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Laser-induced breakdown spectroscopy (LIBS) is a technique that provides an accurate in situ quantitative chemical analysis and,
thanks to the developments in new spectral processing algorithms in the last decade, has achieved a promising performance as
a quantitative chemical analyzer at the atomic level. These possibilities along with the fact that little or no sample preparation
is necessary have expanded the application fields of LIBS. In this paper, we review the state of the art of this technique, its
fundamentals, algorithms for quantitative analysis or sample classification, future challenges, and new application fields where
LIBS can solve real problems.

1. Introduction

LIBS is an atomic emission spectroscopy technique which
uses highly energetic laser pulses to provoke optical sample
excitation [1]. The interaction between focused laser pulses
and the sample creates plasma composed of ionized matter
[2]. Plasma light emissions can provide “spectral signatures”
of chemical composition of many different kinds of materials
in solid, liquid, or gas state [3]. LIBS can provide an easy,
fast, and in situ chemical analysis with a reasonable precision,
detection limits, and cost. Additionally, as there is no need for
sample preparation, it could be considered as a “put & play”
technique suitable for a wide range of applications [1]

Considerable progress has been made during the last
few years on very different and versatile applications of
LIBS, including remote material assessment in nuclear power
stations, geological analysis in space exploration, diagnostics
of archaeological objects, metal diffusion in solar cells, and
so forth [4]. Today, LIBS is considered as an attractive and
effective technique when a fast and whole chemical analysis
at the atomic level is required.

Some of the established techniques for analytical atomic
spectrometry are inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES), electrothermal atomization-
atomic absorption spectrometry (ETA-AAS), and inductively

coupled plasma-mass spectrometry (ICP-MS) [5], however,
development on LIBS during recent years has reduced its
gap in performance with respect to these other well-known
approaches [5].

This paper begins with a brief explanation of the physics
involved in plasma induction and the features of this plasma
in LIBS and is then followed by a description of the basic
devices which compose a LIBS set-up. These devices will be
described associating their features with the properties of
the induced plasma. Moreover, different kinds of analysis
algorithms will be introduced in order to go beyond the
“spectral signatures” obtained with the technique. Finally,
some key LIBS applications will be described, and the main
research challenges that this approach faces at the moment
will be discussed.

2. Fundamentals of Plasma Physics and
Its Spectra

Understanding the plasma physics of LIBS is essential to
provide an optimized setting for LIBS measurements. A
large number of environmental factors affect the plasma life
time and features, changing the spectral emission and the
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performance of this technique for chemical analysis at the
atomic level.

2.1. Laser Ablation and Plasma Physics of LIBS. Laser-
matter interactions are governed by quantum mechanics
laws describing how photons area absorbed or emitted by
atoms. If an electron absorbs a photon, the electron reaches
a higher energy quantum mechanical state. Electrons tend
to the lower possible energy levels, and in the decay process
the electron emits a photon (deexcitation of the atom).
The different energy levels of each kind of atom induces
different and concrete photon energies for each kind of atom,
with narrowband emissions due to the quantization, with
an uncertainty defined by Heisenberg uncertainty principle.
These emissions are the spectral emission lines [6] found
in LIBS spectra and its features and their associated energy
levels are well known for each atom [7].

If the energy applied to the atom is high enough
(overcoming the ionization potential), electrons can be
detached by the atom inducing free electrons and positive
ions (cations). Initially, the detached electron is the most
external one (the furthest with respect to the nucleus)
because it has the lowest ionization potential, but with higher
energy supply it is possible to detached more electrons
overcoming the second ionization potential, the third, and
so on. These ions can emit photons in the recombination
process (cations absorbs a free electron in a process called
free-bound transition) or in the deexcitation process (the
cations and the electrons lose energy due to kinetic process
in a process called free-free transition). These emissions
can be continuum due to the different energies of the
ions and the different energy transitions, however cations
deexcitation has discrete (or quantized) set of energy levels
with characteristic emission lines for each kind of element,
allowing its identification together with the atomic emission
lines [7].

The plasma, induced by the interaction pulsed laser-
sample, emits light which consists of discrete lines, bands,
and an overlying continuum. These discrete lines, which
characterize the material, have three main features; wave-
length, intensity, and shape. These parameters depend on
both the structure of the emitting atoms and their environ-
ment. Each kind of atom has some different energy levels
which determine the wavelength of the line. Besides the
identification of the elements in the sample, the calculation
of the amount of each element in the sample from the line
intensities is possible taking in account different necessary
conditions fixed by local thermodynamic equilibrium (LTE
condition) or problems related with matrix effects which can
reduce the accuracy of quantitative analysis [8, 9].

