 Pb 6.38
Ni2.56 Ni1.62 Ni 2.90

Once established the suitability of ns-LIBS for quantitative analysis of bronze samples, in a
subsequent work [12], we analyzed by a ns Nd:YAG laser five VII b.C. century objects made of
copper-based alloys, namely, a belt (A), a basin (B), a brooch or fibula (C), a piece of armour fragment (D)
and a pendant (E), which were excavated from an archaeological site in Southern Italy (Minervino
Murge, Apulia). First of all, a depth profiling of Pb and Sn was performed on a piece of scarce
archaeological interest (a basin fragment, which was not included in the above selection), in order to
estimate any possible discrepancy in their concentrations between the sample surface and bulk. Indeed,
it is well known that the external layers of ancient objects strongly differ from the original material as
a result of long-time corrosion, so that both morphology and composition can be altered significantly.
In the case of bronze artefacts, this corrosion process is often referred to as “bronze disease” which,
due to the object interaction with its burial environment (soil, water or sea water), causes it to be
covered by a layer (patina) containing mainly Cu II salts and, in some cases, also significant amounts
of Sn compounds [82].

The possibility of analysing multi-layered samples and performing depth profiling is virtually
unique to LIBS, among the various techniques used for elemental analysis of archaeological objects.
This is because the laser beam focused in a given spot removes successive layers thus different spectra
can be observed as a consequence of the compositional changes. In the case of metal and stone
handiworks, the incoming laser beam is able to locally remove the altered layers, so that in the
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irradiated spot the bulk materials, with composition close to the original one, can be analyzed. In
particular, in the case of bronze artworks it is important to perform a depth profile analysis to establish
how many laser shots are needed to reach the bulk sample, where the composition holds a constant
value and can be considered reasonably close to the original one. The Sn and Pb concentrations of the
basin fragment are plotted in Figure 2 as a function of the number of laser shots reaching the sample.
In this experiment, 600 shots were necessary to remove the patina and reach the bulk material. The end
point of the corrosion layer was also made visually evident by the appearance of the typical
red-brownish bronze colour. It is interesting to note that, while Pb maintains an almost constant
concentration across the sample section, Sn shows a marked depletion in the outer layers, possibly due
to the formation of Sn compounds and their subsequent solubilisation in the presence of moisture in
the burial soil.

Figure 2. Sn and Pb weight percentages (w%) in a fragment of a bronze basin as a function
of the number of laser shots focused on the sample. Each spectrum resulted from 100
accumulations, with laser energy 1.5 mJ and focused laser spot of diameter 200 um. The
sample was drilled through from side to side, displaying a significant depletion of Sn in the
external layers.
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For the quantitative analysis of the above-mentioned unknown samples, a classical calibration line
approach was preferred, due to the mentioned difficulty of determining Cu concentration with a CF
method. In this approach, Cu was used as the internal standard to draw calibration lines for the
quantitative analysis of Sn, Pb, Zn, Fe, Ni, Sb and Si.

A useful element for dating studies is As, which was not present in the analyzed samples. Dating
studies of this kind, aimed at distinguishing between arsenical bronzes, typical of Early Bronze Age,
and tin bronzes, which were used from the Middle Bronze Age on, have been performed by
Fortes ef al. [14]. These authors examined a set of 37 specimens from Southern Spain and, based on
their As content, sorted them in Bronze Age and Iron Age objects.
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In the case of the Italian bronzes analyzed in our laboratory in collaboration with a team of
archaeologists, we drew some conclusions about the possible use of the various hand works, on the
basis of their Sn content. For example, the piece D was found to have a high Sn content (17 + 1 wt%),
which suggested that it was a part of a piece of armour, probably a helm, because adding large
amounts Sn to the alloy hardened the material and prevented it from being easily damaged by blows.
On the other hand, unusually high concentrations of Sn and Pb were found in specimens C and E, lying
outside the range covered by the available standards. Thus, for these samples only lower limits could
be obtained for concentrations (Sn > 39 + 3 wt%, Pb > 27 + 2 wt% for the pendant; Sn > 28 + 2 wt%,
Pb 4.3 + 0.3 wt% for the fibula), which were sufficient to suggest that they must be pieces of jewellery.
Indeed, they are not made of common bronzes, but of slightly different copper-based alloys
respectively named as bell metal and high leaded tin bronze, which, due to their high Sn percentage,
were difficult to tool and used for precious objects. The B sample was a piece of basin, with a well
conserved rim and showing typical tin bronze concentrations (Sn 7.6 = 0.5, Pb 0.17 £ 0.03) which
allowed an easy working of the piece, as required to obtain every day use objects of various shapes.
The most interesting piece of the set was sample A, a belt composed of four pieces nailed together. For
each piece, a depth profiling was performed and Sn and Pb were determined with increasing sampling
depth. The obtained results were quite surprising and are reported in Figure 3(a,b): three of the four
nailed pieces had typical tin bronze concentrations, while one had a significantly lower Pb content.
This suggested that the fourth piece was probably added to the hand work in a later time, likely by a
different craftsman, to repair the belt after it got damaged. Nails were also analyzed and they resulted
composed of Fe and C, but these components were not quantified.

As an example of the depth profiling procedure, the six spectra of the added piece (Zone 2) are
reported in Figure 3. Apparently, the spectra of the external layers are contaminated by high amounts
of soil elements such as Si, Mg (see Figure 3(b), Zone 2(a)), while those of the internal layers, used for
the quantitative analysis, only display the typical spectral features of bronze elements (see Figure 3(b),
Zone 2(f)). These results clearly highlight the significant advantages of using LIBS for this kind of
analysis. First of all, no piece was sacrificed, but only a negligible damage was caused, directly on the
sample surfaces, with a spot diameter around 180 um. Moreover, depth profiles were easily performed,
which enabled to discriminate the corrosion layer and to make sure that the analyzed sample portion
was representative of the original material, at the same time removing the insignificant or extraneous ones.

The spectra of removed layers can also provide useful information to conservators, helping them to
identify the causes of object alteration and to plan tailored restoration and/or cleaning actions [13].
Since laser cleaning of a wide variety of artworks has been strongly developing in the last decade,
LIBS has become an effective method for on-line monitoring of the cleaning process itself. During
contaminants removal from the object surface, the emitted spectra change due to change of elemental
composition of the ablated layer. This change can be used to understand the causes of contamination
and also to avoid undesired over-cleaning of the object itself. Laser cleaning, with the aid of on-line
LIBS monitoring, has been employed to remove extraneous coatings of various kinds, including dark
encrustations from marble, terracotta, stone and glass artworks due to exposure to air pollutants [16,83-85],
protective and conservative coatings from canvas paintings and synthetic mimicking materials [86-90],
corroded layers from metal objects [91,92], dirt (dust and pen and pencil traces) from historical paper
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documents [93,94], pencil and pen marks on alabaster and marble statues in a stand-off configuration [95],
and patinas on surfaces of historical buildings [96].

Figure 3. (a) Bar charts of Sn and Pb weight percentages at increasing sampling depth in
the four nailed parts constituting the bronze belt samples A; (b) spectra of the zone
repaired from the external layers 2(a,b,c) to the internal ones (2(d,e,f), used for the bar
chart in Figure 3 (a)). The spectra from the external layers show typical features from the
soil elements (Si, Mg) and were not used for the quantitative analysis, while increasing the
sampling depth peaks of bronze components (Cu, Pb, Sn) appear. It is interesting to note
that the spectrum 2(c) lacks the Sn peaks, which indicates some inhomogeneity in the alloy
composition, and was therefore not used for the analysis.
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Besides being a powerful technique to control the removal of layers due to aging and pollution of
artworks, LIBS is among the few techniques able to provide multi-elemental depth-profiling of
intrinsically multi-layered samples, such as ceramics, paintings and frescoes, resulting at the same time
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only micro-destructive. This potential has been exploited, often coupled with Raman spectroscopy that
provides complementary molecular information for dating and provenance studies [97,98] and for
pigment identification in a number of different painted artworks, including ceramics [99,100], icons
and miniatures [101,102], painted plasters [103], polychromes on wood [104], artistic prints [105],
wall paintings of historical buildings [106-107] and historical parchment [15].

In conclusion of this section, our studies on submerged bronze targets will be briefly mentioned [32].
These studies were conducted in the frame of a project aimed at verifying the feasibility of LIBS
analysis for drowned artefacts, such as sunken ships and their content, directly in situ (namely, under
seawater). The possibility of obtaining some information about the findings would be of primary
importance prior to planning recovery activities and taking decisions about whether the object should
be moved or not. In our work, bronze standards immersed in seawater were analyzed in a home-made
cuvette with two collinear laser pulses focused through the liquid bulk. The quantitative analysis was
obtained with the calibration line method and gave satisfactory results, as compared to similar ones
performed in air. The calibration lines for Sn and Pb under water had higher slope and correlation
coefficient than those obtained in air, which indicated higher sensitivity and better accuracy. This
result suggested that a better thermalization through electron impact took place under water, due to the
strong confinement experienced by plasma species inside the bubble, which, together with a longer-lasting
LTE condition and a more homogeneous plasma, led to a better analytical performance [32].

6. LIBS in Environmental Science

The interest of LIBS in the broad field of environmental science lies mainly in its versatility and
potential for in situ measurements with a very limited sample pretreatment or none at all. The
discussion in this section will be focused on the analysis of soil in its various aspects. Soil is the
environmental compartment most affected by heavy metal contamination, being constantly exposed to
metal emissions from many anthropogenic sources [108], and thus potentially subject to long-term
modifications, with consequences on the equilibrium of ecosystems. Other kinds of samples will also
be included in the discussion, such as rocks and sediments, due to the wide variety of specimens
studied by various authors especially during in situ and remote analyses. For a further discussion
specifically focused on the LIBS analysis of rocks and minerals, the interested reader may refer to [109]
and references therein. Finally, a short mention will be given in this section to the analysis of aqueous
samples, namely seawater and wastewater from industrial plants, due to the strong need for rapid in situ
chemical sensors in such field and the potential of LIBS to fulfil such need.

6.1. LIBS Analysis of Soils

Soil analysis is one of the most traditional applications of LIBS. Compared to LIBS, the techniques
most typically used for this purpose (such as Atomic Absorption Spectrometry (AAS), X-Ray
Fluorescence (XRF), ICP-MS, ICP-OES) and the chemical methods specific for the various analytes,
generally regulated by national or international protocols (see for example [110,111]), usually provide
better LODs but are time-consuming, need consistent sample manipulation prior to analysis, and
require specific soil sampling procedures and accurate specimen selection. Further, and especially for
the detection of contaminants in soils after accidental or systematic spill of toxic waste, the use of a
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real-time, in situ analytical technique such as LIBS would allow the assessment of their degree and
kind of contamination, followed by immediate application of tailored remediation strategies, in order
to avoid irreversible damages to environment and to human and animal health.

