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Abstract Laser-induced breakdown spectroscopy (LIBS) has
become an established analytical atomic spectrometry tech-
nique and is valued for its very compelling set of advanta-
geous analytical and technical characteristics. It is a rapid,
versatile, non-contact technique, which is capable of provid-
ing qualitative and quantitative analytical information for
practically any sample, in a virtually non-destructive way,
without any substantial sample preparation. The instrumenta-
tion is simple, robust, compact, and even enables remote anal-
ysis. This review attempts to give a critical overview of the
diverse progress of the field, focusing on the results of the last
five years. The advancement of LIBS instrumentation and
data evaluation is discussed in detail and selected results of
some prominent applications are also described.
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Introduction

It seems safe to say now that Winefordner et al. were right in
2004 to call laser-induced breakdown spectrometry (LIBS,
sometimes also called laser-induced plasma spectroscopy, or
LIPS) the Bnext superstar^ within the group of analytical
atomic spectrometry methods [1]. Today, this field produces
the vast majority of the fundamental research results within

this group, and the number of analytical applications is also
exponentially growing. The reason for the popularity of LIBS
is obvious: it offers a very compelling set of advantageous
analytical and technical characteristics. It is a versatile, non-
contact, powerful atomic spectrometry method, which is ca-
pable of providing elemental composition data (either at the
level of trace, minor, or major components) for practically any
sample in a virtually non-destructive way and without any
substantial sample preparation, meaning the analysis is very
fast. The instrumentation needed is reasonably simple, very
robust, and is also available in such a compact format that it
enables not only portable operation, but even space applica-
tions. In addition to this, remote analysis is also possible, in
several configurations, because of the unique principle of op-
eration which requires no material transfer but only photons,
both for the sample interrogation (in the form of a high-
powered, focused laser beam, which produces the atom or
excitation source) and for detection (photons emitted by the
microplasma are collected).

The LIBS literature has grown so enormously that today an
interested reader must read several books and reviews in an
attempt to process the immense number of results produced by
this field. A good indicator of the rapid growth of the literature
is that thematic LIBS reviews are also produced in a great
number, each covering special application fields, for example
geology, archeology, biology, or materials science. LIBS has
even established itself as an instrumental analytical technique
appearing in university teaching labs [2]. Although it is obvi-
ously hard to shortlist recommended publications when there
is such a wealth of information, newcomers to the field are
recommended to start with Refs. [3–5], whereas LIBS experts
can find excellent advanced scientific information in Refs.
[6–8], to name a few select sources.

The objective of this paper is to provide a critical overview
of the most analytically relevant recent results and trends,
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focusing on the literature of the last five years (2010–2015).
Because of the vast and diverse literature on LIBS, and to
restrain the length of the paper, a subjective selection of
sources had to be regretfully made by the author. The analyt-
ical character is maintained throughout the paper, and thus no
strictly theoretical results are covered.

This review is divided into three large sections. The topics
of these sections are meant to represent the three large topics
in which most of the progress has been made and which, at
least in the view of the author, will continue to produce im-
portant fundamental results in analytical LIBS spectroscopy in
the near future. The first section discusses instrumental devel-
opments, which has been a very diverse and productive field.
This section is somewhat more descriptive than the other two,
because it also has an introductory character. The second sec-
tion discusses the progress in LIBS data evaluation and data
processing, which is an emerging field and heavily builds on
concurrent results in chemometry. The third section is meant
to provide an overview of the fields of application that have
been most reported in recent years. This last section is inter-
related with the other two sections, because these applications
were partially made possible by progress described in the in-
strumentation and data-evaluation sections.

