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method and some of its new applications that appeared since the last extensive review on the topic,

which was published more than 10 years ago by the inventors of the technique. This will allow the
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1. Introduction

The calibration-free LIBS method was firstly introduced by
Ciucci, Corsi, Palleschi, Salvetti, Rastelli and Tognoni in 1999.
The 1999 article was followed, in 2002, by another article by
Bulajic et al.,> describing the effects of self-absorption in LIBS
quantitative analysis® giving, at the same time, specific indica-
tion on how to take into account and compensate for the self-
absorption effect in CF-LIBS.

In the following years, the interest of the LIBS community in
improving and applying the CF-LIBS method grew, although
quite slowly at the beginning (see Fig. 1). The reasons of the
growing interest were the clear advantages of a method which
does not rely on the use of calibration samples and fully over-
comes both physical and chemical matrix effects* by giving
compositional information about the sample which:

(a) does not depend on the variation the ablated mass from
sample to sample, which is one of the main consequences of the
physical matrix effect;

(b) does not depend on the variation of electron temperature
and number density, a consequence of the physical and
chemical matrix effects, since these key plasma parameters are
directly evaluated from the LIBS spectra.

In the first five/six years after the introduction of the CF-LIBS
method, the average number of citations of the paper was
slightly more than 10 per year (and some of them were citations
from the same inventors of the method, too). After that, the
interest about the method exploded, and the total number of
citations started to grow with an exponential trend which
continued up to the present.

At the moment of writing this review, the overall citations of
the first CF-LIBS paper are more than 700, making it the
research article (thus excluding books and reviews) most quoted
in the history of LIBS.
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interested researchers to catch up on the new trends of the method and the strategies that have been
devised in the last decade for improving the analytical factors of merit of CF-LIBS.

The exponential growth of the papers related to CF-LIBS also
means that since the last exhaustive review on CF-LIBS,
compiled in 2010 by Tognoni et al,> more than 500 papers
have been published on the topic of standard-less LIBS quan-
titative analysis. Although not all of them can be considered
relevant for this review, several of them have significantly
contributed to improving the analytical figures of merit of the
method or, in any case, to expand its applicability to different
fields.

The purpose of this paper is thus the discussion of the main
contributions to the CF-LIBS method, which appeared in the
literature from the 2010 review to present. Programmatically, as
in the 2010 review, we will not discuss the calibration-free
methods based on the matching between the experimental
and synthetic LIBS spectra,® because this method uses
a completely different approach with respect to the Ciucci et al.*
procedure. The issues related to the applications of the two
methods have been recently discussed in an excellent paper by
Hermann et al.”

2. Background

The CF-LIBS algorithm is described in detail in many papers; it
would not be particularly useful to repeat the simple but rather
tedious description of the various steps of the algorithm.
However, in our opinion it's worth reminding the reader that
the main idea of CF-LIBS is to determine the electron temper-
ature and, eventually, the electron number density of the LIBS
plasma, under suitable hypothesis about the existence of some
sort of equilibrium between the excitation/deexcitation and
ionization/recombination processes in the same plasma. After
that, the elemental concentrations of the species in the plasma
are calculated, up to a constant multiplicative scale factor F,
exploiting the equations which link the measured LIBS intensity
to the species number concentration, at the measured electron
temperatures and number density, from the knowledge of the
spectral parameters of the transitions (energy levels, degenera-
cies, and transition probabilities) and of the elements (first
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Fig.1 Number of citations of the 1999 CF-LIBS paper per year (a) and cumulative (b). The dashed line in (b) represents the exponential fit of the

total number of citations vs. time.

ionization energies). The constant scale factor depends on the
ablated mass and on the efficiency of the chain collection
optics/spectrometer/detector. It can be determined by imposing
the closure to 100% of the sum of the concentrations of all the
species in the plasma; the sample composition is thus deter-
mined using the sole information obtained from the LIBS
spectrum, without the need for external or internal standards,
reference samples, etc.

We were purposedly vague on how the plasma electron
temperature and electron number density are determined from
the LIBS spectrum, as well as on the equations which link these
parameters and the measured line intensities to the number
concentration of the species in the sample.

This is because over the years our ability in treating the LIBS
spectral information has considerably improved, so that some
approximations that were considered necessary 23 years ago
(such as, for example, the approximation of optically thin
plasma) are now not necessary anymore. From the 1999 work of
Gornushkin et al. on the application of the Curve-of-Growth
(COG) approach to LIBS plasmas® to the cited 2002 work of
Bulajic et al.,” based on the Gornushkin paper, passing through
the 2002 Amamou et al. equations® to arrive to the 2005 Pisa
group paper, which definitively solved the issue,’ we have
progressively learnt to treat the radiation transfer equation,
which gives the number of photons per unit time emitted along
the line of sight by a plasma

ny(A, 1) = Q) (1 —e*™0) (1)
where
1 e*Ek/kBT

L(2) (3)
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is the absorption coefficient, in the approximation of Lor-
entzian lineshape

Loy =2 —M;’ - (4)
TA4(A— X)) + Al

where N is the number density of the emitting species, 1, is the
central wavelength of the transition, A4, is the transition prob-
ability, E\ and gi the energy and degeneracy of the upper energy
level of the transition, respectively, U is the partition function of
the species, A4, is the FWHM of the emission line, and kg is the
Boltzmann constant.

Having an effective tool for solving eqn (1), the k(1) < 1
approximation which simplifies it, after integration of the line
emission, in the commonly used Boltzmann equation:

e—Ex/kpT
I = AsgN W (5)
is not needed anymore.

Using in the CF-LIBS algorithm the correct eqn (1) instead of
its approximated form (5) (or, equivalently, continuing using
eqn (5) and correcting the line intensities for compensating for
the self-absorption effects) does not change the principle of CF-
LIBS and definitely, does not entitle anyone to claim to have
‘enhanced’ the CF-LIBS method for just applying some
straightforward self-absorption corrections to the basic CF-LIBS
equations.

The same argument applies to the papers which boast as
improvements minor changes in the method with respect to the
1999 original paper (such as using double pulses for creating
the LIBS plasma' or using the Saha-Boltzmann plot method™
instead of the Boltzmann plot for determining the plasma
electron temperature). These ‘improved’ methods must be
considered as routine applications of the conventional CF-LIBS
algorithm. The use of purposedly invented, fancy new acronyms
to indicate minimal variations, or in many cases just plain
reformulations of the original CF-LIBS idea, should be
deprecated.

This journal is © The Royal Society of Chemistry 2023
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In the following, we will present and discuss only the articles
published after the 2010 review® which, in some way, have
changed the CF-LIBS paradigm, neglecting all the papers which
do not contributed to real improvements of the CF-LIBS
method.

This will be done in the next sections.