The detection and measurement of levels of toxic metals in soils are among the most important
concerns of environmental science, due to the important implications that excessive depletion or
enrichment of trace elements in soils can have on the health of living species [108,112]. This is by far
the most studied environmental issue as far as LIBS is concerned. In the last decade, many research
groups have been developing experimental strategies for this purpose, their common long-term aim
being the optimization of reliable LIBS procedures for the assessment of soil degree of contamination
and the development of fast remediation strategies. In this context, LIBS research proceeds along two
parallel directions: on one hand, the laboratory optimization of LIBS experiments, in order to
overcome the many problems of direct analysis of an untreated, exceptionally complex matrix such as
soil; on the other hand, the development of high-performance instruments for on field and
stand-off investigations.

6.1.1. Laboratory LIBS Analysis of Soils

Since the 1990s many papers have already appeared in the LIBS literature concerning the laboratory
analysis of soil samples. Research in this domain is still very active and is mainly aimed at refining the
technique and evaluating its capabilities in comparison with other well established techniques.
Capitelli et al. [20] determined the concentration of Cr, Cu, Fe, Mn, Ni, Pb and Zn in a heterogeneous
set of soil and sludge samples of various origin and nature and compared the LIBS performance to that
of ICP-OES. These two techniques, which can be considered similar in that they are both based on the
detection of light emitted by a high-temperature and high-density plasma, were also compared in a
work of our group [17] where the contents of Pb, Zn, Cu, V, Cr were determined in five soil and
sludge samples, finely grained and pressed in pellets with no further pretreatment. Calibration lines
(reported in Figure 4) were drawn on the basis of ICP-OES measurements. For these lines the emission
intensity of analytes was normalized to that of the spectral background, because no suitable internal
standard was found in the analyzed set of samples. The good linearity of calibration lines was a clear
confirmation of the feasibility of the adopted method and showed that limited matrix effect took place.

In order to compare the LIBS performance with that of ICP-OES, the following procedure was
followed for each element. One sample, chosen from the central part of the concentration range
covered, was excluded from the calibration curve of the considered element and treated as an unknown
sample. A new calibration line was then drawn without the excluded sample, and the concentration of
the element was determined consequently. The results of such comparisons are reported in Table 2 and
show a good agreement between the two techniques.

In the same paper, we defined an anthropogenic index (A.L.) to rapidly evaluate the degree of heavy
metals pollution of soils, in analogy to other enrichment factors proposed in the agrochemical
literature [113]. The A.I. was defined as the ratio between the concentration of an element in a polluted
soil normalized to that of a reference element, and the corresponding value in an unpolluted soil of the
same kind. Taking into account that for a given analyte a direct proportionality exists between line
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emission intensity and sample concentration (see Equation 1), a modified A.L., relying on LIBS

intensity instead of concentration, was defined as:

Imp
Itip

Imup =A.l (7)

Itiup

where the subscript M indicates the given analyte and the subscripts P, UP stand for polluted and
un-polluted soil. The modified A.l. was calculated for Cr, using Ti as the reference element, in five of
the examined samples, using the sixth as the reference soil. The bar chart in Figure 5 shows the
achieved results plotted as functions of the ratio of Cr concentration in the analyzed soil over that in
the reference soil. This alternative approach for the A.l. determination is very fast and particularly
suitable in view of in sifu applications, such as fast pre-evaluation of severely heavy metals-polluted
soils. In conclusion, this approach allows the estimation of the degree of pollution of a soil with no
need of concentration calculations, but only on the basis of the emission intensities.

Figure 4. Calibration lines of Cr, Cu, Pb, V, Zn in samples of polluted soils and sewage
sludge collected in various Italian regions.
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Several further works have been published on this subject. For example, Hussain et al. [114]
determined the concentration of Cr, Ca, Fe, Mg, Cu, Na, Ni, K and Ba in soil samples collected from a
coastal area surrounding the Khursania site of Saudi Arabia along the Persian Gulf, which was
involved in a large oil spill during the Gulf War. Another highly toxic contaminant, Cd, was the object
of the investigation by Santos et al. [115] who evaluated its concentration in standard soil and
sediment samples. Bousquet et al. [116] determined Cr in soils collected from industrial areas or
prepared in the laboratory by comparing the results obtained with different emission lines and by LIBS
and ICP-OES.
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Table 2. Comparison between concentrations of heavy metals in soil samples determined
by ICP-OES and by LIBS (calibration line method).

Element Unknown ICP-OES concentration LIBS concentration
sample (mg kg™') (mg kg™

Cr S3 550 + 82 698 + 144

Cu S4 100+ 15 88 £ 21

Zn S2 897 £ 135 846 + 37

Pb S1 180 £27 168 + 18

v S1 84+ 12 807

Figure 5. Anthropogenic index calculated with Cr emission intensities (line at 520.45 nm)
for samples of polluted soils (S1, S2, S3, S4) and sewage sludge (SS). S1 and S2 are two
loam soils from Apulia, Southern Italy; S3 a clay loam from Lombardy, Northern Italy;

S4 a sandy clay loam from Marche, Central Italy.
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The allowed concentration of some heavy metals in unpolluted soil is very low (see for example the

limits established by the Italian Ministry of Environment for Hg and Cd, respectively 1 mg/kg

and 2 mg/kg in public parks and residential areas, which rise to 5 mg/kg and 15 mg/kg in industrial and
commercial areas [117]). Therefore, some alternative approaches to the classical LIBS have been

proposed to improve the sensitivity of the technique, including the use of double pulse

irradiation [118,119].

Besides the assessment of the soil degree of pollution by heavy metals, LIBS has also been

proposed for other soil-related studies, including soil classification by means of chemometric

methods [116,120]; monitoring of the phytoremediation process of heavy metals-polluted soils [121-123];
establishing soil quality, both in terms of micronutrients content [124] and to aid the evaluation of soil
organic matter (SOM) and fertility by means of total C and N quantitative determination [19,125-127].
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6.1.2. In situ LIBS Analysis of Soils

As regards the development of LIBS portable systems for direct in situ analysis of soils, so far most
efforts have been dedicated to preliminary laboratory testing and calibration of mobile instruments and
to addressing the important matrix problems that can be expected during such analyses. For example,
Ferreira et al. [128] have calibrated a portable instrument through laboratory measurements, using a
chemometric method based on the use of Artificial Neural Network (ANN) for Cu determination in a
heterogeneous set of Brazilian soils, though poor correlation was found between Cu intensity
and concentration.

Bousquet et al. [38] designed and built a prototype of a mobile instrument, equipped with a
Nd:YAG ns-laser with the fundamental harmonic and tested it in laboratory, addressing the most
serious issue affecting the feasibility of in situ LIBS analysis of soils, namely, the influence of soil
moisture on the analytical performance. They attempted two possible approaches to solve this problem.
The first consisted in irradiating the samples with long IR pulses, in order to evaporate the excess
water prior to focusing the ablative pulse. The second was the classical approach of pressing the
samples into pellets to squeeze out water. Of these two strategies, only the latter provided satisfactory
results. In all the experiments reviewed so far, matrix effects in quantitative analysis were limited by
using either univariate calibration strategies, i.e., the usual calibration line approach, or multivariate
ones, e.g., ANN and PLS.

Differently, Corsi et al. [129] used the CF algorithm (described in Section 4 of this paper), to
overcome the calibration problem and also to reduce markedly the time analysis to 1 to 5 minutes,
according to the complexity of the produced LIBS spectrum. Their experiments were carried out in the
laboratory, in order to test the response of a mobile instrument, equipped so as to analyze either soil
pellets or directly the “unsampled ground”. Moreover, they performed a comparative study between
the plasma produced by a single laser pulse and by a sequence of two pulses. This study confirmed the
DP-LIBS potential for lowering the LODs and increasing the emission intensity and the technique
sensitivity for the considered elements. However, the main drawback of using the CF approach for soil
analysis is that some of the main soil elements are also contained in the surrounding gas (i.e., air). As a
consequence, their weight percentage in the ablated samples cannot be easily quantified, because the
spectral signals from air and from the target can be distinguished only if high spatial resolution is
applied in the spectra acquisition (see for example [130]).

Results of measurements actually performed on site have already been published. Wainner et al. [131]
compared the sensitivity of a portable spectrometer and a laboratory instrument for the specific
detection of Pb in soils and paint. In this experiment collected samples were analyzed in the laboratory,
after doping them with variable amounts of Pb-containing powders or solutions. Then, the portable
system was tested on areas of documented Pb contamination, namely, the grounds around a military
installation in California used until the late 1950s for the demilitarization by burning of small arms
ammunition and Pb-containing paints on the walls of an old military hospital in Colorado. In both
cases, analyses performed on site were only qualitative, but allowed the authors to validate the portable
system for the detection of Pb concentrations down to 0.01% in weight.

A different kind of study was carried out by Barbini et al. [22] by using a portable LIBS instrument
mounted on board the R/V Italica ship during the XVI Antarctic campaign (2000-2001). Sediment
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slices of 2 cm diameter sampled from the 30 cm diameter and 50 cm height cylindrical sections
extracted from the sea bed were oven-dried and then qualitatively analyzed to identify the presence and
distribution of various elements in the different sediment horizons, with the aim of locating the most
interesting sites with a fast on line method.

The quantitative analysis of two selected pressed sediments was performed with a method proposed
by the same group in [18] and based on the evaluation of self absorption in the core zone of the plasma
while neglecting that in the external zones. The obtained results were compared with certified values,
resulting in a satisfactory agreement except for Al, which resulted severely underestimated by LIBS.

Recently, quantitative analysis of Pb in road sediments has been reported by Cunat et al. [23] by
means of a man-portable LIBS instrument, consisting of a backpack and a probe unit of overall weight
of approximately 5 kg and a size of 45 cm % 27 cm x 15 cm. An on-field campaign was performed on
soil samples in the Cerrado de Calderon tunnel in Malaga, Spain, to evaluate the Pb released by the
road traffic. Depth-profiling of Pb and Ti concentrations, normalized to that of Ca, were performed on
the tunnel walls every 2 m along the tunnel length. The comparison of results obtained by LIBS
quantitative analysis with those of AAS laboratory analysis of samples collected in the gallery,
indicated the existence of a good correlation between the two techniques and a satisfactory LOD which
resulted lower than those demanded by most environmental organizations.