Instrumental progress

The status of LIBS instrumentation and performance

In essence, a LIBS spectrometer is an atomic emission spec-
trometer that uses the microplasma generated by a pulsed,
focused laser beam (with the irradiance in the GW cm−2

range) on the surface of or inside the sample (for solid and
fluid samples, respectively) as an atom and excitation source.
The laser-induced breakdown (LIB) plasma is a strongly tran-
sient phenomenon with a typical lifetime of ca. 0.1 to 100 μs
(depending on experimental conditions), and thus the practical
recording of its emission spectrum necessitates the use of a
fast spectrometer, the operation of which is tightly synchro-
nized with the laser pulse. The gate delay and width of the
spectrometer need to be controlled and/or optimized with
sub-μs accuracy, so that the radiation of the analyte species
(atoms, ions, or molecules) can be captured when they are
dominant within the plasma lifetime and the continuum back-
ground radiation is already low.

Laser sources

LIBS requires a more powerful laser source than laser abla-
tion, because the breakdown-threshold fluence is several or-
ders of magnitude larger than the ablation-threshold fluence
[9, 10]. In practice, this usually translates to the need for a laser
source with at least some tens of mJ pulse energy and a well-

focused beam (with a focal spot diameter of ca. 1–200 μm).
Increasing the pulse energy, while keeping all other laser prop-
erties constant, usually strongly increases the LIBS signal (the
ablation rate linearly increases with the fluence), but only up
to a specific point, because a roll-off is caused by plasma
shielding [10, 11].

The mass of ablated material and plasma shielding are both
important for efficient LIBS signal generation, and for these
reasons ns-duration laser pulses are generally regarded as op-
timum for LIBS in terms of limits of detection [7]. As recent
laser-ablation research reveals (e.g. Ref. [12], Chapter 6 in
Ref. [8]), the application of ultrashort (femtosecond, fs) laser
pulses seems to have distinct analytical advantages, including
more stoichometric sample ablation and thus more accurate
analyses, reduced continuum radiation, and cleaner crater rims
in solids and thus better spatial resolution. Thus, more and
more fs LA applications can be expected in the near future.
These ablation-related advantages can potentially also be
exploited in LIBS, and the community started to investigate
these in single and double-pulse analytical applications
[13–15]. However, at the moment it seems very questionable
whether the analytical benefits realized in LIBS by the use of
fs laser pulses would justify the need to replace the conven-
tional compact, robust, and economical ns laser sources with
the substantially bulkier and costlier fs laser systems other
than in some special applications. In addition, studies that
compare the analytical performance of ns and fs-LIBS using
the same fluence are extremely scarce [16], and thus it is too
early to draw any conclusion on the matter.

The laser wavelength has a complex effect on LIBS perfor-
mance. First, one can argue that laser wavelength should gen-
erally be selected so that the light absorption of the sample is
large at this wavelength. On the basis of this condition, UV
lasers should usually be preferred. However, plasma
shielding, important for a high-temperature LIB plasma, was
revealed to increase with λ3, thus being significantly stronger
in the infrared (IR) range [8], and most of the economic and
powerful pulsed solid-state lasers also work at near-infrared
(NIR) wavelengths (in the range ca. 1.0–1.1 μm). Frequency
upconversion by nonlinear techniques (e.g. harmonic genera-
tion, sum frequency generation) is a common laser option that
enables the production of visible or UV-wavelength radiation
from a pulsed, NIR fundamental laser emission, but it comes
with a great loss in pulse energy, and thusmany LIBS analyses
of most solids in air are still typically done at NIR wave-
lengths. In addition, eye safety is also a concern and this
would also dictate the use of a 1.3–1.5 μm laser beam [17].
Exceptions to the use of NIR wavelengths are special cases
when the fluid medium in which the solid sample resides
absorbs strongly in the NIR region (e.g. bulk-liquid LIBS of
aqueous samples) or when the sample has an exceptionally
low absorbance in the NIR region (e.g. glasses or crystals).
In these instances, 532 nm (optimum for aqueous samples)
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and 266 or 213 nm wavelengths produced from a single
Nd:YAG source, or rarely 193 nm pulses from ArF excimer
lasers, are used.