On the other hand, the intensity and shape of the
lines depend strongly on the environment of the emitting
atom. For not too high plasma densities, both the natural
broadening (due to Heisenberg’s uncertain principle) and
the Doppler broadening (Doppler Broadening is due to
the thermal motion of the emitters, the light emitted by
each particle can be slightly red- or blue-shifted, and the
final effect is a broadening of the line) dominate the linear

shape [10]. For high plasma densities, atoms in the plasma
are affected by electric fields due to fast moving electrons
and slow moving ions, and these electric fields split and
shift the atomic energy levels. As a consequence of these
perturbations of the levels, the emission lines are broadened
and they change their intensity and shape. This effect is
known as the Stark effect [10] and it dominates the line
shape for dense plasmas. This broadening together with
the different parameters of spectral lines (intensities and
shapes) and even the continuum radiation features can be
useful to determine plasma parameters, such as electron
temperature, pressure, and electron density [2, 7]. These
parameters are very important to characterize the plasma,
giving information about the physical state of it. Moreover
the calculation of these parameters is necessary because the
set-up has to be tuned to ensure LTE, key condition for an
accurate quantitative analysis [11].

Basically, there are three stages in the plasma life time
(Figure 1). The first one is the ignition process. This process
includes bond breaking and plasma shielding during the
laser pulse, depending on laser type, irradiance, and pulse
duration.

If the selected laser is a femtosecond one, nonthermal
processes will dominate the ionization. The pulse is too
short to induce thermal effects; hence other effects should
ionize the atoms, depending of the kind of sample. The
pulse has a huge amount of energy and effects like multi-
photon absorption and ionization, tunneling, and avalanche
ionization excite the sample. With this amount of energy,
the electron-hole created will induce emission of X-rays, hot
electrons, and photoemission. This will create highly charged
ions through a process called Coulomb explosion [7]. The
absence of thermal effects creates a crater with highly defined
edges without melted or deposited materials.

In contrast, nanosecond lasers induce other effects. The
electron-lattice heating time is around 10−12 s, much shorter
than the pulse time. This causes thermal effects to dominate
the ionization process. Briefly, the laser energy melts and
vaporizes the sample, and the temperature increase ionizes
the atoms. If the irradiance is high enough, nonthermal
effects will be induced too and both will ionize the sample.
Between 10−9 s and 10−8 s, plasma becomes opaque for laser
radiation, thus the last part of the laser pulse interacts with
plasma surface and will be absorbed or reflected, hence it will
not ionize much more material. This effect is called plasma
shielding and is strongly dependent on environmental
conditions (surrounding gases or vacuum) and experimental
conditions (laser irradiance and wavelength) [12, 13]. This
shielding reduces the ablation rate because the radiation does
not reach the sample surface. This induces a crater with
melted and deposited material around it but at the same time
the plasma is reheated and the lifetime and size of plasma is
higher [13, 14].

The next step in plasma life is critical for optimization of
LIBS spectral acquisition because the plasma causes atomic
emission during the cooling process. After ignition, the
plasma will continue expanding and cooling. At the same
time, the electron temperature and density will change. This
process depends on ablated mass, spot size, energy coupled
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to the sample, and environmental conditions (state of the
sample, pressure, etc.).

If the plasma is induced in a vacuum, the plasma-
plume expands adiabatically and the expansion of the
ablated material can be described by the Euler equations
of hydrodynamics [15]. In contrast, if the surrounding
medium is a gas or a liquid, the plume will compress
the surrounding medium and produce shockwaves. In this
situation the plasma plume is a mixture of atoms and
ions from both vaporized material and ambient gas. The
shockwave expansion can be described by Sedov’s theory
[7, 16].

Plasma temporal evolution changes with pulse duration.
For pulses longer than about 5ps, the laser-plasma interac-
tions result in plasma heating and the plasma temperature
increases with pulse duration [17]. For short times (below
30 ns) a fs-induced plasma emission intensity decays while
ns-induced plasma becomes hotter [18]. The last part of the
nanosecond laser pulse is absorbed by the plasma, reheating
it, elongating lifetime, and increasing line emission, but at
the same time, the background is higher and this decreases
the sensitivity for nanosecond set-ups.

A good way to improve the performance is to use a
femtosecond laser to ablate the sample and nanosecond or
picosecond pulses to reheat the plasma [19].

The last stage of the plasma life is not interesting for LIBS
measurements. A quantity of ablated mass is not excited as
vapor or plasma, hence this amount of material is ablated as
particles and these particles create condensed vapor, liquid
sample ejection, and solid sample exfoliation, which do not
emit radiation. Moreover, ablated atoms become cold and
create nanoparticles in the recombination process of plasma.

2.1.1. Plasma Emission Spectra. The emission lines from the
atomic species can be hidden by continuum radiation that
is caused by two processes. The first one is due to radiative
recombination. Both continuum and line photons can be
produced in such a recombination event as the electron
passes from the free state into the upper bound levels of
the ion and then cascades down to form a ground state ion.
The other effect involved in continuum radiation is called
Bremsstrahlung. This effect is related to free-free transitions
corresponding to the loss of kinetic energy by an electron
in the field of an ion. The electron loses energy in the
deceleration process when it travels into the field of the
ion, emitting photons in different wavelengths, depending
of its initial energy and the loss of this energy. Continuum
emission can hide atomic emission peaks, thus this effect
should be avoided.