6.1.3. Stand-off LIBS Analysis of Soils

Stand-off LIBS applications have also been described for soils analysis. For example,
Loépez-Moreno et al. [132] investigated samples from a coastal site subjected to a high industrial
activity and therefore to potentially significant heavy metal contamination. These samples, including
rocks, soils, trees leaves and bark, stone and wall fragments from the factory or from surrounding
buildings, were qualitatively and quantitatively analyzed in laboratory, at a stand-off distance of 12 m.
The effects of the sample conditions (i.e., salinity, moisture) and characteristics (i.e., matrix
composition, orientation with respect to the incoming laser, distance from the contamination source)
were investigated. Further, depth-profiling of rocks and stone samples clearly revealed a surface
contamination by Cr whose emission concentration was unexpectedly high on the samples surface and
decreased until eventually disappearing in the bulk of the unpolluted sample.

In a later paper [133], the same authors described the design, construction and assessment of a
field-deployable instrument for open path remote LIBS, which was optimized for acquisitions in a
hundreds of metres range. The authors investigated which critical parameters should be taken into
account in stand-off experiments by using acquisition tests on Ti as a reference sample and at
increasing distances. An equation was retrieved for the LIBS signal dependence on the acquisition
range (distance from the irradiated target), laser wavelength, beam divergence and dimensions of the
receiving optical element, which are factors more critical in a stand-off configuration than in
laboratory experiments. Further, the analyte emission was compared to that of air components, in order
to evaluate any interference due to possible breakdown along the laser beam path.
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6.2. LIBS Analysis of Aqueous Samples

From the environmental point of view, what renders LIBS in liquid environment particularly
interesting with respect to well-established techniques for liquids analysis such as ICP-OES [134] is
the possibility of planning on-site and remote applications, dedicated essentially to monitor the
concentration of metals in wastewaters from industrial plants and in seawater. As briefly discussed in
Section 2, focusing a single laser pulse through a liquid bulk does not usually provide suitable
analytical signal, but low emission spectra mainly dominated by a continuum background radiation,
where only few low-energy lines can be observed [56,57].

Though some works report results about the detection of various elements by focusing a laser in
bulk aqueous samples (Koch et al. for Cr [135], De Giacomo et al. for Al, Na, Ca and Li in various
water solutions [31]), over the past several years different Single-Pulse (SP) configurations have been
tried to overcome the intrinsic drawbacks of the traditional configuration. For example, Hussain ef al.
in [136] determined the concentrations of Ca, Mg, P, Si, Fe, Na and K in wastewater samples from
dairy products plants. The laser beam was focused on the liquid surface contained in a suitably
designed cell so as to avoid splashing on the optical components, and high energy laser pulses (100 mJ)
were used to enhance the emission intensity. This approach provided accurate analytical results that
were in good agreement with those obtained with ICP-OES of the same samples.

Rai et al. [137] used a liquid jet configuration to detect Cr in wastewater from electroplating
industries. High energy pulses (120 mJ) were focused just below the surface of a solution stream from
a Teflon nozzle, so to produce a plasma at its front surface. Good agreement was found between the
LIBS and AAS results for the only analyzed unknown sample, provided that a suitable calibration line
could be drawn prior to the LIBS experiment.

The liquid stream approach was also adopted by Cheung et al. [138,139], who used an ArF excimer
laser to ablate the sample. They obtained good results for the analysis of water solutions, with LODs
on the order of ppb, thanks to the VUV-laser wavelength, which provided a better signal-to-noise ratio
and a shorter-lived continuum emission than those usually found with non-VUV-LIBS.

However, for bulk liquids and submerged targets the best improvements can be obtained by using a
Double-Pulse (DP) approach. The cavitation bubble generated by the extinction of the first pulse offers
a favourable microenvironment for chemical analysis and represents the only possible choice if liquid
bulk analysis is pursued, as in the case of in situ analysis of seawater. In one of our works, previously
cited for the analysis of submerged bronze samples, a laboratory analysis of tap water was also
performed which showed significant improvements for both qualitative and quantitative analysis made
possible by the DP approach [32].

An interesting application, proposed by Michel et al. [36,140], is the use of LIBS as a chemical
sensor at high liquid pressures simulating oceanic depths, aimed at in sifu identification of
hydrothermal vents. Clearly, the effects of quenching and spectral interference by continuum radiation
are even more severe at high pressures (up to hundreds of bars), which also limit the lifetime of the
bubble itself and the temporal windows when the analysis can be pursued. However, it is important to
underline that LIBS in the cavitation bubble appears as the only possible choice for the analysis of
hydrothermal vents, whose emitted fluids can be observed only in sifu, because irreversible changes
would occur if they were moved from underwater to a common laboratory [140]. The effect of some
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key experimental parameters such as delay between the laser pulses, background pressure, pulse
energies and acquisition gate time were studied and optimized for the detection of five critical
elements (Na, Ca, Mn, Mg, K).

7. LIBS in Space Science

All the mentioned advantages of LIBS as an analytical technique are particularly attractive for its
use in space applications. LIBS feasibility as an in sifu and remote technique renders it particularly
appropriate for space exploration purposes, also because LIBS instruments can be integrated in rovers
for planetary surface analysis and easily coupled with Raman spectrometers for simultaneous
multi-elemental and molecular information. In particular, the next NASA and ESA missions to Mars
(respectively Mars Science Laboratory, scheduled for launch in Fall 2011 [141] and ExoMars,
scheduled for launch in 2016 [142]) will include also a compact spectrometer for stand-off LIBS
analysis on the respective rovers. Moreover, LIBS has a specific strong advantage in the similarity
between LIPs and the ablation plasmas produced by falling meteoroids while crossing the Earth
atmosphere [143-145]. Laser ablation techniques can be therefore a useful resource to simulate such
spectra and contribute to asteroids and meteorites recognition. In particular, the mass of flying bodies
can be determined by analysis of their luminous ablation plasmas and their elemental composition,
which in turn allows predicting their trajectory and the effect of their impact [146,147]. Further, the
optimization of LIBS experiments in laboratory conditions controlled is expected to promote future
development of on-flight techniques for the direct analysis of flying meteoroids.

The elemental analysis of meteorites, which is employed for their classification, can be performed
on a geological basis (petrological and mineralogical classifications) and/or on a chemical one [148],
depending on the kind of meteorite. With respect to established techniques usually employed for this
aim, including INAA (Instrumental Neutron Activation Analysis), PIXE (Proton-Induced X-ray
Emission), ICP-MS and XRF, LIBS presents the obvious advantages of not requiring any analytical
chamber or radioactive sources and of being adaptable also to extreme conditions and out of the
laboratory, with no limitations of the atomic weight of the detectable elements. Therefore, research in
the field of LIBS spatial applications proceeds dealing with both the elemental analysis of actual space
objects and the development of experimental strategies and prototypes for planet exploration, mainly
performed on terrestrial samples similar to Martian and Lunar ones.

Thompson et al. [43,149,150] have analyzed two Martian meteorites, Zagami and Dar al Gani 476,
in a stand-off mode at distances of up to 8.3 m, aiming to test laboratory systems as similar as possible
to the ChemCam instrument built for the NASA Mars Science Laboratory and to develop calibration
strategies for improving the method reliability and reduce the matrix effects on the analytical
performance. Calibration lines have also been drawn using terrestrial basalts to test the remote-LIBS
capability of distinguishing between the two different Martian meteorites.

In a work of ours [21], a CF method was employed to analyze a set of four known meteorite
samples of different classes, namely an L6 chondrite (Sahara 98222), a Lunar meteorite (Dhofar 461),
a Martian meteorite (Dhofar 019) and an iron meteorite (Sikhote Alin). The weight percentages of the
main elements were determined, while the trace elements were detected only qualitatively, and the
LIBS results were compared with those in the literature, obtained by INAA and ICP-MS. Due to the
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difficulty in preparing a satisfactory set of matrix-matched standards for the analysis of meteorites of
different classes and, above all, to the impossibility of applying calibration procedures in the case of
completely unknown samples, we opted for the CF-LIBS approach. The obtained results were in good
agreement with the weight percentages reported in the literature for most elements, although the CF
accuracy was still not very good (around 15%).

Successively, we studied in detail two further iron meteorites, Campo del Cielo and Toluca [151]
and for the very first time in LIBS literature, we obtained concentration profiles of the main elements,
Fe and Ni, and of the most abundant trace element, Co, along the Widmanstétten structure, visible on
the Toluca meteorite analyzed slab (see Figure 6(a)). This is a pattern of alternating taenite and
kamacite /amellae, peculiar to iron meteorites of the Toluca class (medium octahedrites) and its
detection, coupled with theoretical models, is an important method for the study of the parent body, the
mechanism of formation and the age of meteorites [148]. The space resolution achieved by the used
LIBS experimental set-up (laser spot diameter 25 um) was not comparable with that of techniques that
use electron or ion microprobes, but enabled anyway the clear identification of seven lamellae and the
determination of the main elements concentrations across the Widmanstétten pattern. The weight
percentages of Ni, Fe and Co across one lamella are reported in Figure 6(b) as an example. It is
noteworthy that the spatial resolution could be easily improved by using a micro-LIBS set-up, which
consists of a microscope through which the laser beam can be focused, thus obtaining micrometric
spots. The good agreement found with a simple cooling rate theoretical model [152] demonstrated the
potential competitiveness of LIBS with the classical techniques for meteorites analysis. In [151], we
also determined the oxygen content of the Martian meteorite Dhofar 019 by using a CF method and
irradiating the sample in reduced pressure Ar atmosphere.

So far, most work of the LIBS community in the field of space applications has been dedicated to
the analysis, mainly at short stand-off distance, of rocks and materials simulating surface and
atmosphere of extraterrestrial planets. The purpose of these studies is the optimization of prototypes
and methods for forthcoming planetary exploration missions, which must fulfil stringent requirements
for the dimensions of instrumentation. To this aim many European and US groups are working, in the
frame of the above mentioned ESA and NASA missions to Mars.

Colao et al. [153] performed CF-LIBS analysis of Martian rocks analogues (volcanic and
sedimentary rock collected near the Etna Volcano in Italy and on Chilean Andes) in a special
analytical chamber, in a rarefied gaseous environment (CO,:N,:O, = 95:4:1, total pressure adjusted
between 6 and 9 Torr) simulating composition and low pressure of the Martian atmosphere. Prior to
Martian analogues investigation, these authors validated the CF method for the analysis of complex
matrices by using several soil and rock standards, and found a substantial agreement between LIBS
values and certified values. The most important deviations were observed for easily ionizable
elements, especially Ca.

Similar preparatory studies have been carried out by several authors. Sallé¢ ef al. [154] tested a
stand-off system for qualitative analysis of a set of metallic alloys and basalt samples in the range 2—12 m,
and detected the major components up to 12 m and the trace elements up to 8 m. A different
configuration, at a distance of 3 m, was used for quantitative analysis, particularly of Cl and S, two
elements often difficult to detect by LIBS due to their high excitation energies (= 10 eV) but extremely
important for the study of Martian geology. For this purpose, samples containing Cl and S including
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KCl, NaCl, pure S, FeS,, PbS, CuS, were analyzed, in order to produce a spectral database and
calibration lines. Experiments were conducted in simulated Martian atmosphere, a feature that was found
to increase the signal to background ratio of Cl and S emission lines and improve their detection limit.