On the basis of the above, the typical LIBS laser source is a
(preferentially actively) Q-switched solid-state laser (typically
Nd:YAG) releasing some tens of mJ energy, ns-duration
pulses. As semiconductor laser technology becomes more
and more advanced, diode-pumped solid-state (DPSS)
Nd:YAG lasers are slowly taking over, because these lasers
have better characteristics in almost every respect; most nota-
bly higher repetition rates, better pulse-to-pulse repeatability,
improved optical-beam characteristics, durability, much-
reduced size, and better energy efficiency. Only in terms of
pulse energy (and its cost-efficient scalability) are the
flashlamp-pumped Nd:YAG lasers still somewhat better, and
thus they are still popular in laboratory-based or industrial
LIBS setups where very high fluences are required, e.g. in
liquid-sampling LIBS or when frequency upconversion is
needed. A variant of DPSS lasers called the micro/
macrochip laser was also tested for LIBS [18, 19], but because
the pulse energies of these compact and robust lasers are still
small, typically sub-mJ, they were found not to be really use-
ful for analytical LIBS. Another, more promising, and most
novel laser type for LIBS is the group of Q-switched ns fiber
lasers, which have many attractive features [20, 21], including
resistance to vibrations, flexible use because of an inherent
fiber-coupled light beam, and compactness. Their top pulse
energy increases every year and has now reached the 10 mJ
range, which is sufficient for most LIBS applications, and thus
it is expected that they will be more and more used in the near
future.

Spectrometers and detectors

As was alluded to above, the spectrometer used in a LIBS
setup has to be robust and needs to have a fast synchronization
possibility. It also needs to have a reasonable spectral cover-
age in the UV and visible range and a resolution suitable for
atomic spectroscopy (well below 0.1 nm resolution). The de-
tector array also has to be quite sensitive; even with μs-range
gate-width values it should provide good S/N spectra enabling
analysis with low detection limits. This stringent set of re-
quirements is not easy to fulfill, but is most closely
approached by charge-coupled device (CCD) spectrometers,
and thus their use is the most common in LIBS spectroscopy.
Back-illuminated CCD detector arrays, either in a linear for-
mat (max. 4096 pixels) mounted in a Czerny–Turner arrange-
ment or in a two-dimensional format (usually 1024×
1024 pixels) mounted in an Echelle arrangement, are mostly
found today in these spectrometers. There has been an argu-
ment in recent literature as to whether a non-gated (e.g. linear
CCD) or a gated (e.g. intensified CCD camera, or iCCD for
short) detector is better in a LIBS setup [22, 23]. It has been

suggested that linear CCD spectrometers are more robust, and
provide better S/N and sensitivity; however, their resolution is
poorer in broadband configurations and they do not enable
sub-μs gating. At the same time, Echelle spectrographs with
ICCD camera detectors are costly, bulky constructions with
excellent time and spectral resolution, but mediocre S/N. Not
surprisingly, laboratory LIBS setups used for fundamental re-
search most often use an ICCD spectrograph configuration,
whereas portable instruments or those mainly used for routine
analytical work almost exclusively use linear-array CCD spec-
trometers [8]. A partial resolution of this dilemma was recent-
ly provided by Effenberger and Scott, who suggested the use
of a Fabry–Perot etalon in conjunction with a standard imag-
ing spectrometer to substantially enhance the resolution [24].