The continuum emission depends on both temperature
and density of plasma. These parameters are too high
in the initial stages of plasma, especially in the ignition.
For this reason, the time control unit has to delay the
acquisition window in order to avoid this continuum. For
femtosecond lasers, the continuum emission is observed
within one nanosecond after the laser ablation; hence the
delay with these lasers should be greater than this time.
For nanosecond lasers, atomic emission occurs after 1

(a)

(b)

(c)

Figure 1: Plasma life stages: (a) plasma ignition, (b) plasma
expansion and cooling, and (c) particle ejection and condensation
[7].

microsecond and molecular emission occurs at later times
from recombination of species in the plasma [2, 7, 14]. Inside
this acquisition window, the initial stages of plasma life are
characterized by a higher temperature and electron density.
These parameters provide a better emission of ionic lines, for
that reason these initial stages are better to acquire ionic lines
despite the continuum emission. These optimal acquisition
windows depend strongly on the sample material and both
environmental and experimental conditions, but the values
given above can be interesting as a starting point for each
kind of laser [20].

Lifetime for femtosecond-induced plasmas is shorter and
with less background. For that reason, the acquisition win-
dow size should be shorter for short pulses and femtosecond
lasers are better for nongated measurements because the
background is weak and the LIBS sensitivity improves [14].

Generally, femtosecond lasers are better to obtain highly
accurate craters and for nongated measurements, and using
delays of a few nanoseconds and small acquisition windows
can improve LIBS sensitivity. Nanosecond lasers create a
melted crater and need delays of a few microseconds and
larger windows with the advantages of low complexity in
the laser system. There are other kinds of lasers, such as
picosecond lasers, for which the time pulse is between
a femtosecond and a nanosecond, hence the features are
between the two [7].
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Figure 2: Typical LIBS set-up.

2.2. Environment. The plasma size, propagation speed,
energy, and emission properties are related to the ambient
gas into which the plasma expands. The ambient gas can help
or prevents the plasma shielding. For example, the gas can
shield the sample from the laser beam if a gas breakdown
occurs before sample vaporization [21]. These undesirable
effects are less important for gases and aerosols, but they can
be important for solid samples.

Gas pressure will influence plasma expansion. Low
pressures increase energy losses and uniformity of the plasma
energy distribution. In addition, different gases have different
behaviors at different pressures [21].

The laser can be directed anywhere, allowing the
researcher to work near to the sample or far from it, for
instance with dangerous samples like explosives [22] in
Stand-off configurations. A Stand-Off LIBS (ST-LIBS) is
defined as a LIBS set-up which allows a remote, noncontact
material detection-characterization over a distance of at least
several meters [23]. This feature of LIBS enables flexible set-
ups adapted to dangerous environments or samples.

3. LIBS Set-Up Components

The main devices involved in a LIBS analysis are shown
in Figure 2. A high-energy pulsed laser (usually in the
nanosecond range) is directed at the sample [2]. This light
energy vaporizes the sample and induces the plasma.

The spectrometer is in charge of diffracting the light
collected, with a more or less complex optical system, in
order to obtain the spectral signature. Then, the light is
detected by using devices such as a photomultiplier tube
(PMT), a photodiode array (PDA), or a charge-coupled
device (CCD) [2, 7]. Finally, the acquired spectrum is pro-
cessed by a computer for further analysis. LIBS set-ups need
an accurate time control to avoid some plasma life stages and
to improve the spectral signature [2, 3, 7]. The choice of the
laser combined with the set spectrometer-detector and time
control, adapted to environmental conditions, can determine
the success or failure of the experiment.

3.1. Laser Configurations for LIBS. The main device of LIBS
is the laser. It generates the energy to induce the plasma and
mainly determines the plasma features. The main parameters
related to the laser are the pulse time (explained above), the
energy per pulse, the wavelength, and the number of pulses
per burst [24]. Obviously, each application works better

with a combination of these parameters. Nanosecond-pulsed
lasers are the most common for LIBS. Therefore, the most of
this section is related to this kind of laser.

3.1.1. Laser Wavelength. The wavelength influence on LIBS
can be explained from two points of view; the laser-material
interaction (energy absorption) and the plasma development
and properties (plasma-material interaction).

When photon energy is higher than bond energy,
photon ionization occurs and nonthermal effects are more
important. For this reason, the plasma behavior depends on
wavelength in nanosecond LIBS set-ups. In the same way,
the optical penetration is shorter for UV lasers, providing
higher laser energy per volume unit of material. In general,
the shorter the laser wavelength, the higher the ablation rate
and the lower the elemental fractionation [25].

The plasma ignition and its properties depend of
wavelength. The plasma initiation with nanosecond lasers
is provoked by two processes; the first one is inverse
Bremsstrahlung by which free electrons gain energy from the
laser during collisions among atoms and ions. The second
one is photoionization of excited species and excitation of
ground atoms with high energies. Laser coupling is better
with shorter wavelengths, but at the same time the threshold
for plasma formation is higher. This is because inverse
Bremsstrahlung is more favorable for IR wavelengths [26].