Figure 6. (a) Slab of Toluca iron meteorite (medium octahedrite, class IAB) displaying on
its surface the peculiar Widmanstétten pattern; (b) weight percentage profile of Ni, Fe and
Co across one lamella of the Widmanstétten structure of Toluca.
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Radziemski et al. [155] investigated the feasibility of acquiring spectra in the VUV region
(particularly 100-200 nm) for the analysis of Cl, S and other important elements, such as As, Br, C, P,
of difficult detection in the regions normally covered by most LIBS spectrometers (visible-near IR).
Also in this case, soils, minerals and metal samples were analyzed in simulated Martian atmosphere
and used to draw calibration lines. A good linearity was obtained for calibration lines and the precision
was comparable with that of usual LIBS measurements at longer wavelengths, but the authors pointed
out an intrinsic drawback. As CO, absorbs in the region 130—160 nm, the feasibility of such method at
long stand-off distances in Martian atmosphere may be limited, being however suitable on asteroids
and on the Moon.
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Further experiments simulating Mars and Moon atmospheres (respectively, 7 Torr CO, and near
vacuum conditions, 50 m Torr in air) were performed by Sallé et al. [42], who studied the influence of
the ambient pressure on calibration curves prepared for elements commonly observed in terrestrial
soils (e.g., Al, Ba, Ca, Cr, Fe, K, Li, Mg, Mn, Na, Ni, Si, Sr, Ti) by using certified soil and clay pellets
as standard samples. In a later work [156], these authors compared four different analytical methods, i.e.,
multi-matrices calibration curves, external normalization with correction for total concentrations,
internal normalization by a major element and CF approach, in order to select the one with the best
performance in overcoming matrix effects. The analyzed samples were terrestrial rocks similar to
Martian ones, i.e., mafic volcanic rocks, gabbro and limestone, which were irradiated in CO; at 9 m bar,
at an intermediate stand-off distance (3 m). The best accuracy was obtained using the external
normalization method, which consists in the determination of a matrix factor accounting for the
difference in the number of ablated atoms of a given species between the standard and the unknown
samples. This approach, as the CF one, is useful in case no reference sample is available but may not
be very accurate and requires the detection of all elements. When this is not possible, i.e., in the case
only a limited portion of the spectrum can be acquired, the internal standardization method is
considered a valid alternative, as it can be applied only to the detected analyte.

In addition to the atmosphere composition, another factor which has been taken into account by
some groups to simulate Mars conditions is the presence of ice and the moisture degree of Martian
rocks. The presence of water, as already discussed in the section dedicated to in situ analysis of soils,
can affect the laser-target coupling and consequently the LIBS signal intensity. On the other hand, it
can give a significant contribution to verify current or past presence of life on the Red Planet.

Arp et al. [157] simulated the analysis of polar layer deposits at Mars poles by acquiring at short
and intermediate stand-off distance LIBS spectra at Martian atmospheric pressure of several kinds of
samples, including pure water ice, mixtures of ice and synthetic silicate certified materials mimicking
soils and mixtures of ice and powdered certified rocks of various types. The effects on LIBS spectra of
adding increasing amounts of ice to soil samples was studied and the penetration properties of the laser
pulse through frozen samples were determined. Furthermore, the LODs evaluated at short distance and
in a stand-off mode for dry soils and ice/soil mixtures yielded comparable results.

Lazic et al. in [40] applied cooling and heating cycles to terrestrial soil and rock samples in a
simulated Martian atmosphere, in order to investigate the effect of the presence of ice and water in the
samples pores on the emission spectra, as a function of temperature in the range from 25 °C to —60 °C.
The preparation of samples, that is, their surface roughness and pore dimensions, was found to
significantly affect the emission spectra. In particular, these effects were ascribed to the phase
transitions undergone by the supercooled water present in the sample pores and, in particular, to the
decrease in the laser-sample coupling due to discontinuities in the physical properties of the coexisting
liquid water and ice phases. In a later work [41] these authors further refined their investigations by
performing measurements at pressures below and above the triple point of water, and found in the
latter case a clear anti-correlation between H emission intensity (used as a marker of water
vaporization) and the sum of the emission intensities of the main elements constituting the rock samples.

Finally, at least a short mention should be given here to the exploration of other extraterrestrial
planets. Although Mars is the most studied, due to its resemblance to Earth and its relatively mild

surface conditions, other planets have received some attention, such as for example Venus. Its
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exploration by lander missions is challenging due to its extremely harsh conditions (CO;
atmosphere, 90 atm pressure and 735 K surface temperature). The high pressure and temperature
would limit the lifetime of any surface probes to no longer than few hours, therefore fast in situ
analytical techniques such as LIBS would be required.

A preliminary study of LIBS feasibility for Venus missions was reported by Arp ef al. [39], who
acquired LIBS spectra of basalt rock samples in a high pressure chamber filled with pure CO, or
CO,/N, mixtures at high pressure. They investigated the effect of experimental features such as the
temporal evolution of emission signals and the dependence on the pulse energy.

More recently, papers about coupled LIBS-Raman analysis of Venus-analogue rocks in Venus-like
atmosphere have appeared [159], which demonstrate that some useful information can be retrieved,
though LIBS spectra are complicated by the appearance of emission lines that are not typically
observable under terrestrial conditions and are caused by the increased number of collisions between
plasma species and the surrounding supercritical CO,. A primary concern for the use of emission
spectroscopy in Venus conditions is represented by the quenching of the LIBS signal, due to pressure
effects which decrease the plasma lifetime, the transmission properties of CO, and the continuum
background interference in Raman spectra. Specific approaches and experimental strategies are
required to address such issues, which were first investigated by Lambert et al. [160], in view of future
development of an on-flight instrument for LIBS-Raman analysis.

8. Conclusions

The present paper has reviewed LIBS applications to qualitative and quantitative elemental analysis
in the broad fields of environmental science, space exploration and cultural heritage. LIBS is a
multi-elemental technique consisting in the production of a luminous transient plasma by focusing an
intense laser pulse (of ns or less duration for typical analytical applications) on a target and in the
subsequent detection of the plasma emission spectra. The main approaches to quantitative analysis by
LIBS have been discussed and examples have been provided of analytical results obtained using either
the classical calibration line approach (with some variants according to the calibration strategy
adopted) or the Calibration Free approach. The LIBS capability of providing the elemental
composition of virtually any kind of samples with no sample pretreatment and its potential for in situ
and remote analysis, even in harsh environments, together with its micro-destructiveness and
comparatively low cost, renders this technique particularly suitable for the analysis of a wide range
of samples.

This review has focused on the analysis of various kinds of artworks, with a special emphasis on
archaeological findings made of copper-based alloys, soils and meteorites and space objects. Examples
of investigations performed with portable instruments for in situ LIBS measurements and of stand-off
analyses, especially in the environmental and space exploration fields, have also been briefly presented
and discussed, together with the main problems associated to the use of these variants of the standard
laboratory technique. A short mention has been finally given to the double-pulse LIBS technique, used
for the analysis of submerged solid targets or of bulk liquids, together with results about its application
in the cultural heritage and environmental fields.



Sensors 2010, 10 7458

References

10.

11.

12.

13.

14.

15.

Brech, F.; Cross, L. Optical Microemission Stimulated by A Ruby Laser. Appl. Spectrosc. 1962,
16, 59.

Radziemski, L.J. From LASER to LIBS, the Path of Technology Development. Spectrochim. Acta
B2002, 57,1109-1113.

Fantoni, R.; Caneve, L.; Colao, F.; Fornarini, L.; Lazic, V.; Spizzichino, V. Methodologies for
Laboratory Laser Induced Breakdown Spectroscopy semi-Quantitative and Quantitative Analysis—
A Review. Spectrochim. Acta B 2008, 63, 1097-1108.

Tognoni, E.; Palleschi, V.; Corsi, M.; Cristoforetti, G. Quantitative micro-Analysis by Laser-induced
Breakdown Spectroscopy: A Review of the Experimental Approaches. Spectrochim. Acta B
2002, 57, 1115-1130.

De Giacomo, A.; Dell’Aglio, M.; De Pascale, O.; Gaudiuso, R.; Teghil, R.; Santagata, A.; Parisi, G.P.
ns- and fs-LIBS of Copper-based-Alloys: A Different Approach. Appl. Surf. Sci. 2007, 253,
7677-7681.

Elhassan, A.; Giakoumaki, A.; Anglos, D.; Ingo, G.M.; Robbiola, L.; Harith, M.A. Nanosecond
and Femtosecond Laser Induced Breakdown Spectroscopic Analysis of Bonze Alloys.
Spectrochim. Acta B 2008, 63, 504-511.

Noll, R.; Bette, H.; Brysch, A.; Kraushaar, M.; Monch, I.; Peter, L.; Sturm, V. Laser-induced
Breakdown Spectrometry—Applications for Production Control and Quality Assurance in the
Steel Industry. Spectrochim. Acta B 2001, 56, 637-649.

Galbacs, G.; Jedlinszki, N.; Cseh, G.; Galbacs, Z.; Turi, L. Accurate Quantitative Analysis of
Gold Alloys using multi-Pulse Laser Induced Breakdown Spectroscopy and a Correlation-based
Calibration Method. Spectrochim. Acta B 2008, 63, 591-597.

Garcia-Ayuso, L.E.; Amador-Hernandez, J.; Fernandez-Romero, J.M.; Luque de Castro, M.D.
Characterization of Jewellery Products by Laser-induced Breakdown Spectroscopy. Anal. Chim.
Acta 2002, 457, 247-256.

Jurado-Lopez, A.; Luque de Castro, M.D. Rank Correlation of Laser-induced Breakdown
Spectroscopic Data for the Identification of Alloys used in Jewelry Manufacture. Spectrochim.
Acta B 2003, 58, 1291-1299.

Gruber, J.; Heitz, J.; Strasser, H.; Béuerle, D.; Ramaseder, N. Rapid in-situ Analysis of Liquid
Steel by Laser-induced Breakdown Spectroscopy. Spectrochim. Acta B 2001, 56, 685-693.

De Giacomo, A.; Dell’Aglio, M.; De Pascale, O.; Gaudiuso, R.; Santagata, A.; Teghil, R. Laser
Induced Breakdown Spectroscopy Methodology for the Analysis of Copper-based-Alloys used in
Ancient Artworks. Spectrochim. Acta B 2008, 63, 585-590.