3. Evolution of the CF-LIBS technique

In this
approaches that are substantially different on the classical
formulation based on the Ciucci et al. 1999 paper.’ Basically,
these are improvements of the original technique which can be
grouped into two different classes: the first group refers to
approaches that evolve the CF-LIBS idea maintaining a strict
standard-less approach. The second group comprises, instead,
the versions of CF-LIBS, which exploit the information acquired
from a single standard of known composition for improving the
figures of merit of the classical CF-LIBS calculation. By analogy
with the fundamental parameter method in X-ray fluores-
cence,” these techniques can be classified as fundamental
parameter CF-LIBS approaches.™ In Table 1, we have listed the
main approaches discussed in the text, summarizing their basic
merits and analytical performances. With respect to this last
point, Tognoni et al.’ reported that an analytical estimation on
the uncertainty of the CF-LIBS results is very complex, if not
impossible. Moreover, it is difficult to infer the analytical figures
of merit of the different approaches because different parame-
ters are considered in the different papers and, in some cases,
these parameters were only presented in the graphical form, by
plotting the predicted vs. nominal concentration of the
samples, for example. Therefore, in Table 1 we tried to assess
the analytical performances of the different CF-LIBS approaches
in terms of their trueness and precision on the determination of
the composition of the samples considered (when available).
We refer the reader to the discussion in the text and to the
relevant papers for a more detailed analysis of these
approaches.

section, we will describe some calibration-free

3.1 Alternative CF-LIBS approaches

3.1.1 CF-LIBS under non-LTE conditions. One of the
fundamental requirements for the application of the CF-LIBS
approach is the condition of local thermal equilibrium in the
plasma. Local thermal equilibrium conditions are established
when the collisional processes which guarantee the equilibrium
between excitation/deexcitation and ionization/recombination
in the plasma are much faster than the radiative processes.'®
The corresponding equilibrium plasma electron temperature T
is the key parameter for the application of the CF-LIBS method
(eqn (1)/eqn (5)). Since the plasma electron temperature evolves
in time, because of the expansion of the plasma, the interaction
with the ambient gas and the radiative losses, the CF-LIBS
method would ideally require detection gate widths as short
as possible (time resolved analysis) where the plasma electron
temperature does not vary appreciably and the plasma can be
considered under LTE conditions. At the same time, for

This journal is © The Royal Society of Chemistry 2023
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enhancing the detection limit and improving the reproduc-
ibility of the measurements, the gate width must be large
enough to guarantee a high signal-to-noise ratio (SNR). The
balance between these two conditions is not always achievable,
especially for in situ measurements and in extreme experi-
mental settings. In some cases, the instrumentation used might
be unable to perform time-resolved analysis. Time-resolved
broadband spectrometers are expensive and often not suitable
for use outside the laboratory, due to their sensitivity to external
variables such as ambient temperature. Cheap broadband
spectrometers, on the other hand, are robust with a satisfactory
spectral resolution, but have integration times longer than the
plasma lifetime. During most of this time the plasma would not
be in LTE and, in any case, the plasma electron temperature
obtained from the time-integrated spectrum cannot be related
to the elemental concentrations of the sample simply using eqn
(1) (or (5)), which are the key relationships on which the CF-LIBS
method is founded.

De Giacomo et al'’ proposed a variant of the CF-LIBS
method, called self-calibrated LIBS (SC-LIBS) based on the
assumption that partial local thermal equilibrium (p-LTE) is
present in the plasma. In a p-LTE plasma the distribution of the
electron energies in the atoms does not follow the Boltzmann
statistics. However, in general the deviations from LTE princi-
pally affect the ground state of the transition, while the higher
energy levels are less affected by the non-ideality of the plasma.
The determination of the electron temperature is usually done
by plotting the logarithm of the line intensity vs. the energy of
the upper level of the transition (Boltzmann plot).'® Therefore,
excluding from the Boltzmann plot the transitions ending on
the ground state of the species and considering the same energy
range interval for each species, an estimation of the plasma
electron temperature can be obtained also under non-LTE
conditions. To minimize the temperature changes during the
(long) acquisition time, the authors also excluded from the
Boltzmann plot all the transitions with emission times
comparable with the time associated with plasma variations. As
a further interesting differentiation with respect to conven-
tional CF-LIBS analysis, the authors normalized the signals to
the background black body emission, to obtain the calculated
species concentrations without recurring to the 100% closure
conditions for the determination of the experimental scale
factor.

The authors of ref. 17 tested the possibility of using this
method analysing the composition of four different meteorites
using large gate times (5000 ns in their paper).” First, they
verified the LTE assumption for Fe I lines (the prevailing
element in all samples) in a wide energy range, and then
restricted the analysis only to the transitions with upper energy
levels in the previously measured energy range, to be sure that
this assumption was also valid for other elements. Besides the
transitions involving the ground state and the ones with char-
acteristic lifetimes longer than the characteristic decay time of
the plasma temperature, the authors excluded from the Boltz-
mann plot all the emission lines with high relative intensity, to
avoid the overestimation of the corresponding population.

J. Anal. At. Spectrom., 2023, 38, 1751-1771 | 1753
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Moreover, for all examined samples they found out that the
contribution of ionized fraction of the elements in the LIBS
spectrum was generally 2 orders of magnitude lower than the
neutral fraction, and therefore the authors only determined the
concentrations of the neutral species, estimating the concen-
tration of the ionized species using the Saha-Eggert equation.

In a paper published by the Pisa group,® the authors faced
the same issue discussed in ref. 19 of using a CF-LIBS approach
on spectra acquired with a long integration time (milliseconds,
in their case). They demonstrated that, when the lifetime of the
emission lines considered for the determination of the electron
temperature is much shorter than the integration time, the
time-integrated signal obtained provides information about the
plasma parameters which is equivalent to the one that could be
achieved using a time-resolved spectrometer, with a gate time
comparable with the decay time of the LIBS spectral intensity,
which is, under the typical LIBS conditions, of the order of a few
hundreds of nanoseconds.

In the recent LIBS literature, several authors have justified
the use of time-integrated spectrometers for performing CF-
LIBS analysis by quoting the results of ref. 17, 19 and 20.
However, from the discussion above it is clear that the condi-
tions for using the CF-LIBS approach with long integration
times are very narrow and cannot be generalized before being
tested case-by-case. To simplify the analysis and avoiding
unnecessary approximations, the authors of ref. 20 illustrated
a simple method for the recovery of time-resolved spectra using
a time-integrated spectrometer, based on the numerical esti-
mation of the changes occurring between two spectra taken at
different delays (and very long integration times) after the laser
pulse, i.e.

S(t,Af) = S(t + At,0) — S(t,) (6)

where S(t,At) is the LIBS spectrum corresponding to an acqui-
sition delay ¢ with respect to the laser pulse and a gate corre-
sponding to At.