In contrast, for short wavelengths (between 266 and
157 nm) the photoionization mechanism is more impor-
tant. For this reason, the shorter the wavelength in this
range, the lower the fluence necessary (energy per unit
area) to initiate ablation [27]. In addition, when inverse
Bremsstrahlung occurs, part of the nanosecond laser beam
reheats the plasma. This increases the plasma lifetime and
intensity but also increases the background at the same time.
Longer wavelengths increase inverse Bremsstrahlung plasma
shielding, but reduce the ablation rate and increase elemental
fractionation (elemental fractionation is the redistribution
of elements between solid and liquid phases which modifies
plasma emission) [28].

The most common laser used in LIBS is pulsed Nd:YAG
[29]. This kind of laser provides a compact, reliable, and
easy way to produce plasmas in LIBS experiments. The
fundamental mode of this laser is at 1064 nm and the
pulse width is between 6 and 15 ns. This laser can provide
harmonics at 532, 355, and 266 nm, which are less powerful
and have shorter time pulses (between 4 and 8 nm) [2,
7]. The fundamental and the first harmonic are the most
common wavelengths used in LIBS. This harmonics can
be useful to work with different wavelengths in the same
environmental conditions, because a lot of Nd:YAG lasers
can produce all of them. Other kinds of lasers can be used in
LIBS, such as CO2 or excimer lasers to work in far IR or UV
ranges, respectively. Lasers based on fiber or dye technology
can reduce the pulse width if the user is attempting to work
with picosecond or femtosecond pulses.

3.1.2. Laser Energy. The energy parameters related with laser
material interaction are fluence (energy per unit area, J/cm2)
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and irradiance (energy per unit area and time,W/cm2). Abla-
tion processes (melting, sublimation, erosion, explosion,
etc.) have different fluence thresholds [30]. The effect of
changes in the laser energy is related to laser wavelength
and pulse time. Hence, it is difficult to analyze the energy
effect alone. In general, the ablated mass and the ablation rate
increase with laser energy.

The typical threshold level for gases is around
1011 W/cm2 and 1010 W/cm2 for liquids, solids, and
aerosols [2]. These values are for guidance and depend
strongly on laser pulse time and environmental conditions,
reaching up to around 1015 W/cm2 for nitrogen at 760 Torr
with a Nd:YAG laser, 1064 nm, 7 ps [2].

3.1.3. Acquisition Time and Delay. The first stages of LIBS-
induced plasma are dominated by the continuum emission.
The time gate of decay of this continuum radiation change
with a wide range of experimental parameters, such as laser
wavelength and pulse time, ambient pressure or sample
features. Besides, these experimental parameters fixes set the
time periods of atomic emission, the most interesting stage
of LIBS plasmas.

Plasma evolution using an IR (Nd:YAG) and a UV
(excimer) lasers has been analyzed to discover differences
induced by laser wavelength [31]. The plasma continuum
emission stage was around 400 ns for UV laser and several
microseconds for IR laser. Laser wavelength can affect the
selection of delay time (gate delay) and integration time (gate
window) and these parameters are essential to optimize the
signal to background ratio. The analysis of plasma evolution
for Zn and Cd in sand has been analyzed in other works, with
an optimal gate delay of 0.5 µs and a gate window of 1.5 µs
[32].

This analysis of optimal gate delay and window can
be achieved optimizing the signal to background ratio
and the repeatability of this parameter. For a Nd:YAG
laser at the fundamental wavelength with power density
of approximately 2 GW/cm2, the best compromise between
lower relative standard deviation (R.S.D.) and higher signal-
to-background ratio was found at a delay of approximately
6 µs. The integration time was fixed at 15 µs [20].

There are different points of view to optimize the gate
delay and window, and the big amount of experimental
parameters involved in plasma evolution makes it difficult
to recommend valid values for these parameters. The
selection should be determined case by case in order to
achieve a compromise between high-line intensity and low
background. Briefly, for Nd:YAG lasers, both times for gate
delay and gate window are in the order of microseconds but
this values can change if another kind of results are sought.

3.1.4. Sequences of Pulses: Double Pulse LIBS. Proposed
twenty-eight years ago to improve the detection limits of
some elements [33], dual pulse LIBS configuration consists
on the sequence of two laser pulses temporally spaced in the
order of few nanoseconds or microseconds (depending on
laser pulse time, the larger the pulse time, and the larger the
time delay between pulses). These two pulses can excite the
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Figure 3: Dual pulse configurations (a) shows collinear configu-
ration; the first pulse ablates the sample and the second one reheats
the plasma [34], (b) is an orthogonal pre-ablative configuration; the
first pulse creates a spark on the surrounding media and the second
one ablates the sample [14, 35], (c) shows the same idea as (a), but
the plasma is reheated in an orthogonal way [36].

same area and create two temporally spaced plasmas or the
second pulse can reheat the plasma induced by the first one.