Giakoumaki, A.; Melessanaki, K.; Anglos, D. Laser-induced Breakdown Spectroscopy (LIBS) in
Archaeological Science—Applications and Prospects. Anal. Bioanal. Chem. 2007, 387, 749-760.
Fortes, F.J.; Cortés, M.; Simon, M.D.; Cabalin, L.M.; Laserna, J.J. Chronocultural Sorting of
Archaeological Bronze Objects using Laser-induced Breakdown Spectrometry. Anal. Chim. Acta
2005, 554, 136-143.

Dolgin, B.; Chen, Y.; Bulatov, V.; Schechter, I. Use of LIBS for Rapid Characterization of
Parchment. Anal. Bioanal. Chem. 2006, 386, 1535-1541.



Sensors 2010, 10 7459

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Klein, S.; Hildenhagen, J.; Dickmann, K.; Stratoudaki, T.; Zafiropulos, V. LIBS-Spectroscopy for
Monitoring and Control of the Laser Cleaning Process of Stone and Medieval Glass. J. Cult.
Herit. 2000, 1, 287-292.

Senesi, G.S.; Dell’Aglio, M.; Gaudiuso, R.; De Giacomo, A.; Zaccone, C.; De Pascale, O.;
Miano, T.M.; Capitelli, M. Heavy Metal Concentrations in Soils as determined by Laser-induced
Breakdown Spectroscopy (LIBS), with Special Emphasis on Chromium. Environ. Res. 2009, 109,
413-420.

Lazic, V.; Barbini, R.; Colao, F.; Fantoni, R.; Palucci, A. Self-absorption Model in Quantitative
Laser Induced Breakdown Spectroscopy Measurements on Soils and Sediments. Spectrochim.
Acta B 2001, 56, 807-820.

Belkov, M.V.; Burakov, V.S.; De Giacomo, A.; Kiris, V.V.; Raikov, S.N.; Tarasenko, N.V.
Comparison of Two Laser-induced Breakdown Spectroscopy Techniques for Total Carbon
Measurement in Soils. Spectrochim. Acta B 2009, 64, 899-904.

Capitelli, F.; Colao, F.; Provenzano, M.R.; Fantoni, R.; Brunetti, G.; Senesi, N. Determination of
Heavy Metals in Soils by Laser Induced Breakdown Spectroscopy. Geoderma 2002, 106, 45-62.
De Giacomo, A.; Dell’Aglio, M.; De Pascale, O.; Longo, S.; Capitelli, M. Laser Induced
Breakdown Spectroscopy on Meteorites. Spectrochim. Acta B 2007, 62, 1606-1611.

Barbini, R.; Colao, F.; Lazic, V.; Fantoni, R.; Palucci, A.; Angelone, M. On Board LIBS Analysis
of Marine Aediments Collected during the XVI Italian Campaign in Antarctica. Spectrochim.
Acta B 2002, 57, 1203-1218.

Cunat, J.; Fortes, F.J.; Laserna, J.J. Real Time and in situ Determination of Lead in Road
Sediments using a Man-portable Laser-induced Breakdown Spectroscopy Analyzer. Anal. Chim.
Acta 2009, 633, 38-42.

Lei, W.; Motto-Ros, V.; Boueri, M.; Ma, Q.; Zhang, D.; Zheng, L.; Zeng, H.; Yu, J.
Time-resolved Characterization of Laser-induced Plasma from Fresh Potatoes. Spectrochim. Acta B
2009, 64, 891-898.

Juve, V.; Portelli, R.; Boueri, M.; Baudelet, M.; Yu, J. Space-resolved Analysis of Trace
Elements in Fresh Vegetables using Ultraviolet Nanosecond Laser-induced Breakdown
Spectroscopy. Spectrochim. Acta B 2008, 63, 1047-1053.

Gottfried, J.L.; De Lucia, F.C.; Munson, C.A., Jr.; Miziolek, A.W. Laser-induced Breakdown
Spectroscopy for Detection of Explosives Residues: A Review of Recent Advances, Challenges,
and Future Prospects. Anal. Bioanal. Chem. 2009, 395, 283-300.

Windom, B.C.; Diwakar, P.K.; Hahn, D.W. Dual-Pulse Laser Induced Breakdown Spectroscopy
for Analysis of Gaseous and Aerosol Systems: Plasma-Analyte Interactions. Spectrochim. Acta B
2006, 61, 788-796.

Asgill, M.E.; Hahn, D.W. Particle Size Limits for Quantitative Aerosol Analysis using
Laser-induced Breakdown Spectroscopy: Temporal Considerations. Spectrochim. Acta B 2009,
64, 1153-1158.

Carranza, J.E.; Fisher, B.T.; Yoder, G.D.; Hahn, D.W. On-line Analysis of Ambient Air Aerosols
using Laser-induced Breakdown Spectroscopy. Spectrochim. Acta B 2001, 56, 851-864.

Zimmer, L.; Tachibana, S. Laser Induced Plasma Spectroscopy for Local Equivalence Ratio
Measurements in an Oscillating Combustion Environment. Proc. Combust. Inst. 2007, 31, 737-745.



Sensors 2010, 10 7460

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

De Giacomo, A.; Dell’Aglio, M.; De Pascale, O. Single Pulse-Laser Induced Breakdown
Spectroscopy in Aqueous Solution. Appl. Phys. A 2004, 79, 1035-1038.

De Giacomo, A.; Dell’Aglio, M.; Colao, F.; Fantoni, R.; Lazic, V. Double-Pulse LIBS in Bulk
Water and on Submerged Bronze Samples. Appl. Surf. Sci. 2005, 247, 157-162.

De Giacomo, A.; Dell’Aglio, M.; De Pascale, O.; Capitelli, M. From Single Pulse to Double
Pulse ns-Laser Induced Breakdown Spectroscopy under Water: Elemental Analysis of Aqueous
Solutions and Submerged Solid Samples. Spectrochim. Acta B 2007, 62, 721-737.
Lawrence-Snyder, M.; Scaffidi, J.; Angel, S.M.; Michel, A.P.M.; Chave, A.D. Sequential-Pulse
Laser-induced Breakdown Spectroscopy of High-Pressure Bulk Aqueous Solutions. Appl.
Spectrosc. 2007, 61, 171-176.

Noda, M.; Deguchi, Y.; Iwasaki, S.; Yoshikawa, N. Detection of Carbon Content in a
High-Temperature and High Pressure Environment using Laser-induced Breakdown Spectroscopy.
Spectrochim. Acta B 2002, 57, 701-709.

Michel, A.P.M.; Lawrence-Snyder, M.; Angel, S.M.; Chave, A.D. Laser-induced Breakdown
Spectroscopy of Bulk Aqueous Solutions at Oceanic Pressures: Evaluation of Key Measurement
Parameters. Appl. Opt. 2007, 46, 2507-2515.

Goujon, J.; Giakoumaki, A.; Pinon, V.; Musset, O.; Anglos, D.; Georgiou, E.; Boquillon, J.P.
A Compact and Portable Laser-induced Breakdown Spectroscopy Instrument for Single and
Double Pulse Applications. Spectrochim. Acta B 2008, 63, 1091-1096.

Bousquet, B.; Travaille, G.; Ismael, A.; Canioni, L.; Michel-Le Pierres, K.; Brasseur, E.; Roy, S.;
Le Hecho, I.; Larregieu, M.; Tellier, S.; Potin-Gautier, M.; Boriachon, T.; Wazen, P.; Diard, A.;
Belbeze, S. Development of A Mobile System based on Laser-induced Breakdown Spectroscopy
and Dedicated to in situ Analysis of Polluted Soils. Spectrochim. Acta B 2008, 63, 1085-1090.
Arp, Z.A.; Cremers, D.A.; Harris, R.D.; Oschwald, D.M.; Parker, G.R., Jr.; Wayne, D.M.
Feasibility of Generating a Useful Laser-induced Breakdown Spectroscopy Plasma on Rocks at
High Pressure: Preliminary Study for A Venus Mission. Spectrochim. Acta B 2004, 59, 987-999.
Lazic, V.; Rauschenbach, I.; Jovicevic, S.; Jessberger, E.K.; Fantoni, R.; Di Fino, M. Laser
Induced Breakdown Spectroscopy of Soils, Rocks and Ice at Subzero Temperatures in Simulated
Martian Conditions. Spectrochim. Acta B 2007, 62, 1546-1556.

Rauschenbach, I.; Lazic, V.; Pavlov, S.G.; Hiibers, H.-W.; Jessberger, E.K. Laser Induced
Breakdown Spectroscopy on Soils and Rocks: Influence of the Sample Temperature, Moisture
and Roughness. Spectrochim. Acta B 2008, 63, 1205-1215.

Salle, B.; Cremers, D.A.; Maurice, S.; Wiens, R.C. Laser-induced Breakdown Spectroscopy for
Space Exploration Applications: Influence of the Ambient Pressure on the Calibration Curves
Prepared from Soil and Clay Samples. Spectrochim. Acta B 2005, 60, 479-490.

Thompson, J.; Wiens, R.; Clegg, S.M.; Barefield, J.; Vaniman, D.T.; Newsom, H.E. Remote
Laser Induced Breakdown Spectroscopy (LIBS) Analyses of DaG 476 and Zagami Martian
Meteorites. In Proceedings of the 37th Lunar and Planetary Science Conference, Leauge City, TX,
USA, 13-17 March 2006.

Salle, B.; Mauchien, P.; Maurice, S. Laser-induced Breakdown Spectroscopy in Open-Path
Configuration for the Analysis of Distant Objects. Spectrochim. Acta B 2007, 62, 739-768.



Sensors 2010, 10 7461

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Boue-Bigne, F. Laser-induced Breakdown Spectroscopy Applications in the Steel Industry:
Rapid Analysis of Segregation and Decarburization. Spectrochim. Acta B 2008, 63, 1122-1129.
Hilbk-Kortenbruck, F.; Noll, R.; Wintjens, P.; Falk, H.; Becker, C. Analysis of Heavy Metals in
Soils using Laser-induced Breakdown Spectrometry Combined with Laser-induced Fluorescence.
Spectrochim. Acta B 2001, 56, 933-945.

Dreyer, C.B.; Mungas, G.S.; Thanh, P.; Radziszewski, J.G. Study of sub-mJ-Excited Laser-induced
Plasma Combined with Raman Spectroscopy under Mars Atmosphere-Simulated Conditions.
Spectrochim. Acta B 2007, 62, 1448-1459.

Handbook of Laser-induced Breakdown Spectroscopy; David A. Cremers, Leon J. Radziemski,
Eds.; John Wiley & Sons: Hoboken, NJ, USA, 11 July 2006.

Laser-induced Breakdown Spectroscopy; Jagdish P. Singh, Surya Narayan Thakur, Eds;
Cambridge University Press: Cambridge, UK, 15 November 2007.