This simple and effective method has been identically
reproposed by Ahmed et al* in 2016 (two years after the
publication of the original paper by the Pisa group).

3.1.2 3D-CF-LIBS. Bredice et al.**?® have recently intro-
duced and developed the idea of the Boltzmann plot as a three-
dimensional surface, which can be built putting on the x-axis
the energy of the upper level of the transition, on the y-axis
a term proportional to the measured total intensity of the
transition and on the z-axis the delay time at which the different
LIBS spectra of the dataset have been acquired.

The main difference between the 3D Boltzmann plot and the
conventional Boltzmann plot is that on the y axis of the 3D
Boltzmann plot are plotted the logarithms of the ratio between
the line intensities at times ¢ and ¢, (the minimum delay time
considered in the analysis). Note that this ratio is independent
on the transition probabilities, which are often known with
large uncertainties. Comparing the intensities of two emission
lines of the same element at two or more time delays after the
laser pulse allows for a better estimation of the plasma
temperature with respect to the conventional Boltzmann plot.

This journal is © The Royal Society of Chemistry 2023
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When applied to calibration-free analysis, this procedure is
called 3D-CF-LIBS.** Considering the fact that the composition
of the sample does not change in time, it has been demon-
strated that the study of the temporal evolution of the line
emission allows for more precise quantitative results than
averaging the compositional results of conventional CF-LIBS at
the different delays considered.

From a theoretical point of view, if the plasma can be
considered homogeneous and under nearly LTE conditions, the
temporal evolution of the plasma electron temperature can be
inferred from a time-dependent function, the coefficients (B;) of
which can be determined by the best polynomial fit of the
logarithm of the intensity ratio of the spectral lines considered.

IO\ _N~(p sy
1n(l(t0)) _;(B, E + 6))t )

where the time ¢, is the minimum delay time considered.

Eqn (7) in most cases can be well approximated by the first
element in the sum (exponential decay of the emission lines).
Consequently, the electron temperature at time ¢ can this be
expressed as a function of the temperature T, at time ¢,:

ke To

T— _ "8°9
ky | — kpToBit (8)

It is worth noting that eqn (8) is obtained without exploiting
the knowledge of the transition probabilities of the lines and is
independent of the spectrometer efficiency. However, these
parameters are still necessary for the determination of the
temperature at time ¢ = 0.

The authors verified the reliability of the electron tempera-
ture estimation given by eqn (8) studying several Cd lines in
laser-produced plasma spectra emitted from a pure-cadmium
sample, at two different time delays, 2 and 6 us.”®* They
pointed out that the error in the determination of the B; coef-
ficients can be substantially reduced using lines that have well-
separated upper energy levels, to reduce the dispersion of the
experimental points.

In the 3D-CF-LIBS method, after having determined the
electron temperature at all the delay times considered from eqn
(8), the intercept q of the species is calculated at ¢t = ¢,, using the
combined information carried by all the lines of the species at
all the delay times used for building the 3D Boltzmann plot. The
sample composition is then obtained in the usual way, from the
closure to 100% of the sum of the species concentration.

The authors tested their method in ref. 24 calculating the
composition of binary lead-tin alloys. The parameter B; was
calculated using four ionic lines of Pb (under the experimental
conditions used in the paper, the ionic species of Pb and Sn
where predominant in the plasma) and the corresponding
concentrations evaluated using the 3D-CF-LIBS procedure were
compared with the results of conventional CF-LIBS (see Fig. 2).

The authors found that both the approaches slightly over-
estimated the Pb concentration (thus underestimating the one
of Sn), probably due to the errors in the transition probabilities
of the Pb lines considered. In any case, 3D-CF-LIBS provides
a closer trueness than conventional CF-LIBS and much better

J. Anal. At. Spectrom., 2023, 38, 1751-1771 | 1755
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Fig.2 Comparison between the temperatures predicted by the 3D-Boltzmann technique (circles) and calculated from the conventional Saha—
Boltzmann plot (squares). (a) 15% Pb—85% Sn, (b) 30% Pb—70% Sn, (c) 70% Pb-30% Sn, and (d) 85% Pb-15% Sn. The error bars correspond to the
uncertainty in the temperature calculated using the Saha—Boltzmann equation. They are due to the uncertainty in the electronic density and the
intensity of the spectral lines used in the calculation. Reproduced from ref. 24 with permission from Elsevier, copyright 2020.

precision. They also commented that the constant bias of
+4.5% of the 3D-CF-LIBS results could have been totally
compensated for using the One-point Calibration (OPC)
approach,® which will be discussed in the next section.

Despite the obvious advantages of the 3D-CF-LIBS method, it
should be highlighted that the calculation of the temperature
evolution requires the determination of the line intensities at
separate times and their elaboration. The authors proposed
a substantial improvement of the method recurring, for
simplifying the building of the 3D Boltzmann plot and the
consequent determination of the temporal dependence of the
plasma electron temperature, to a variant of the Independent
Component Analysis (ICA)*® called Mean-Field Independent
Component Analysis (MFICA).>* This variant of the ICA tech-
nique was chosen by the authors because it has a better physical
sense for describing LIBS spectra, the different components
being always positive.

The method was tested on a set of brass alloy targets (~60%
Cu and ~40% Zn) containing Fe, Mn, Pb, Sn, Ni and Al as minor
components; the LIBS spectra were acquired in the interval
between 1000 and 5000 ns after the laser pulse with a 250 ns
gate width. The authors were also able to identify in the LIBS
spectra the lines most affected by the self-absorption/self-
reversal effect, avoiding their use for the electron temperature

1756 | J. Anal At. Spectrom., 2023, 38, 1751-1771

determination. A good agreement between the results obtained
with this method and the classical Saha-Boltzmann plot
approach was proved.

The 3D Boltzmann plot has been also successfully adopted to
measure the atomic transition probabilities of the emission
lines of a given element:* Urbina et al. verified that the
constants B; can be considered as constants depending only on
the species considered. Moreover, the calculation of these
coefficients also allowed the determination of the time interval
in which the plasma LTE conditions are reasonably satisfied.

3.1.3 Artificial neural network CF-LIBS. The calculation
from the experimental spectra of the electron temperature and
number density, the key plasma parameters for the application
of the CF-LIBS method, is not always straightforward. When the
signal-to-noise ratio in the spectra is low, it is common practice
to accumulate several spectra and applying the CF-LIBS algo-
rithm to the average spectrum. However, when working on
averaged spectra, the capability of the CF-LIBS algorithm to
cope with the laser energy fluctuations would not be fully
exploited as when the algorithm is applied to the single LIBS
spectra. There are other situations in which, even without
averaging, the number of LIBS spectra to be analyzed can be
prohibitively large for applying the CF-LIBS algorithm to each of
them. To solve the problem of analyzing a large number of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Correlation between electron temperature and electron
number density. Black squares: ANN prediction and large red dots:
value calculated from the average spectrum. The error bars represent
the confidence limits on the electron temperature determined by the
Saha—-Boltzmann method. Reproduced from ref. 29 with permission
from Springer, copyright 2014.

spectra in a short time, Borges and colleagues proposed the use
of a simple artificial neural network (ANN) which, once trained
on a suitable set of spectra, would allow the almost instanta-
neous determination of the electron temperature and number
density on an arbitrary number of spectra® (see Fig. 3).