Using dual pulse LIBS, atomic emission, signal-to-noise
ratio, and limit detection can be improved. Conversely, dual
pulse LIBS can complicate the LIBS set-up, although the
benefits can justify this complication. These improvements
provide better detection limits than single pulse configu-
rations due to the induced atomic emission enhancement.
Figure 3 shows the most common dual pulse configurations.

The signal emission enhancement is due to different fac-
tors in these dual pulse configurations. This enhancement in
collinear and orthogonal reheating is due to energetic issues.
In collinear configurations, the second pulse increases the
ablated material and, mainly, reheats the plasma, increasing
its volume and its emission, but if the time between laser
pulses is enough to allow the fading of the plasma, the second
pulse interacts with the sample and ablates more material
for the reduced atmosphere induced by the first pulse. In
the orthogonal configuration, the second pulse does not
ablate more material, but reheats the plasma and reexcites
the material ablated by the first pulse. Other authors have
given reasons for the signal enhancement on preheating
orthogonal configurations, such as a reduction in density
or pressure of the surrounding media due to the first pulse
[35, 37–39].

3.2. Spectrometers and Detectors. The spectrometer or spec-
trograph is a device which diffracts the light emitted by
the plasma. There are different designs, such as Littrow,
Paschen-Runge, Echelle, and Czerny-Turner [40, 41]. The
Czerny-Turner spectrograph is the most common device in
LIBS. This spectrograph is composed of an entrance slit,
two mirrors, and a diffraction grating. The light comes
through the slit and reaches the first mirror which collimates
the light, directing it onto the grating. Light is reflected
at different angles according to its wavelength. The second
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mirror focuses the light on the focal plane where the detector
is placed.

In recent years, the Echelle spectrograph has been used
more extensively [41]. The Echelle spectrograph uses a
diffraction grating placed at a high angle, producing a large
dispersion in a small wavelength range in each order. As
the orders are spatially mixed, a prism is used to separate
them. The orders are stacked vertically on the focal plane. For
that reason, Echelle devices need a two-dimensional detector.
Each vertical portion of the detector contains a part of the
spectra and the software composes the whole spectrum.

Different kinds of detectors are used in LIBS, depending
of the application. To measure light intensity without
spectral decomposition, the photomultiplier tube (PMT)
or avalanche photodiode (APD) can be used. On the
other hand, for one-dimensional spatial information, the
researcher can combine a spectrograph and a photodiode
array (PDA) or an intensified photodiode array (IPDA) for
time-resolved measurements.

If two-dimensional spatial information is required, the
most common devices are charge coupled devices (CCD)
and intensified CCD (ICCD). A CCD detector provides less
background signal, although ICCD improves the signal-to-
noise ratio and is better for time-resolved detection using
windows of a few nanoseconds [42]. Another problem
related to ICCDs is the price, which is much higher than
CCDs.

3.3. Collecting and Focusing Light. There are two main parts
related to light acquisition and focusing. Typical laser spots
currently must be focused to increase the irradiance to
induce plasma formation. Light from plasma must then
be collected using devices such as optical fibers, lenses, or
combinations of both in order to guide it to the spectrometer.

3.3.1. Focusing Laser Pulses with Lenses. As the laser beam
width from the majority of solid-state lasers is of the order of
6–8 mm, the most common lenses used to focus laser pulses
have diameters of 25 or 50 mm and focal lengths between
50 and 150 mm. There are other applications such as stand-
off set-ups where a multilens system or different lenses are
required. The material of the lens should have maximum
transmission at laser wavelength and they must be coated
with antireflection layers to minimize transmission losses
(the laser beam can lose around 8% of its energy passing
through an uncoated lens. Antireflection coatings can reduce
this ratio to around 0.5%).

3.3.2. Collecting Light. A common set-up to acquire plasma
light is shown in Figure 4. The first lens collimates the
emitted light to improve the focalization of the second one
into the fiber probe and to optimize the ratio of acquired
light. This set-up can be adapted to different systems using
only one lens, a multilens device, and even only the fiber
probe positioned in front of the spark. The features of lenses
used to focus the plasma light are useful for this purpose,
adapting them to different environmental features or set-ups.

3.3.3. Optical Fibers. Sometimes, the sample is far from the
detection system, from the lasers, or from both of them,
and so a system based on lenses like the one shown in
Figure 4 is unpractical [43]. In these situations or when the
environment is too aggressive or the access restriction makes
it difficult to induce the plasma or acquire the light, fiber
optic cables (FOCs) or bundles are used [44–46]. Although
the most common optical fibers in LIBS are made of fused
silica (with diameters between 50 µm and 1 mm), different
kinds of fibers such as photonic-crystal fibers are used too
[47]. Approaches using these coiled fibers (including plastic
optical fiber (POF) ones) placed around the plasma plume
are also used [48, 49].