Laser-induced Breakdown Spectroscopy; Andrzej W. Miziolek, Vincenzo Palleschi, Israel Schechter,
Eds.; Cambridge University Press: Cambridge, UK, 28 August 2008.

Laser-induced Plasma and Applications; Radziemski, L.J., Cremers, D.A., Eds.; Marcel Dekker:
New York, NY, USA, 1989.

Van der Mullen, J.A.M. Excitation Equilibria in Plasmas: A Classification. Phys. Rep. 1990, 2,
109-220.

De Giacomo, A.; Dell’Aglio, M.; Bruno, D.; Gaudiuso, R.; De Pascale, O. Experimental and
Theoretical Comparison of Single-Pulse and Double-Pulse Laser Induced Breakdown Spectroscopy
on Metallic Samples. Spectrochim. Acta B 2008, 63, 805-816.

Stratis, D.N.; Eland, K.L.; Angel, S.M. Effect of Pulse Delay Time on A pre-Ablation Dual-Pulse
LIBS Plasma. Appl. Spectrosc. 2001, 55, 10.

Santagata, A.; De Giacomo, A.; De Pascale, O.; Dell’Aglio, M.; Teghil, R.; De Bonis, A.;
Corrente, M.; Parisi, G.P.; Orlando, S. Femtosecond/Nanosecond Dual-Pulse Orthogonal
Geometry Plasma Plume Reheating for Compositional Analysis of Ancient Copper-based-Alloy
Artworks. J. Phys. Conf. Ser. 2007, 59, 585-590.

Casavola, A.; De Giacomo, A.; Dell’Aglio, M.; Taccogna, F.; Colonna, G.; De Pascale, O.;
Longo, S. Experimental Investigation and Modelling of Double Pulse Laser Induced Plasma
Spectroscopy under Water. Spectrochim. Acta B 2005, 60, 975-985.

De Giacomo, A.; Dell’Aglio, M.; De Pascale, O.; Capitelli, M. From Single Pulse to Double
Pulse ns-Laser Induced Breakdown Spectroscopy under Water: Elemental Analysis of Aqueous
Solutions and Submerged Solid Samples. Spectrochim. Acta B 2007, 62, 721-738.

Kennedy, P.K.; Hammer, D.X.; Rockwell, B.A. Laser Induced Plasma in Aqueous Media. Prog.
Quantum Electron. 1997, 21, 155-248.

Fauchais, P.; Coudert, J.F.; Sardelle, M. Diagnostic in Thermal Plasma. In Plasma Diagnostics;
Academic Press: New York, NY, USA, 1989.

Moon, H.-Y.; Herrera, K.K.; Omenetto, N.; Smith, B.W.; Winefordner, J.D. On the Usefulness of
A Duplicating Mirror to Evaluate self-Absorption Effects in Laser Induced Breakdown Spectroscopy.
Spectrochim. Acta B 2009, 64, 702-713.



Sensors 2010, 10 7462

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Amamou, H.; Bois, A.; Ferhat, B.; Redon, R.; Rossetto, B.; Matheron, P. Correction of
self-Absorption Spectral Line and Ratios of Transition Probabilities for Homogeneous and LTE
Plasma. J. Quant. Spectrosc. Radiat. 2002, 75, 747-763.

Bulajic, D.; Corsi, M.; Cristoforetti, G.; Legnaioli, S.; Palleschi, V.; Salvetti, A.; Tognoni, E.
A Procedure for Correcting self-Absorption in Calibration Free-Laser Induced Breakdown
Spectroscopy. Spectrochim. Acta B 2002, 57, 339-353.

De Giacomo, A. Experimental Characterization of Metallic Titanium-Laser Induced Plasma by
Time and Space Resolved Optical Emission Spectroscopy. Spectrochim. Acta B 2003, 58, 71-83.
Koch, J.; Von Bohlen, A.; Hergenroder, R.; Niemax, K. Particle Size Distributions and
Compositions of Aerosols Produced by near-IR femto- and Nanosecond Laser Ablation of Brass.
J. Anal. At. Spectrom. 2004, 19, 267-272.

Borisov, O.V.; Mao, X.L.; Russo, R.E. Effects of Crater Development on Fractionation and
Signal Intensity during Laser Ablation Inductively Coupled Plasma Mass Spectrometry.
Spectrochim. Acta B 2000, 55, 1693-1704.

Margetic, V.; Pakulev, A.; Stockhaus, A.; Bolshov, M.; Niemax, K.; Hergenroder, R.
A Comparison of Nanosecond and Femtosecond Laser Induced Plasma Spectroscopy of Brass
Samples. Spectrochim. Acta B 2000, 55, 1771-1785.

Tognoni, E.; Cristoforetti, G.; Legnaioli, S.; Palleschi, V. Calibration-Free Laser-induced
Breakdown Spectroscopy: State of the Art. Spectrochim. Acta B 2010, 65, 1-14.

Fornarini, L.; Fantoni, R.; Colao, F.; Santagata, A.; Teghil, R.; Elhassan, A.; Harith, M.
A Modeling of Laser Ablation of Quaternary Bronze Alloys: Case Studies Comparing Femtosecond
and Nanosecond LIBS Experimental Data. J. Phys. Chem. A 2009, 113, 14363-14374.

Aragon, C.; Aguilera, J.A. Characterization of Laser Induced Plasmas by Optical Emission
Spectroscopy: A Review of Experiments and Methods. Spectrochim. Acta B 2008, 63, 893-916.
Capitelli, M.; Capitelli, F.; Eletskii, A. Non-Equilibrium and Equilibrium Problems in
Laser-induced Plasmas. Spectrochim. Acta B 2000, 55, 559-574.

Cristoforetti, G.; De Giacomo, A.; Dell’Aglio, M.; Legnaioli, S.; Tognoni, E.; Palleschi, V.;
Omenetto, N. Local Thermodynamic Equilibrium in Laser-induced Breakdown Spectroscopy:
beyond the McWhirter Criterion. Spectrochim. Acta B 2010, 65, 86-95.

Sirven, J.-B.; Bousquet, B.; Canioni, L.; Sarger, L. Laser-induced Breakdown Spectroscopy of
Composite Samples: Comparison of Advanced Chemometrics Methods. Anal. Chem. 2006, 78,
1462-1469.

Amador-Hernandez, J.; Garcia-Ayuso, L.E.; Fernandez-Romero, J.M.; Luque de Castro, M.D.
Partial Least Squares Regression for Problem Solving in Precious Metal Analysis by Laser
Induced Breakdown Spectrometry. J. Anal. At. Spectrom. 2000, 15, 587-593.

Munson, C.A.; De Lucia, F.C.; Piehler, T.; McNesby, K.L.; Miziolek, A.W. Investigation of
Statistics Strategies for Improving the Discriminating Power of Laser-induced Breakdown
Spectroscopy for Chemical and Biological Warfare Agent Atimulants. Spectrochim. Acta B 2005,
60, 1217-1224.

Martin, M.Z.; Labbe, N.; Rials, T.G.; Wullschlege, S.D. Analysis of Preservative-Treated Wood
by Multivariate Analysis of Laser-induced Breakdown Spectroscopy Spectra. Spectrochim. Acta B
2005, 60, 1179-1185.



Sensors 2010, 10 7463

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

87.

88.

&9.

Tripathi, M.M.; Eseller, K.E.; Yueh, F.-Y.; Singh, J.P. Multivariate Calibration of Spectra
Obtained by Laser Induced Breakdown Spectroscopy of Plutonium Oxide Surrogate Residues.
Spectrochim. Acta B 2009, 64, 1212-1218.

Ciucci, A.; Corsi, M.; Palleschi, V.; Rastelli, S.; Salvetti, A.; Tognoni, E. New Procedure for
Quantitative Elemental Analysis by Laser Induced Plasma Spectroscopy. Appl. Spectrosc. 1999,
53,960-964.

Tognoni, E.; Cristoforetti, G.; Legnaioli, S.; Palleschi, V.; Salvetti, A.; Mueller, M.; Panne, U.;
Gornushkin, I. A Numerical Study of Expected Accuracy and Precision in Calibration-Free
Laser-induced Breakdown Spectroscopy in the Assumption of Ideal Analytical Plasma.
Spectrochim. Acta B 2007, 62, 1287-1302.

Stuart, B.C.; Feit, M.D.; Herman, S.; Rubenchik, A.M.; Shore, B.W.; Perry, M.D. Nanosecond-
to-Femtosecond Laser-induced Breakdown in Dielectrics. Phys. Rev. B 1996, 53, 1749-1761.
Nishihara, K.; Amitani, H.; Murakami, M.; Bulanov, S.V.; Esirkepov, T.Z. High Energy lons
Generated by Laser Driven Coulomb Explosion of Cluster. Nucl. Instrum. Methods Phys. Res.
Sect. A 2001, 464, 98-102.

De Giacomo, A.; Dell’Aglio, M.; Santagata, A.; Teghil, R. Early Stage Emission Spectroscopy
Study of Metallic Titanium Plasma Induced in Air by fs- and ns-Laser Pulse. Spectrochim. Acta B
2005, 60, 935-947.

Robbiola, L.; Blengino, J.-M.; Fiaud, C. Morphology and Mechanisms of Formation of Natural
Patinas on Archaeological Cu-Sn Alloys. Corros. Sci. 1998, 40, 2083-2111.

Oujja, M.; Rebollar, E.; Castillejo, M.; Domingo, C.; Cirujano, C.; Guerra-Librero, F. Laser
Cleaning of Terracotta Decorations of the Portal of Palos of the Cathedral of Seville. J. Cult.
Herit. 2005, 6, 321-327.

Maravelaki-Kalaitzaki, P.; Zafiropulos, V.; Pouli, P.; Anglos, D.; Balas, C.; Salimbeni, R.; Siano,
S.; Pini, R. Short Free Running Nd:YAG Laser to Clean Different Encrustations on Pentelic
Marble: Procedure and Evaluation of the Effects. J. Cult. Herit. 2003, 4, 77-82.

Lazic, V.; Fantoni, R.; Colao, F.; Santagata, A.; Morone, A.; Spizzichino, V. Quantitative Laser
Induced Breakdown Spectroscopy Analysis of Ancient Marbles and Corrections for the
Variability of Plasma Parameters and of Ablation Rate. J. Anal. At. Spectrom. 2004, 19, 429-436.
Scholten, J.H.; Teule, J.M.; Zafiropulos, V.; Heeren, R.M.A. Controlled Laser Cleaning of
Painted Artworks using Accurate Beam Manipulation and On-line LIBS-Detection. J. Cult. Herit.
2000, 7, 215-220.