The feasibility of the ANN-CF-LIBS method was tested on
a pure titanium target where 50 single LIBS spectra were
acquired in four independent spots, under 12 different experi-
mental conditions. The intent was to obtain a set of spectra
corresponding to a relatively wide range of electron tempera-
tures and number densities for training the ANN, which
accepted the titanium line intensities as input giving as an
output the corresponding electron temperature and number
density. The efficiency of the method was tested using the leave-
one-out method, with excellent results.

The ANN-CF-LIBS approach was then successively applied to
the determination of the composition of computer-simulated
Cu-Ni alloys.* In this case, 1000 spectra per sample were
simulated, corresponding to different electron temperatures
and number densities. After proper training, the ANN-CF-LIBS
algorithm was able to recover the composition of the samples
giving, at the same time, an evaluation of the electron temper-
ature and number density on a single-spectrum basis.

3.1.4 Columnar density CF-LIBS. Among the three condi-
tions stated for the application of the CF-LIBS method in the
1999 paper by Ciucci et al.,' i.e. stoichiometric ablation, plasma
in LTE and negligible self-absorption effects, the last two seem
to be difficult to fulfill together, since the optimal conditions for
achieving local thermal equilibrium are not optimal for mini-
mizing the self-absorption effects, and vice versa.

Since the Bulajic et al.> paper, published shortly after the
introduction of the CF-LIBS method, it became clear that the
self-absorption effects in most cases cannot be neglected nor is
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always possible to pick the emission lines in the spectrum to
perform the CF-LIBS analysis using only optically thin lines.

After the paper of the Palleschi group which introduced
a simple way for evaluating and compensating for the effects of
self-absorption on the line intensity,'® optically thick and opti-
cally thin lines can be managed together in a pure CF-LIBS
approach without any particular difficulty.

On the other hand, it has been noted that the self-absorption
effects can also be exploited for improving the analytical
performances of the LIBS technique.’

Cristoforetti and Tognoni in ref. 31 proposed that, in the
presence of strong self-absorption, the composition of an
unknown sample can be calculated using a CF-LIBS approach,
which exploits a modified version of the Saha-Boltzmann plot.

According to their approach, the Saha-Eggert equation
describing the ionization equilibrium in the plasma can be
rewritten in a linear form similar to the Saha-Boltzmann plot:

y= —kBLTan(%) ©)

where x is the lower energy of the transition

- E; for neutral lines (10)
“ 7 ) E;+ E,, for ionic lines
and
n; | .
In for neutral lines
8i
y= 3 (11)

ol

for ionic lines

In n; | I 2(2mtmekpT)
g nh?

The term that takes the place of the species concentration in
eqn (9) is now the columnar density N of the element, while the
parameter that takes the place of the line intensity in eqn (11) is
the columnar density of the population of the emitting species
at the lower level of the transition.

The y coordinates in this modified Saha-Boltzmann plot can
be written in terms of the integrated absorption coefficient of
the corresponding emission line considering that, according to
eqn (5):

n_,-l _ 87tc$lo kl (12)
8i Ao Ay
where Al is the Full-Width at Half-Maximum (FWHM) of the
line (approximated to a Lorentzian curve).

Moreover, the relationship found by the Pisa group
between the integrated absorption coefficient, the FWHM of the
emission line and its measured value AA:

AL [1—et\ ¥

IV ( kel >
provides a simple way for evaluating the &/ (and thus n—ll from
eqn (12)). !

(13)
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The value of A, can be estimated by measuring the electron
number density n.** and knowing the Stark broadening coeffi-
cients w, of the emission lines, exploiting the linear relation-
ship that links AA, to these two parameters:

Ady = wge (14)

The authors of ref. 31 tested the analytical performances of
their columnar density Saha-Boltzmann plot calculating the Ca
concentration in a limestone sample. A very good agreement
was found, after the conversion of the elemental concentration
to the equivalent CaO weight concentration (about 52 wt%
against a certified value of 50.07 wt% — an error of less than 4%).

3.2 Fundamental parameter CF-LIBS approaches

In their paper ‘from calibration-free to fundamental parameters
analysis’** the authors discussed the advantages of partially
relaxing the basic principle of the CF-LIBS approach, ie. the
standardless determination of unknown sample composition
based only on the information derived from its LIBS spectrum.

Adding to the CF-LIBS paradigm the information coming
from a single standard (of similar composition to the samples to
be analysed) would greatly improve the trueness of the method
while maintaining the capability of CF-LIBS to compensate for
changes in electron temperature and number density from one
LIBS spectrum to the other. In the following, we will illustrate
some of these methods, introduced after the publication of the
2010 review.’

3.2.1 One-point calibration LIBS. In 2013 Cavalcanti et al.””
presented the One-point calibration (OPC) method, a variation
of CF-LIBS, which used the information from only one standard
sample for the empirical determination of essential experi-
mental and spectroscopic parameters, which are normally not
easy to determine. The method is based on the assumption that
the composition of the standard is similar to the one of the
samples to be analysed. To calculate a comprehensive factor
F(2) for the empirical correction of LIBS line intensities in
Boltzmann plots, the composition of the standard sample is
firstly estimated by using the traditional CF-LIBS approach. The
concentrations thus calculated are matched with the certified
values by applying a multiplicative transformation F(1) to the
points of the Boltzmann plot.

This transformation is then applied to the Boltzmann plot of
the unknown samples, for the determination of the corre-
sponding electron temperature and composition. It is worth
noting that in the OPC method the information about the single
standard is exploited only for calculating the F(A) correction
factor; after that, the workflow follows the conventional CF-LIBS
calculation. In the work of Cavalcanti et al. this approach was
applied to a set of copper-based samples to determine the
concentrations of the four main elements Cu, Zn, Sn and Pb. By
rescaling the points in the Boltzmann plot with the F(A)
corrections obtained on a single standard, a much better
correspondence of the concentrations calculated with the
nominal composition of the standards was obtained using the
OPC method than the one obtained using conventional LIBS
analysis (Fig. 4).
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determined concentration. Reproduced from ref. 27 with permission
from Elsevier, copyright 2013.