Optical fiber technologies can be used to detect other
significant signals from plasma such as shockwaves [46].
Plasma compresses the surrounding media and generates a
shockwave. This shockwave can be detected with classical
microphones [50, 51]. However, shockwaves can also be
detected using other devices based on optical fiber such as
Fiber Bragg Grating [52]. In addition, with this technology
based on periodical refractive index changes in the fiber core,
temperature, or strain, among other factors, can be detected
and measured [53, 54].

4. Algorithms for Quantitative and
Qualitative Analysis

The main goal of LIBS is to achieve a chemical analysis at the
atomic level, either qualitatively (i.e., to assess the presence of
particular elements) or quantitatively, in which the relative
amount of different elements in the sample is quantified
from the processing of the acquired spectra. In both cases,
a key step is the proper identification of each emission line
of a particular element in a neutral or ionized state [2]. If
the sample composition is known approximately, the set-
up can be adapted to find the optimal spectral range where
there are emission lines of the elements under analysis or
to discard emission lines of elements outside the sample.
At the same time, it is interesting to know the expected
relative intensity of each line. If there are doubts about
one line that could belong to different elements with very
close emission wavelengths, the most probable element can
be inferred from the relative intensity and other theoretical
and empirical information about emission probabilities [55].
By the same token, the ionization stage is important too.
If two elements in different ionization stages are possible
for the same emission line, the element in neutral stage
should be more likely. Even more, experimental conditions
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can determine the emission lines in the spectral signature.
For example, lines from Fe(I) and Fe(II) are possible in air,
but in vacuum, Fe(III) is possible too because the ionization
potential of second ionization stage is lower in this medium.

The latest research in LIBS has tried to improve the
accuracy of quantitative chemical analysis. Quantitative
analysis has to provide the concentration of species in the
sample (parts per million), the absolute mass of species (ng
in a particle), or a surface concentration (ng/cm2). This
analysis usually finishes in a calibration curve, but this curve
is strongly dependent on experimental conditions. For this
reason, the conditions should be the same when a new
sample is analyzed, and sometimes this is difficult because
there are many factors that can change them. An averaging of
many acquired spectra can attenuate the variation of spectral
emission for the analysis, but the pulse-to-pulse variation can
be too high to attempt quantitative analysis.

These factors involve aspects both from LIBS set-up and
environmental and sample conditions. Laser pulse energy,
repetition rate, and detector gain and linearity, as well
as lens-to-sample distance (LTSD) can render useless the
calibration curve [56, 57]. Calibration curves can be affected
by environmental conditions like changes in the atmosphere
around the sample or in the light path [58]. At the same time,
uniformity in sample composition, surface roughness, or
matrix effects affect the accuracy [59]. All these effects induce
the variation of the emission intensity between spectra of the
same sample.

Matrix effects, that is, the changes in the emission
intensity of some elements when the physical properties
or composition of the sample varies, greatly affect the
accuracy of quantitative estimations in LIBS. For instance,
the emission intensity of silicon in water or in soil changes,
even if the concentration in both samples is the same.
There are two kinds of matrix effects. The first one is called
physical matrix effect and is related with the fact that physical
properties of the sample can change the ablation parameters.
These changes alter the amount of ablated mass; hence the
emission intensity changes although the concentration is the
same in different matrices. Chemical matrix effects, on the
other hand, occur when the emission features of one element
are altered by the presence of another one.

One common solution is to use calibration curves,
obtained from materials of known composition. A calibra-
tion curve is a method for determining the concentration
of a substance in an unknown sample by comparing the
unknown to a set of standard samples of known concentra-
tion. The result is a curve composed by values for the desired
quantity as a function of values of sensor output (in LIBS,
emission peaks of the element under analysis obtained from
LIBS spectra). The curve is created with the measurements
of known concentrations and an unknown concentration
of a new sample can be predicted using the measurement
obtained using its LIBS spectrum. However, many calibrated
samples within the expected range of composition variation
are required. Another technique, internal standardization, is
based on a particular element whose concentration in the
sample is constant (it can be added to the sample if needed),
and its measurement is used to correct the response to

other elements [60]. On the other hand, the impact of other
effects (such as unwanted changes in shot-to-shot laser pulse
parameters) on the accuracy of the quantitative analysis can
be reduced by the so-called external standardization. In this
case, an indirect physical magnitude is used to correct (i.e.,
to normalize) the spectra. For example, it has been observed
that during plasma expansion, a shockwave is induced in
the surrounding media, and the energy of this shockwave is
related to the plasma energy and can be used to reduce the
unwanted variations of the spectra [51, 61]. This shockwave
can be acquired with a microphone [51] or with other kinds
of detectors, such as optical fiber pressure sensors [54].