Bracco, P.; Lanterna, G.; Matteini, M.; Nakahara, K.; Sartiani, O.; de Cruz, A.; Wolbarsht, M.L.;
Adamkiewicz, E.; Colombini, M.P. Er:YAG Llaser: An Innovative Tool for Controlled Cleaning
of Old Paintings: Testing and Evaluation. J. Cult. Herit. 2003, 4, 202-208.

Batishche, S.; Englezis, A.; Gorovets, T.; Kouzmouk, A.; Pilipenka, U.; Pouli, P.; Tatur, H.;
Totou, G.; Ukhau, V. Nd:YAG Laser Double Wavelength Ablation of Pollution Encrustation on
Marble and Bonding Glues on Duplicated Painting Canvas. Appl. Surf. Sci. 2005, 248, 264-269.
Pouli, P.; Nevin, A.; Andreotti, A.; Colombini, P.; Georgiou, S.; Fotakis, C. Laser Assisted
Removal of Synthetic Painting-Conservation Materials using UV Radiation of ns and fs Pulse
Duration: Morphological Studies on Model Samples. Appl. Surf. Sci. 2009, 255, 4955-4960.



Sensors 2010, 10 7464

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Teule, R.; Scholten, H.; van den Brink, O.F.; Heeren, R.M.A.; Zafiropulos, V.; Hesterman, R.;
Castillejo, M.; Martin, M.; Ullenius, U.; Larsson, 1.; Guerra-Librero, F.; Silva, A.; Gouveia, H.;
Albuquerque, M.-B. Controlled UV Laser Cleaning of Painted Artworks: A Systematic Effect
Study on Egg Tempera Paint Samples. J. Cult. Herit. 2003, 4, 209-215.

Colao, F.; Fantoni, R.; Lazic, V.; Caneve, L.; Giardini, A.; Spizzichino, V. LIBS as A Diagnostic
Tool during the Laser Cleaning of Copper based Alloys: Experimental Results. J. Anal. At.
Spectrom. 2004, 19, 502-504.

Fortes, F.J.; Cabalin, L.M.; Laserna, J.J. The Potential of Laser-induced Breakdown
Spectrometry for Real Time Monitoring the Laser Cleaning of Archaecometallurgical Objects.
Spectrochim. Acta B 2008, 63, 1191-1197.

Ochocinska, K.; Kaminska, A.; Sliwinski, G. Experimental Investigations of Stained Paper
Documents Cleaned by the Nd:YAG Laser Pulses. J. Cult. Herit. 2003, 4, 188-193.

Kaminska, A.; Sawczak, M.; Komar, K.; Sliwinski, G. Application of the Laser Ablation for
Conservation of Historical Paper Documents. Appl. Surf. Sci. 2007, 253, 7860-7864.

Gronlund, R.; Lungvist, M.; Svanberg, S. Remote Imaging Laser-induced Breakdown
Spectroscopy and Remote Cultural Heritage Ablative Cleaning. Opt. Lett. 2005, 30, 2882-2884.
Vazquez-Calvo, C.; Giakoumaki, A.; Anglos, D.; Alvarez de Buergo, M.; Fort, R. Classification
of Patinas Found on Surfaces of Historical Buildings by Means of Laser-induced Breakdown
Spectroscopy. In Lasers in the Conservation of Artworks; Springer: Berlin, Germany, 2007;
Volume 116, pp. 415-420.

Lopez, A.J.; Nicolas, G.; Mateo, M.P.; Pinon, V.; Tobar, M.J.; Ramil, A. Compositional Analysis
of Hispanic Terra Sigillata by Laser-induced Breakdown Spectroscopy. Spectrochim. Acta B
2005, 60, 1149-1154.

Lopez, A.J.; Nicolas, G.; Mateo, M.P.; Ramil, A.; Pinon, V.; Yanez, A. LIPS and Linear
Correlation Analysis Applied to the Classification of Roman Pottery Terra Sigillata. Appl. Phys.
A 2006, 83, 695-698.

Colao, F.; Fantoni, R.; Lazic, V.; Spizzichino, V. Laser-induced Breakdown Spectroscopy for
semi-Quantitative and Quantitative Analyses of Artworks—Application on multi-Layered
Ceramics and Copper based Alloys. Spectrochim. Acta B 2002, 57, 1219-1234.

Osticioli, I.; Mendes, N.F.C.; Porcinai, S.; Cagnini, A.; Castellucci, E. Spectroscopic Analysis of
Works of Art using A Single LIBS and Pulsed Raman Setup. Anal. Bioanal. Chem. 2009, 394,
1033-1041.

Burgio, L.; Melessanaki, K.; Doulgeridis, M.; Clark, R.J.H.; Anglos, D. Pigment Identification in
Paintings Employing Laser Induced Breakdown Spectroscopy and Raman Microscopy.
Spectrochim. Acta B 2001, 56, 905-913.

Clark, R.J.H. Pigment Identification by Spectroscopic Means: An Arts/Science Interface. C. R. Chim.
2002, 5, 7-20.

Brysbaert, A.; Melessanaki, K.; Anglos, D. Pigment Analysis in Bronze Age Aegean and Eastern
Mediterranean Painted Plaster by Laser-induced Breakdown Spectroscopy (LIBS). J. Archaeol.
Sci. 2006, 33, 1095-1104.



Sensors 2010, 10 7465

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

Castillejo, M.; Martin, M.; Silva, D.; Stratoudaki, T.; Anglos, D.; Burgio, L.; Clark, R.J.H.
Analysis of Pigments in Polychromes by Use of Laser Induced Breakdown Spectroscopy and
Raman Microscopy. J. Mol. Struct. 2000, 550, 191-198.

Oujja, M.; Vila, A.; Rebollar, E.; Garcia, J.F.; Castillejo, M. Identification of Inks and Structural
Characterization of Contemporary Artistic Prints by Laser-induced Breakdown Spectroscopy.
Spectrochim. Acta B 2005, 60, 1140-1148.

Bruder, R.; L’Hermite, D.; Semerok, A.; Salmon, L.; Detalle, V. Near-Crater Discoloration of
White Lead in Wall Paintings During Laser Induced Breakdown Spectroscopy Analysis.
Spectrochim. Acta B 2007, 62, 1590-1596.

Bruder, R.; Detalle, V.; Coupry, C. An Example of the Complementarity of Laser-induced
Breakdown Spectroscopy and Raman Microscopy for Wall Painting Pigments Analysis. J.
Raman Spectrosc. 2007, 38, 909-915.

Senesi, G.S.; Baldassarre, G.; Senesi, N.; Radina, B. Trace Elements Inputs into Soils by
Anthropogenic Activities and Implications for Human Health. Chemosphere 1999, 39, 343-377.
Harmon, R.S.; Remus, J.; McMillan, N.J.; McManus, C.; Collins, L.; Gottfried, J.L., Jr.;
DeLucia, F.C.; Miziolek, A.W. LIBS Analysis of Geomaterials: Geochemical Fingerprinting for
the Rapid Analysis and Discrimination of Minerals. Appl. Geochem. 2009, 24, 1125-1141.

G.U. 285, DM 99/248 Approvazione dei Metodi ufficiali di analisi chimica del suolo. Italian
Ministry of Agriculture, Food and Forest Affairs, Number 20; Rome, Italy.

Website of Ministry of Agriculture, Food and Rural Affairs of Ontario. Available online:
http://www.omafra.gov.on.ca/english/nm/regs/sampro/sampro04 09.htm/ (accessed on 4 February
2010).

Steinnes, E. Soils and Geomedicine. Environ. Geochem. Health 2009, 31, 523-535.

Zaccone, C.; Cocozza, C.; Cheburkin, A.K.; Shotyk, W.; Miano, T.M. Enrichment and Depletion
of Major and Trace Elements, and Radionuclides in Ombrotrophic Raw Peat and Corresponding
Humic Acids. Geoderma 2007, 141, 235-246.

Hussain, T.; Gondal, M.A. Monitoring and Assessment of Toxic Metals in Gulf War Oil Spill
Contaminated Soil using Laser-induced Breakdown Spectroscopy. Environ. Monit. Assess. 2008,
136,391-399.

Santos, D., Jr.; Nunes, L.C.; Trevizan, L.C.; Godoi, Q.; Leme, F.O.; Braga, J.W.B.; Krug, F.J.
Evaluation of Laser Induced Breakdown Spectroscopy for Cadmium Determination in Soils.
Spectrochim. Acta B 2009, 64, 1073-1078.

Bousquet, B.; Sirven, J.-B.; Canioni, L. Towards Quantitative Laser-induced Breakdown
Spectroscopy Analysis of Soil Samples. Spectrochim. Acta B 2007, 62, 1582-1589.

Decree of the Italian Ministry of Environment. Number 471; Rome, Italy, 25 November 1999.
Kwak, J.; Lenth, C.; Salb, C.; Ko, E.-J.; Kim, K.-W.; Park, K. Quantitative Analysis of Arsenic in
Mine Tailing Soils using Double Pulse-Laser Induced Breakdown Spectroscopy. Spectrochim.
Acta B 2009, 64, 1105-1110.

Burakov, V.S.; Tarasenko, N.V.; Nedelko, M.I.; Kononov, V.A.; Vasilev, N.N.; Isakov, S.N.
Analysis of Lead and Sulfur in Environmental Samples by Double Pulse Laser Induced
Breakdown Spectroscopy. Spectrochim. Acta B 2009, 64, 141-146.



Sensors 2010, 10 7466

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Coelho Pontes, M.J.; Cortez, J.; Harrop Galvao, R.K.; Pasquini, C.; Araujo, M.C.U,;
Marques Coelho, R.; Chiba, M.K.; Ferreira de Abreu, M.; Emoke Madari, B. Classification of
Brazilian Soils by using LIBS and Variable Selection in the Wavelet Domain. Anal. Chim. Acta
2009, 642, 12-18.

Hassan, M.; Sighicelli, M.; Lai, A.; Colao, F.; Hanaty Ahmed, A.H.; Fantoni, R.; Harith, M.A.
Studying the Enhanced Phytoremediation of Lead Contaminated Soils via Laser Induced
Breakdown Spectroscopy. Spectrochim. Acta B 2008, 63, 1225-1229.

Galiova, M.; Kaiser, J.; Novotny, K.; Samek, O.; Reale, L.; Malina, R.; Palenikova, K.; Liska,
M.; Cudek, V.; Kanicky, V.; Otruba, V.; Poma, A.; Tucci, A. Utilization of Laser Induced
Breakdown Spectroscopy for Investigation of the Metal Accumulation in Vegetal Tissues.
Spectrochim. Acta B 2007, 62, 1597-1605.

Kaiser, J.; Galiova, M.; Novotny, K.; Cervenka, R.; Reale, L.; Novotny, J.; Liska, M.; Samek, O.;
Kanicky, V.; Hrdlicka, A.; Stejskal, K.; Adam, V.M.; Kizek, R. Mapping of Lead, Magnesium
and Copper Accumulation in Plant Tissues by Laser-induced Breakdown Spectroscopy and
Laser-Ablation Inductively Coupled Plasma Mass Spectrometry Spectrochim. Acta B 2009, 64,
67-73.