Minimal modifications to the OPC algorithm were proposed
by several authors.**** As discussed in the Introduction, it's not
worth discussing them here, since these ‘improved’ methods
are just straightforward applications of CF-LIBS and do not add
anything new to the knowledge in the field.

3.2.2 Inverse CF-LIBS. The evaluation of the plasma elec-
tron temperature through the Boltzmann or Saha-Boltzmann
plot is one of the key points for the application of the CF-LIBS
method. To obtain a reliable determination of the excitation
plasma temperature, in 2012 Gaudiuso et al.** proposed
a method that they called “inverse CF-LIBS”. Similarly to OPC,
in the inverse CF-LIBS method the known elemental composi-
tion of a standard is exploited, together with the classical CF
equations, to obtain the optimum plasma electron temperature.

The plasma electron temperature is determined by applying
a conventional CF-LIBS calculation of the reference sample
composition at different temperatures 7. The optimum plasma
temperature is taken as the one that minimizes the discrepancy
between the calculated and the nominal composition of the
certified sample

(15)

Yocert — WHV(T
AW(T) :abs(w—t/"*“ W )>

0,
wt A‘cert

The method assumes that if different samples with similar
matrices are ablated under the same conditions, the excitation
temperatures of the produced plasmas would be the same.
Therefore, the inverse CF-LIBS method is not capable, by defi-
nition, to deal with changes in the electron temperature from
one spectrum to the other, due to laser energy fluctuations or
slight matrix changes between samples. On the other hand,
since the electron temperature is defined by the procedure, the
Boltzmann plot can be drawn even in the extreme case, where
just a single emission line for each element is available.

This journal is © The Royal Society of Chemistry 2023
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handiworks (top frames: brooch; middle frames: pendant; bottom frames: coin) as determined with two LIBS methods (CF inverse method and
calibration line method). Reproduced from ref. 37 with permission from Elsevier, copyright 2016.

Gaudiuso and co-workers validated the inverse CF-LIBS pulse, and three laser wavelengths), and applied it to the anal-
procedure for a set of bronze and brass standards working ysis of various archaeological objects.*>*® The results obtained
under different experimental conditions (7 ns and 250 fs laser in ref. 36 with inverse CF-LIBS on a set of archaeological
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brooches made of various copper-based alloys were found to be
in good agreement with the ones obtained using the LA-ICP-MS
technique.

Gaudiuso also demonstrated the use of the CF inverse
method for depth-profile analysis.?” At first the author demon-
strated that, during the in-depth analysis, no geometrical,
instrumental, or physical factors systematically affect the
process of plasma formation and emission of radiation. The
observation of systematic changes of the electron temperature
throughout the depth profile would make the application of the
inverse CF method impossible since the electron temperature is
assumed to be constant (and the same evaluated on the single
standard through minimization of eqn (9)). The author
concluded that the inverse method is best suitable for shallow
craters with a low depth/diameter aspect ratio, where plasma
confinement in the crater is not important. Depth-resolved
analysis was then performed for the analysis of Pb and Sn in
archaeological findings. The analytes were determined by both
the inverse CF method and the classical calibration-line method
(by using certified bronzes as standard samples), finding a good
linear correlation between the two series of measurements (see
Fig. 5).

Inverse CF-LIBS was compared to OPC CF-LIBS by the group
of Palleschi exploiting modern bronze samples.** The authors
found that, as it was expected, the inverse CF method did not
perform properly in the presence of self-absorbed lines. The
average uncertainty of the OPC approach was around 15%
against the 53% of the inverse CF method. However, the authors
concluded that by applying proper corrections for self-
absorption, the two methods will probably give similar results.

The feasibility of the inverse method in the cases of
unknown samples with matrices different from that of the
employed standard, a critical issue in quantitative LIBS anal-
ysis, was lately demonstrated by Gaudiuso et al.*® In their work
the concentration of Hg, Ag, Cu, Pb, Au, Si, and Ca in ancient
coins was determined using a homemade ternary bronze as
a reference sample. The authors obtained results in good
agreement with those acquired from independent micro-XRF
measurements. A further observation regarded the thermal
character of the ablation, which is detrimental to the depth
resolution, and the efforts that should be made in the future to
reduce it.

Also in this case, minimal ‘improvements’ of the inverse CF-
LIBS method have been proposed®® which will not be discussed
here.

3.2.3 (C-Sigma methods. Between 2014 and 2015, Aguilera
and Aragon®®*' proposed a methodology, that they named Co
(C-sigma), based on the construction of a generalized Curve of
Growth (COG).

A COG is the function which expresses the intensity of
a given spectral line as a function of the concentration of the
analyte and the spectral and experimental parameters (eqn (16))

I=BB() J (1—e"W)da (16)

line
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where (8 is a corrective parameter, B(,) is the blackbody emis-
sion at the peak wavelength A, and t(A) = k(A)! is the optical
depth (see eqn (1)).

Finding a COG model that can be readily and widely applied
to all the emission lines is not a trivial task. In their studies,
Aguilera and Aragon aimed at obtaining a generalized COG
equation that could be applied to spectral lines having different
linewidths, both under optically thin and optically thick
conditions. To account for the inhomogeneity of the plasma,
the proposed model uses two different distributions: one for
neutral species and one for ions. They then obtained a gener-
alized COG equation as:

1 / . .
Bllo) B =f(Ca;, M) = f(Cay)

(17)

In this COG, the spectral line intensity I is a function of the term
Coy, where C is the species concentration in the plasma and o is
the absorption cross section averaged along the line profile,
defined as:

ky T

N~ 102CNI (18)

where N is the species density, k; is the effective absorption
coefficient, 7, is the effective optical depth and [ is the optical
length of the plasma along the line of sight.

The authors found that, by plotting the line intensity (left
term of eqn (17)) for different emission lines with different
widths as a function of Cg, the obtained curves (called Co
curves) closely follow the same trend. Moreover, such curves are
linear when the values of Co are small, with a slope depending
on the plasma electron temperature.

The proposed Co method has the definite advantage of being
widely applicable and having almost no restrictions. That being
said, it remains a fairly complicated approach. The equation of
the generalized COG contains an integral part that must be
solved by recursive analysis of the experimental data in order to
obtain the final Co plot or approximated in some way. Starting
from these considerations, Safi et al.*> proposed an extension of
the C-sigma method which can also be applied in the case of
very strong self-absorption and guarantees the linearity of the C-
sigma plot for all the values of the self-absorption parameter.

According to the authors, an extended Co model can be ob-
tained by using the relationship derived by the Pisa group:*®

[ (1—e™)da

g =

line _ A2 08 (19)
[z)da  \Ad
line
which allows rewriting the Co equation as:
I 1 (Aan\"®
— | = BCo,NI 20
B(lo) Ay (AA(,) Aca (20)

The product NI is the columnar density** of the element of
interest, C is the concentration of the species considered and o;
is the absorption cross-section averaged along the line profile.