Furthermore, there is a technique that solves the problem
related to the calibration of LIBS, called calibration-free LIBS
[9, 62]. This procedure applies an algorithm in order to avoid
matrix effects and the use of calibration curves, providing
a fast and accurate quantitative analysis. This algorithm
assumes that plasma is LTE, mandatory condition for all
kind of quantitative analysis using LIBS, the radiation source
is thin and the plasma composition represents the sample
composition, typical conditions for LIBS plasmas. The
algorithm calculates the line integral intensity between two
energy levels of an atomic species, and using different lines at
different energy levels, it can calculate the concentration of
each element in the sample without calibration from these
lines’ integral intensities. Theoretically, this algorithm can
calculate the concentration of all the elements in the sample
up to the detection limit of the method [9].

4.1. Sample Classification Algorithms. The capability of LIBS
to detect atomic emission of all chemical elements enables
an accurate qualitative chemical analysis. However, there are
applications where this kind of analysis is not necessary, for
example, if two different materials need to be distinguished
and classified. In this case, the raw spectra provided by
LIBS can be processed by classification algorithms for
distinguishing between different samples.

Algorithms such as artificial neural networks (ANN)
[63, 64], support vector machines (SVM) [64, 65], or K-
nearest neighbors (Knn) [66, 67] belong to this group.
These algorithms need a large training dataset to obtain an
accurate classifier and need time to train (SVM and ANN)
or need time to classify but not to train (Knn), but the
results are usually excellent. These algorithms and other ones
can provide a “chemometric” analysis (Powerful statistical
signal-processing techniques which provide the automatic
identification of chemical information, like spectral finger-
prints).

An important aspect of the spectral data provided by
LIBS and many other spectroscopic methods is that each
spectrum contains a lot of redundant information. In
LIBS, in particular, only a few emission lines at particular
wavelengths may be interesting to perform the required
classification. Redundancy can reduce the accuracy of clas-
sifiers and sometimes needs to be avoided. In addition,
classification or training time is reduced if the input dataset
has less information.
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There are two different kinds of algorithms that discard
redundant information. The first group is composed of
algorithms which select the most discriminating features.
These algorithms, such as Sequential Floating Forward
Selection (SFFS) [68] or Linear Discriminant Analysis
(LDA) [69] select the best features of the input dataset in
order to improve the classification ratio (in LIBS, the best
wavelengths). The second group includes algorithms which
extract features, such as principal component analysis (PCA)
[70]. These algorithms combine the features of the input
dataset and generate new features. Both groups, conveniently
adjusted, improve the capability of classifiers.

These algorithms and other ones such as supervised
learning algorithms or genetic algorithms have recently
been applied to LIBS [71–73]. These works analyze samples
ranging from metallic alloys, soils, heavy metals in water to
toxins in toys, and can classify them or detect traces of a
particular element, automatically.

A great research effort is being devoted to going beyond a
mere spectra-capturing device. With the powerful algorithms
described above, an integrated and portable device based
on LIBS that can induce the plasma, acquire the spectra,
and automatically discriminate or detect materials is feasible.
It could result in an essential instrument in many real
applications, like the ones that are being explored today and
are described in the following section.

5. LIBS Applications

LIBS is useful in a wide range of fields, namely, those which
can benefit from a quick chemical analysis at the atomic
level, without sample preparation, or even in the field. This
paragraph compiles the most important applications at this
moment.

5.1. LIBS in Archeology and Cultural Heritage. Samples with
archeological or cultural value are sometimes difficult to
analyze. These samples cannot usually be moved or destroyed
for analysis, and some chemical techniques to prepare the
sample or a controlled environment in a laboratory are
needed. In the first place, portable LIBS devices can be
used, solving the problem when the sample cannot be
moved. In the second place, LIBS does not need contact to
analyze the sample, avoiding damage in valuable samples.
Although LIBS ablates an amount of the sample, the crater
is nearly microscopic and practically invisible to the eye.
In addition, this microscopic ablated surface improves the
spatial resolution, providing accurate spatial analysis and
even a depth profile analysis of the sample. The sample does
not need to be prepared; hence the analysis is clean and fast.
Besides, LIBS probes based on optical fibers allow the analysis
of samples with difficult access. Despite these facts, LIBS
is a microdestructive technique and the researcher should
pay attention to experimental parameters in order to avoid
critical damage in valuable samples. Many cultural heritage
artifacts can be analyzed with the right LIBS set-up.

LIBS is feasible with virtually all types of materials, for
instance ceramics, marble, bones, or metals, usually applying

quantitative analysis. The most common analysis attempts to
determine the elemental composition of the sample in order
to help to date it [74–77], but it works with bones for analysis
of paleodiet [75]. LIBS has been used with delicate samples
such as Roman coins [78] or other metallic alloys like bronze
[74], even under water [79]. In the field of painting, it can
determine the elements that compose the pigments. This
analysis of pigments can help to date and authenticate frescos
or paintings [80]. Moreover, LIBS can be used, combined
with other techniques, in order to sum the potential of them,
such as Raman or X-ray fluorescence (XRF) [78, 81, 82].