Hussain, T.; Gondal, M.A.; Yamani, Z.H.; Baig, M.A. Measurement of Nutrients in Green House
Soil with Laser Induced Breakdown Spectroscopy. Environ. Monit. Assess. 2007, 124, 131-139.
Cremers, D.A.; Ebinger, M.H.; Breshears, D.D.; Unkefer, P.J.; Kammerdiener, S.A.M.; Ferris, J.;
Catlett, K.M.; Brown, J.R. Measuring Total Soil Carbon with Laser-induced Breakdown
Spectroscopy (LIBS). J. Environ. Qual. 2001, 30, 2202-2206.

Martin, M.Z.; Wullschleger, S.D.; Garten, C.T., Jr.; Palumbo, A.V. Laser-induced Breakdown
Spectroscopy for the Environmental Determination of Total Carbon and Nitrogen in Soils. Appl. Opt.
2003, 42, 2072-2077.

da Silva, R.M.; Milori, D.M.B.P.; Ferreira, E.C.; Ferreira, E.J.; Krug, F.J.; Martin-Neto, L. Total
Carbon Measurement in Whole Tropical Soil Sample. Spectrochim. Acta B 2008, 63, 1221-1224.
Ferreira, E.C.; Milori, D.M.B.P.; Ferreira, E.J.; Da Silva, R.M.; Martin-Neto, L. Artificial Neural
Network for Cu Quantitative Determination in Soil using A Portable Laser Induced Breakdown
Spectroscopy System. Spectrochim. Acta B 2008, 63, 1216-1220.

Corsi, M.; Cristoforetti, G.; Hidalgo, M.; Legnaioli, S.; Palleschi, V.; Salvetti, A.; Tognoni, E.;
Vallebona, C. Double Pulse, Calibration-Free Laser-induced Breakdown Spectroscopy: A New
Technique for in situ Standard-Less Analysis of Polluted Soils. Appl. Geochem. 2006, 21, 748-755.
De Giacomo, A.; Dell’Aglio, M.; Gaudiuso, R.; Cristoforetti, G.; Legnaioli, S.; Palleschi, V.;
Tognoni, E. Spatial Distribution of Hydrogen and Other Emitters in Aluminum Laser-induced
Plasma in Air and Consequences on Spatially Integrated Laser-induced Breakdown Spectroscopy
Measurements. Spectrochim. Acta B 2008, 63, 980-987.

Wainner, R.T.; Harmon, R.S.; Miziolek, A.W.; McNesby, K.L.; French, P.D. Analysis of
Environmental Lead Contamination: Comparison of LIBS Field and Laboratory Instruments.
Spectrochim. Acta B 2001, 56, 777-793.

Lopez-Moreno, C.; Palanco, S.; Laserna, J.J. Remote Laser-induced Plasma Spectrometry for
Elemental Analysis of Samples of Environmental Interest. J. Anal. At. Spectrom. 2004, 19,
1479-1484.



Sensors 2010, 10 7467

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Palanco, S.; Lopez-Moreno, C.; Laserna, J.J. Design, Construction and Assessment of A
Field-Deployable Laser-induced Breakdown Spectrometer for Remote FElemental Sensing.
Spectrochim. Acta B 2006, 61, 88-95.

Fichet, P.; Tabarant, M.; Salle, B.; Gautier, C. Comparisons between LIBS and ICP/OES. Anal.
Bioanal. Chem. 2006, 385, 338-344.

Koch, S.; Garen, W.; Miiller, M.; Neu, W. Detection of Chromium in Liquids by Laser Induced
Breakdown Spectroscopy (LIBS). Appl. Phys. A 2004, 79, 1071-1073.

Hussain, T.; Gondal, M.A. Detection of Toxic Metals in Waste Water from Dairy Products Plant
using Laser Induced Breakdown Spectroscopy. Bull. Environ. Contam. Toxicol. 2008, 80, 561-565.
Rai, N.K.; Rai, A.K. LIBS-An Efficient Approach for the Determination of Cr in Industrial
Wastewater. J. Hazard. Mater. 2008, 150, 835-838.

Ho, W.F.; Ng, C.W.; Cheung, N.H. Spectrochemical Analysis of Liquids using Laser-induced
Plasma Emissions: Effects of Laser Wavelength. Appl. Spectrosc. 1997, 51, 87-91.

Lo, K.M.; Cheung, N.H., ArF Laser-Induced Plasma Spectroscopy for Part-per-Billion Analysis
of Metal Tons in Aqueous Solutions. Appl. Spectrosc. 2002, 56, 682-688.

Michel, A.P.M.; Chave, A.D. Double Pulse Laser-induced Breakdown Spectroscopy of Bulk
Aqueous Solutions at Oceanic Pressures: Interrelationship of Gate Delay, Pulse Energies,
Interpulse Delay, and Pressure. Appl. Opt. 2008, 47, 131-143.

MSL Science Corner Website. Available online: http://msl-scicorner.jpl.nasa.gov/ (accessed on
4 February 2010).

ESA-ExoMars Website. Available online: http://www.esa.int/esaMI/ExoMars/index.html/
(accessed on 4 February 2010).

Borovicka, J.; Betlem, H. Spectral Analysis of Two Perseid Meteors. Planet. Space Sci. 1997, 45,
563-575.

Borovicka, J.; Jenniskens, P. Time Resolved Spectroscopy of A Leonid Fireball Afterglow. Earth
Moon Planet. 2000, 82, 399-428.

Trigo-Rodriguez, J.M.; Llorca, J.; Borovicka, J.; Fabregat, J. Chemical Abundances Determined
from Meteor Spectra-I, Ratio of the Main Chemical Elements. Meteorit. Planet. Sci. 2003, 38,
1283-1294.

Milley, E.P.; Hawkes, R.L.; Ehrman, J.M. Meteor Luminosity Simulation Through Laser
Ablation of Meteorite. Mon. Not. R. Astron. Soc. 2007, 382, 67-71.

Hawkes, R.L.; Milley, E.P.; Ehrman, J.M.; Woods, R.M.; Hoyland, J.D.; Pettipas, C.L.;
Tokaryk, D.W. What Can We Learn about Atmospheric Meteor Ablation and Light Production
from Laser Ablation. Farth Moon Planet. 2008, 102, 331-336.

Norton, O.R. The Cambridge Encyclopedia of Meteorites; Cambridge University Press:
Cambridge, UK, 2002.

Thompson, J.R.; Wiens, R.C.; Barefield, J.E.; Vaniman, D.T.; Newsom, H.E.; Clegg, S.M.
Remote Laser Induced Breakdown Spectroscopy (LIBS) Analyses of DaG 476 and Zagami
Martian Meteorites. J. Geophys. Res. 2006, 111.6:1-6:9.



Sensors 2010, 10 7468

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Clegg, S.M.; Sklute, E.C.; Dyar, M.D.; Barefield, J.E.; Wiens, R.C. Quantitative Analysis of
Samples with Variable Composition by Remote Laser-induced Breakdown Spectroscopy. In
Proceedings of the Seventh International Conference on Mars, Pasadena, CA, USA, 9-13 July 2007.
Dell’Aglio, M.; De Giacomo, A.; Gaudiuso, R.; De Pascale, O.; Senesi, G.S.; Longo, S. LIBS
Applications to Meteorites: Chemical Analysis and Composition Profiles. Geochim. Cosmochim.
Acta, in press.

Gaudiuso, R.; D’Alessandro, C.; De Giacomo, A.; Dell’Aglio, M.; Longo, S. Laser Induced
Breakdown Spectroscopy for the Elemental Analysis and Classification of Meteorites. In
Proceedings of the EMSLIBS 2007, Paris, France, 10-13 September 2007.

Colao, F.; Fantoni, R.; Lazic, V.; Paolini, A.; Fabbri, F.; Ori, G.G.; Marinangeli, L.; Baliva, A.
Investigation of LIBS Feasibility for in situ Planetary Exploration: An Analysis on Martian Rock
Analogues. Planet. Space Sci. 2004, 52, 117-123.

Salle, B.; Lacour, J.-L.; Vors, E.; Fichet, P.; Maurice, S.; Cremers, D.A.; Wiens, R.C.
Laser-induced Breakdown Spectroscopy for Mars Surface Analysis: Capabilities at Stand-off
Distances and Detection of Chlorine and Sulfur Elements. Spectrochim. Acta B 2004, 59, 1413-1422.
Radziemski, L.; Cremers, D.A.; Benelli, K.; Khoo, C.; Harris, R.D. Use of the Vacuum
Ultraviolet Spectral Region for Laser-induced Breakdown Spectroscopy-based Martian Geology
and Exploration. Spectrochim. Acta B 2005, 60, 237-248.

Salle, B.; Lacour, J.-L.; Mauchien, P.; Fichet, P.; Maurice, S.; Manhes, G. Comparative Study of
Different Methodologies for Quantitative Rock Analysis by Laser-induced Breakdown
Spectroscopy in a Simulated Martian Atmosphere. Spectrochim. Acta B 2006, 61, 301-313.

Arp, Z.A.; Cremers, D.A.; Wiens, R.C.; Wayne, D.M.; Salle, B.; Maurice, S. Analysis of
Water/Ice and Water Ice/Soil Mixtures using Laser Induced Breakdown Spectroscopy:
Application to Mars Polar Exploration. Appl. Spectrosc. 2004, 58, 897-909.

Rauschenbach, I.; Lazic, V.; Pavlov, S.G.; Hubers, H.-W.; Jessberger, E.K. Laser Induced
Breakdown Spectroscopy on Soils and Rocks: Influence of the Sample Temperature, Moisture
and Roughness. Spectrochim. Acta B 2008, 63, 1205-1215.

Clegg, S.M.; Barefield, J.E.; Wiens, R.C.; Quick, C.R.; Sharma, S.K.; Misra, A.K.; Dyar, M.D.;
McCanta, M.C.; Elkins-Tanton, L. Venus Geochemical Analysis by Remote Raman-Laser
Induced Breakdwon Spectroscopy (Raman-LIBS). In Proceedings of Venus Geochemistry:
Progress, Prospects, and New Missions, Houston, TX, USA. 27-29 February 2009.

Lambert, J.; Morookian, J.; Roberts, T.; Polk, J.; Smrekar, S.; Clegg, S.M.; Wiens, R.C;
Dyar, M.D.; Treiman, A. Standoff LIBS and Raman Spectroscopy under Venus Conditions. In
Proceedings of the 41st Lunar and Planetary Science Conference, The Woodlands, TX, USA,
1-5 March 2010.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