Using eqn (14), an extended (and linear) C-sigma plot can be
easily obtained, since both the line intensity and the FWHM can

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ja00130j

Open Access Article. Published on 11 luglio 2023. Downloaded on 02/04/2026 08:55:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Critical Review JAAS
24 24 24 20

3 al s <l 5 (S]] (<
< 20 L 209 < 20 o
E = (-] E 6
- 7/ - - -
= 4 = ’ = =
2 16 ’ 2 16 2 > s
g 57 g ’ g g
= 3 2 2
512 14 3 124 ot 3 3
= / S / = =
2 < = . Z = =
s s 3 38 WL 3 3
< s Fel < S SRR 2 <
& 4 s Mal a 4 . g a8 a
= 2t < il = =
- > = Nil - A - -

0 0

0 2 K 6 8 10 o | 4 6 8 10 10 s

10°Ca; (107" m%) 107Ca; (107 m%) 107Ca; (107" m%) 10%Ca; (10%° m?)

=12 12 12 -
K «all .z |l 2 all 2
pl % 3 3
P - s ”
£ s £ s £ 84 2
2 3 3 3
2 2 2 2
S S S S
S e 5 e
2 a 3 a 3 4 3
< s Fe < 4 s Fe < Y a <
< N Fel < Fel S Fel <
e £ * Mnl e A e Mnl e A * Mnl =
< = Nil < = Nil |;1 = Nil |4>;
= C - - =i

0 2 - 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 1 2 3 4 - ] 6

10°Ca; (107 m?) 10%Ca; (10%° m?) 10%Ca; (10%° m?) 10%Ca; (10*° m*)

Fig. 6 C-Sigma (top) and extended C-sigma (bottom) plots, showing the linearity of the ECS model. Reproduced from ref. 42 with permission

from ACS Publications, copyright 2019.

be experimentally determined. This makes the fit of the exper-
imental data fast and more accurate, allowing a determination
of the sample composition not affected by the self-absorption
(see Fig. 6). The original formulation of the method by Aragon
and Aguilera was limited to weakly self-absorbed lines (A =
Alg).

In both the original C-sigma approach and the extended one,
the optically thin linewidths A4, can be obtained by measuring
the electron number density** and knowing the Stark broad-
ening coefficients wy of the emission lines.

The work by Poggialini et al.** demonstrates the possibility of
measuring the Stark coefficients of emission lines whose tran-
sition probabilities are known, by acquiring LIBS spectra at
different times after the onset of the plasma (Time-Independent
Extended C-Sigma - TIECS) method. In the TIECS approach the
points corresponding to a few optically thin lines are used as
a reference for calculating the plasma temperature and the
electron number density at the different time delays and
defining the C-sigma curve. The ordinates of the optically thick
lines are then re-calculated to have their corresponding points
lie on the previously determined curve by adjusting the value of
the Stark broadening coefficient, which is the only free param-
eter. Each emission line would be plotted n times, with n equal
to the number of different delays considered.

Using the TIECS method, the authors determined the Stark
broadening parameters of 23 Ta lines (4 neutral and 19 ionic)
with a precision of around 30% (on average).

A similar procedure can be used for the determination of the
transition probabilities of emission lines whose Stark coeffi-
cients are known.** The authors also remarked that the TIECS
method can also be used for the determination of the compo-
sition of an unknown sample, provided that all the spectral

This journal is © The Royal Society of Chemistry 2023

parameters (transition probabilities and Stark coefficients) are
known (i.e. when well-known spectral lines are monitored).

The same approach and method were applied in a subse-
quent study by Safi et al.** for the determination of the spec-
troscopic parameters of several Ag I and Ag II emission lines. In
that work, the authors were able to obtain both the Stark coef-
ficients and the transition probabilities (4j;) of the studied
lines.

4. Applications

In this section, we will review some applications of CF-LIBS in
many different fields, ranging from industrial applications to
environmental analysis and geology, to cultural heritage. The
focus will be mainly on the most recent papers that were not
included in the review by Tognoni et al.’

4.1 Industrial applications

The CF-LIBS technique has been extensively used for the anal-
ysis of industrial materials. From the historical point of view,
the first example of the capabilities of the CF-LIBS method was
in the standard-less determination of precious alloy composi-
tion.»*® The method is still considered very useful in the
precious metals industry, given the large variability of the
materials that can be used in this field. Ahmed et al.*’ in 2018
reproposed this idea for the determination of the gold caratage
of precious alloys, thus confirming the findings of the Palleschi
group that first proposed this application.

Praher et al.*® in 2011 analysed the composition of industrial
oxides using CF-LIBS. In their paper, the authors also recalcu-
lated the « and g coefficients obtained by the Palleschi group in
2005, confirming essentially the same results.
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In 2013 Cavalcanti et al.*® applied the CF-LIBS algorithm to
the stratigraphic analysis of oil scales using a double-pulse LIBS
configuration.

Ahamer et al.*® in 2016 determined the concentration of CaO,
Al, O3, MgO, SiO,, FeO, MnO and TiO, oxides in steel waste.
They also studied the influence of detection geometry and
signal normalization on the trueness of the results obtained.
Diaz Pace et al.*" in 2017 similarly studied the composition of
foundry wastes.

Fayyaz et al.>> compared CF-LIBS with many other analytical
techniques such as LA-TOF-MS, EDX, PIXE, and XRF in the
study of the elemental composition of cements. Akhtar et al.*®
did the same comparing CF-LIBS with LA-TOF-MS in the study
of cements used in building dams and barrages, to prevent
pollution of the water. Shakeel et al.>* analysed a Gd/Ge/Si alloy
and demonstrated that CF-LIBS could be applied online in the
manufacturing process of photovoltaic devices.

Many techniques, which also include CF-LIBS, were investi-
gated by Babos et al.>® to determine Al and Pb in waste printed
circuit boards. Igbal et al.>***” used the CF-LIBS method for the
analysis of coal. Similarly, Israr et al.*® investigated the presence
of heavy metals in coal samples, using a time-integrated spec-
trometer with the method introduced by Grifoni et al.*®

Hagq et al.*® used CF-LIBS for the study of a polymer (Chito-
san). Ahmed et al.® used CF-LIBS for the quality control of
alloys, by comparing it with ICP-MS in the study of an iron-
copper alloy. Fayyaz et al.** compared CF-LIBS and LA-TOF-MS
for the quantification of a high-entropy CoCrFeNiMo alloy.

4.2 Environmental analysis

Another field of interest for the application of the CF-LIBS
method is environmental diagnostics. Kwak et al® in 2011
used CF-LIBS for the quantitative determination of the
concentration of lead in soil. Similarly, Kumar et al.*® success-
fully applied CF-LIBS to quantify the concentration of toxic
metals (Cr and Pb) in the sludges of industrial wastewaters.