5.2. LIBS in Biomedical Applications. Biomedicine and LIBS
are fields that have not been working together for long. For
that reason, this field may provide a large number of new
developments in a few years. LIBS can analyze chemical
compositions of biological samples such as human bones,
tissues, and fluids [83].

LIBS can help to detect excess or deficiency of minerals in
tissue, teeth, nails, or bones, as well as toxic elements [83, 84].
In the same way, cancer detection is possible with LIBS and
it can provide a surgical device which can detect and destroy
tumor cells at the same time [85]. In addition, classification
of pathogenic bacteria or virus is possible too [86, 87].

The analysis of samples from plants is difficult, because
they need a difficult preparation of the sample based on
acid digestion processes in order to obtain accurate analysis
of micronutrients. LIBS can provide a fast analysis tool
with easy sample preparation, for instance in micronutrient
analysis of leaves [88].

5.3. LIBS in Industry. LIBS has been targeting many indus-
trial processes for many years, because it is a fast analytical
tool well suited to controlling some manufacturing process.
Moreover, LIBS can work at a large range of distances,
allowing analysis of samples in hazardous and harsh environ-
ments. For example, remote detection of explosives has been
assessed with LIBS [89], even at trace levels [90].

In the nuclear energy industry, the effects of radiation
on living beings and devices are widely known. LIBS can
work far away from nuclear waste or reactors, using stand-off
configuration or with fiber optic probes, avoiding dangerous
radiation levels [91, 92].

In the metallurgical industry, smelters, and final products
can reach high temperatures, and LIBS can analyze the alloy
compositions in production line or detect impurities in
other production sectors, such as the automotive industries
[71, 93–95].

LIBS can also be useful to detect toxic products like heavy
metals in industrial wastes [96]. These waste products should
be recycled or stored, and knowing the elements in them can
provide key data to reduce the environmental impact of the
process.

In the renewable energy field, analysis and detection of
impurities in solar cells can be a useful tool to improve the
manufacturing processes or to achieve high efficiency solar
panels. There are recent research works in this field [97]
although there is a huge amount of work to do.
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5.4. LIBS and Geological Samples: Towards Extraterrestrial
Limits. Analysis of some kinds of minerals is possible using
LIBS, in particular, of soils and geological samples in situ
[98]. Sample features can strongly affect the experimental
conditions and reduce the accuracy, but quantitative analysis
is still possible [99]. LIBS analysis can detect traces of toxic
material in soils, rocks, or water without sample preparation
and in the natural environment of the sample.

LIBS can work in a wide range of environmental condi-
tions and with different atmospheres, from air to vacuum.
This feature, coupled with the capability to analyze soil
samples and the possibility to build a portable set-up, enables
the possibility to work in the space. Recently, a spacecraft
has been launched to Mars to provide spectral analysis of
Mars, geological samples [58, 100]. This spacecraft contains,
among other things, a hybrid LIBS-Raman spectrometer.

6. LIBS Challenges

Probably, the main challenge that LIBS needs to address is its
recognition as a standard in chemical quantitative analysis.
Calibration-free algorithms offer a good approximation to
this goal, but the results are not perfect yet [101]. There
are different research lines with the goal of a standard
quantitative analysis, attempting to improve the calibration-
free algorithm or add new capabilities to it. There are
recent works based on spectral normalization to improve the
final result [101] or to detect the elements in the sample
automatically [102]. This goal may be the most important
and could place LIBS definitively among the most widely
used spectrochemical techniques.

In order to widen its use in real applications, new
advanced and cost-effective instrumentation is required.
Currently, a cumbersome and expensive set-up is needed to
achieve accurate analysis, and work is in progress to reduce
the size and complexity of LIBS set-ups. New work in micro-
LIBS and improvements in laser sources useful to LIBS can
enable a compact and accurate set-up which makes it feasible
in field work [101]. A recent (“hyphenated”) approach
combines LIBS with other spectrochemical techniques in
order to unite the features of them. The Mars Science
Laboratory (MSL) is a good example of this because it is a
hybrid LIBS-Raman system [58, 100].

Advances in new techniques and approaches for LIBS
analysis, such as optical catapulting and molecular LIBS
are being explored. Optical catapulting LIBS (OC-LIBS)
[103, 104] uses a pulsed laser below the plasma threshold
energy on the sample surface to create a solid aerosol which
is analyzed with LIBS. Molecular LIBS, on the other hand,
analyzes the emission of molecules resulting from sample
ablation or from the recombination between target elements
and ambient air [101]. LIBS can improve its performance
with this ability and so enable the analysis of organic samples
[105].

7. Conclusions

LIBS is a useful spectrochemical technique that can provide
chemical analysis in situ without sample preparation, in

a quasinondestructive way, which can be used in a wide range
of environments.

Nevertheless, advances in key optical components, pre-
processing, and postprocessing algorithms in LIBS are essen-
tial to go beyond the spectral signatures. Therefore, addi-
tional research effort is required to meet the aforementioned
challenges and to obtain useful, cost-effective, portable LIBS
instrumentation.
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