Akhmetzhanov et al.** measured the Mn/Fe ratio in ferro-
manganese nodules and found that CF-LIBS correlates well with
ICP-AES. The same authors confirmed the feasibility of CF-LIBS
analysis on these materials using a portable diode-pumped
solid-state laser.”® By investigating Cu emission lines, Jabbar
et al.** demonstrated, using a long-duration pulse, the possibility
of doing CF-LIBS quantitative analysis of metal alloys immersed
in water. Hafeez et al® explored, using CF-LIBS, the possible
presence of precious elements in a copper-rich mineral (mala-
chite) and confirmed the results obtained by X-ray fluorescence.
Sushkov et al.®® determined by CF-LIBS the Li, Mg, and Ca ratios
in zooplankton and confirmed the results with ICP-MS.

Shells are of paramount importance as climate proxies. In
a paleoclimate study, Garcia-Escarzaga et al.®® and Martinez-
Minchero et al.”® measured Mg/Ca ratios in Patella depressa
shells and found a correlation with sea surface temperature
(SST), thus highlighting the potential of CF-LIBS in paleocli-
matology and archaeology.

Anzano et al’ performed a multielemental quantitative
analysis of Antarctica soil, thus showing that CF-LIBS can be
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avaluable tool for the characterization of complex samples from
remote regions. Rehan et al.”? used CF-LIBS to investigate the
effect of earthquakes on the elemental distribution of soil and
confirmed the results with ICP-OES. The same group” found
a correlation between nutritional elements in cultivated soils
and the quality of the irrigation water by combining CF-LIBS
with a conventional calibration-curve approach. They vali-
dated their results using ICP-OES.

Elsayed et al.”* proposed the use of CF-LIBS for fast determi-
nation of phosphorus concentration in phosphogypsum waste
samples, while Khoso et al.” analysed soils with CF-LIBS to prevent
heavy metal contamination of plants used in human alimentation.

4.3 Thermonuclear fusion energy research

One of the most important emerging applications of CF-LIBS is
the study of materials that will be used in future thermonuclear
fusion energy reactors. In 2012 Almaviva et al.’*”” and Fantoni
et al.”® investigated the possibility of using CF-LIBS for the
online monitoring of the inner wall of the ITER fusion vessel. In
2016 Pribula et al.” studied by CF-LIBS tungsten materials used
in fusion research.

CF-LIBS also entered the ITER project via the research of
Karhunen,® aimed at analyzing deposition on ITER tiles, and by
Fantoni et al.** and MiscoviCova® to investigate the concentration
of impurities in Mo alloys. Almaviva et al.*® estimated the relative
concentration of W, Al and D in ITER divertor PFCs to assess the
retention of fuel on the wall structure at the ITER. Further CF-
LIBS analysis was performed by Maurya et al.**** to study the
impurities deposited on plasma-facing components and their
depth profile in the Indian Aditya Tokamak. Concentration
measurements of tantalum (Ta) and rhenium (Re) in tungsten-Ta
and -Re alloys were performed by Ibano et al.,** who aimed at
using CF-LIBS for in situ diagnosis of nuclear transmutation.

Veis et al® and Dwivedi et al.®® performed a quantitative
analysis of H/D in Be/W mixed layers to monitor the fuel
retention on the ITER first wall and found a fair agreement with
thermal desorption spectroscopy measurements. Hydrogen
isotopes in plasma facing components were also investigated by
Almaviva et al.,* who also tested the use of a robotic arm to
perform LIBS analysis inside the fusion vessel.

Cao et al.* investigated the feasibility of CF-LIBS to obtain
a quantitative depth profile of corrosion layers in fusion reac-
tors. Feng et al®* analyzed the depth distribution of lithium
corrosion resistance of erbium oxide (Er,0;) to prevent damage
to Tokamak blanket systems. Imran et al.®>** employed CF-LIBS
to quantify and depth profile impurities in fusion devices.

WTa + D coatings to be used as plasma-facing components
(PFCs) were investigated by Dwivedi et al°* Roldan et al.*®
similarly compared ps and ns LIBS for the characterization of
tungsten-based materials (Wzr(D)), while Atikukke et al.*®
investigated the erosion and fuel retention in PFCs, by detecting
Pb in traces and bulk quantities in Sn-based alloys.

4.4 Cultural heritage and archaeology

The large variety of materials to be analysed in cultural heritage
and archaeological studies and the corresponding difficulty in

This journal is © The Royal Society of Chemistry 2023
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obtaining suitable standards for quantitative analysis have
pushed several researchers to develop and use CF-LIBS methods
in this kind of application.

Gaudiuso et al. successfully applied inverse CF-LIBS to the
analysis of archaeological samples®* and performed in-depth
profile quantitative analysis exploiting this method.*”** In
2015 Takahashi et al.®” analysed submersed brass objects with
a combination of long and short laser pulses, finding very good
agreement with the nominal composition of the major
components of the alloy.

Smaldone et al®® used inverse CF-LIBS with a fs laser to
analyse brass objects, while Pagnotta et al.*® in 2018 performed
a fast quantitative elemental mapping of highly inhomoge-
neous cultural heritage materials by first applying a clustering
method through the use of Kohonen self-organizing maps,'*
and then using CF-LIBS on the prototype spectra of the different
clusters. Using a similar approach, Zivkovi¢ et al.'®* analysed
and performed elemental mapping of mortars and construction
materials and found a good discrimination between materials
of different compositions, thus allowing an easier classification
for mineral-petrographic investigations. Lluveras-Tenorio
et al.'® adopted a multi-analytical approach (including ther-
mogravimetry, differential scanning calorimetry, FTIR, micro-
Raman, X-ray powder diffraction and CF-LIBS) to analyse 3
commercial carbon-based black pigments, thus providing
valuable information for restoration processes.

Senesi et al.'® used calibration-free LIBS for the analysis of
LIBS spectra acquired with handheld instrumentation on stone
monuments, while Santi et al.*® studied by CF-LIBS and X-ray
fluorescence the composition of four mysterious ‘black
stones’ conserved at the child home of the famous Italian poet
Giacomo Leopardi, in Recanati. The authors found that the
stones had a stoichiometric Mg/Si ratio between 1.4 and 1.6,
thus confirming the identification of the black stones as
serpentine (Mges(OH);Si,010). The clear peaks of Na and Al in
the LIBS spectrum also suggested the presence of a low amount
of jadeite (NaAlSi,O,), while the peaks of Ca and Fe were
attributed to the presence of amphibole of the tremolite-
actinolite species (Ca,(Mg,Fe)s[OH,F(Si,011)],)-

4.5 Food and health

In 2011 Lei et al.'® determined by CF-LIBS the presence of
mineral elements in dry milk powder, obtaining a good agree-
ment with ICP-AES measurements and nominal concentrations.
Dry milk powder was also analysed by Rehan et al.**® with the
aim to detect toxic components. Good agreement between CF-
LIBS and atomic emission spectroscopy was also achieved by
Agrawal et al.' in the study of food supplements. In 2017
Ahmed et al.'® investigated the composition of different ciga-
rette brands using CF-LIBS. Other papers have dealt with the
CF-LIBS analysis of edible plants (see Rehan et al.'*'*® in 2018
and Jabbar et al.'"* in 2019). Jabbar et al.'** also characterized
inorganic nutrients in maize samples. Ahmed et al."** combined
CF-LIBS with laser-ablation time-of-flight mass spectrometry
(LA-TOF-MS) to check the toxicity of commercial antidiabetic
tablets. Han et al."** compared CF-LIBS concentration of Ca, Mg,
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Al and Fe in Astragalus, a traditional Chinese herb, and
demonstrated that CF-LIBS could be effectively used to monitor
the dissolution of metallic elements in the material decoction
process. Wang et al.'*® also studied by CF-LIBS the levels of
magnesium and calcium in a traditional Chinese medicine
plant (Codonopsis pilosula).

Umar et al.**® studied by CF-LIBS the quantity of micro-
nutrients and toxic elements (Li, Al, Si, and Sr) in leaves of
plants (Moringa oleifera) used as human food. Jabbar et al.*"’
investigated the concentration of soluble saline metal in roots
grown in salty areas. Aldakheel et al'*® also investigated the
presence of toxic elements in roots used in traditional medicine
and found a good agreement with ICP-OES results. The same
group'™ used CF-LIBS for the quantitative determination of
nutritional elements and poisonous metals in herbs often used
in ayurvedic medicine. By performing quantitative analysis of
toxic and nutritional elements in different kinds of black teas,
Rehan et al.*° proposed the use of CF-LIBS for spectrochemical
analysis of food products. Zhang et al,”** following the idea
already presented in an old paper by Corsi et al.,"* measured
the relative concentration of Ca and Mg with respect to Na in
hair and nail and confirmed that the CF-LIBS method can be
a promising tool for application in biomedicine.

The applications of CF-LIBS to beverages, food and herbal
remedies of traditional medicine have grown exponentially in
the last few years. In that regard, it should be noted that some
reasonable doubt should be raised on the reliability of papers
which report the presence of pollutants/poisonous substances
in practically all the products analysed. The CF-LIBS algorithm,
and the LIBS technique in general, does not work well for
elements present at trace levels; it is therefore possible that very
small quantities of a substance, not dangerous for health, could
be erroneously evaluated as dangerous.

4.6 Geology

The LIBS technique has been widely applied to geochemical
analysis, as discussed in a recent review paper by Harmon and
Senesi,"”® because of its important advantages, including the
possibility of using handheld instrumentation.'®**** Conse-
quently, there have been also numerous applications of CF-LIBS
methods, some of them already discussed in the sections
devoted to specific applications i.e., industry, environment and
cultural heritage.

Ahmad et al."*® compared CF-LIBS and XRF for the compo-
sitional analysis of astrophyllite, demonstrating its feasibility
for the compositional analysis of multielemental geological
materials of industrial and technological interest.

Fayyaz et al.**® used CF-LIBS for the analysis of rare-earth
elements (La, Ce, Nd, Sm and Yb) in deposits of phosphorite,
finding excellent agreement with the results of Energy-
Dispersive X-ray (EDX) spectroscopy. Hornackova et al'¥
studied by CF-LIBS acid pitchstone, while Wang et al.**® worked
on the analysis of the acidity of iron ore.

Agrosi et al.*® in 2014 applied CF-LIBS for the analysis of
emeralds using a double-pulse p-LIBS instrument*® and Tem-

pesta and Agrosi*** used the same technique in 2016 to analyse
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red beryls. Abbasi et al.**> used CF-LIBS and EDX to chemically
analyse thermoluminescence colourless topaz crystals from
Pakistan, while Khan et al'*® investigated the elemental
composition, mineral phases, and crystalline structure of
nephrite jade with CF-LIBS, Raman spectroscopy and X-ray
diffraction.

Another promising field for the geological application of the
CF-LIBS method is the research on space objects. Dell'Aglio
et al.*** and Hornackova et al.*® used CF-LIBS for an elemental
analysis of meteorite fragments. Ozdin et al.*** in 2015 also
analysed by CF-LIBS a meteorite found in Kosice, Slovakia.

Senesi et al' found a good agreement between the
composition of meteorites determined by CF-LIBS, ICP-MS and
energy-dispersive ~ X-ray  spectroscopy-scanning electron
microscopy. Tempesta et al.**® applied CF-LIBS for the p-LIBS
analysis of an iron meteorite found in Russia in 2000, while Rai
et al.*® performed by CF-LIBS the spectrochemical character-
ization of moldavite, a glass originating from a meteorite
impact. The same group**® determined the concentration of Ni,
Cr, Co and Ir in the Dergaon meteorite, in India, thus assessing
CF-LIBS as a promising analytical tool in view of future appli-
cation of LIBS in in situ analysis of extra-terrestrial objects and
in planetary rover missions.

5. Conclusion

The calibration-free method, more than 20 years after its
introduction, is still evolving and the fields in which it finds
fruitful application are expanding. However, the numerous
papers inspired to the CF-LIBS algorithm should not mislead
the researchers in the field into thinking that the basic princi-
ples of the method and the best practices for its application
would be finally rooted in the LIBS community. A quick survey
of the recent literature tells a different story. We have
mentioned a plethora of papers published in recent years
boasting ‘improvements’ of the technique that are, at the best,
very minor. A favorite topic in this literature is the ‘correction’ of
the self-absorption in CF-LIBS; we have shown that the
‘problem’ of self-absorption is essentially solved and there is no
justification for continuing presenting reformulations of the
same concepts already derived more than 15 years ago." In fact,
we have shown that the presence of self-absorbed lines should
be considered as an opportunity in CF-LIBS analysis, rather
than a problem to solve.

The same attention should be given to the evaluation of the
results that we have reported on the applications of CF-LIBS in
many different fields. There are many studies that ignore the
need for having time-resolved spectral information for the
application of the CF-LIBS algorithm or justify the use of time-
integrated spectra with a wrong interpretation of the papers of
De Giacomo et al.'” or Grifoni et al*® In both the cases, the
results reported cannot be reproduced without a careful study
on the spectral properties of the materials under study. The
same papers give all the information necessary for validating
the results obtained.

Our wish is that this review will help all the persons involved
in the process (researchers, editors, and reviewers) of improving
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the quality of the literature on CF-LIBS fundamentals and
applications, which at the moment seems to be growing in
a rather uncontrolled way.
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