The optical setup

The light focusing and light collection optics also have an
important function and add substantial flexibility to the LIBS
setup. Basic LIBS-focusing optics comprises a single, fixed-
focal-length lens, and the incident beam is normal to the sam-
ple surface. The use of small-magnification, long-working-
distance, high-damage-threshold microscope objectives (e.g.
4×, 10×) is also common. The minimum practical working
distance of the objective is approximately 20 mm; however,
combustible samples (e.g. plastics, organics, and coal) can
easily produce flames in air higher than 20 mm. Extremely
long focal length (several meters) focusing optics in a tele-
scope arrangement is used in stand-off LIBS setups [25, 26].
Recently reflective focusing optics, for example
Schwarzschild objectives, have also sometimes been used
[26, 27]. In sophisticated, automated setups (e.g. industrial,
military, or space applications), where the lens-to-sample (or
instrument-to-sample) distance has to be adjusted frequently,
the use of autofocus optics (e.g. based on a time-of-flight laser
range finder) has also been described [25, 26]. With tight
focusing, high spatial resolutions in LIBS (useful in, e.g., im-
aging) can be achieved; the best value ever achieved was
450 nm [28]. However, a too-tight focusing is usually disad-
vantageous regarding signal repeatability because of the very
short Rayleigh length, which causes a strong fluctuation of
plasma properties. Some defocusing, or focusing below the
sample surface, is typically advantageous because it can pre-
vent gas breakdown (air sparks) above a solid sample.

Two direct light-collection geometries are common; coax-
ial with the incident laser beam, and sideways at an angle
(typically ca. 45 °). The use of a large collection solid angle
obviously increases sensitivity. Coaxial light collection is
more compact, and is more useful for depth-resolved analyses,
but is also more prone to self-absorption that deteriorates the
linearity of calibration plots. Sideways observation is a more
economic and more flexible solution, but typically suffers
from a larger signal scatter caused by the positional instability
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of the plasma plume. Another, often overlooked, condition in
LIBS optical setups is that light collection should be opti-
mized for broadband detection, meaning the use of reflective
optics (e.g. parabolic mirrors, Schwarzschild objectives)
should be preferred; it should also be taken into consideration
that achromat optics are only available for wavelengths above
ca. 240 nm and for a limited wavelength range. However,
most analytical LIBS systems use a simple collection setup
with one or two fused-silica lenses, which greatly compro-
mises sensitivity towards the two ends of the collected spectra.
Another aspect that should be considered is that light-
collection optics that spatially integrate the light from the plas-
ma plume (as opposed to point-to-point imaging arrange-
ments) are advantageous in terms of sensitivity and signal
repeatability.

In recent years, the use of fiber optics in LIBS has become
almost standard because of the widespread use of fiber-optic-
coupled spectrometers and the great flexibility provided by
fibers in light guiding. These setups are sometimes called
FO-LIBS (fiber-optic LIBS). In such setups, the light-
collection arm is built using a multimode, solarization resis-
tant, high-OH optical fiber. In a full FO-LIBS (direct-push
FO-LIBS), a high-damage-threshold, large-core optical fiber
is also used to direct the laser light to the sample [29]. The
direct-push FO-LIBS arrangement enables analysis at hard-to-
access locations (e.g. nuclear reactor cores [30] or submarine
archeological sites [31]), and also makes handheld, man-por-
table, point-and-shoot LIBS instruments possible. These are
now offered by several commercial companies.

Sample presentation

Despite the fact that one of the appealing features of LIBS is
its very simple sample preparation, the means of sample pre-
sentation (sample-holder type, how the sample is affixed to the
holder, ambient conditions, etc.) is very important. One of the
main reasons for this is that LIBS is a microanalytical
(microsampling) method, and thus the decisions made by the
analyst with regard to sample presentation, in particular the
selection of the microliter fraction or sub-mm spot of the sam-
ple to be analyzed, have a great effect on the accuracy and
precision of analysis. In general, sample presentation has ap-
proximately equivalent analytical importance in LIBS to that
of sample introduction in atomic spectrometry. It is also very
much connected to the phase and form of the sample; different
options are available and have different effects on the analyt-
ical results for gases, liquids, and solids.

Solids The most common application of LIBS is the analysis
of bulk solid samples in air, in an Bopen^ setup. A closed
ablation cell is hardly ever used in a laboratory, because it
would greatly limit the sample-presentation options (e.g. size
and shape of sample). Other than some commercial

instruments, the exceptions are a) if the samples analyzed pose
an elevated level of biological or chemical hazard to the ana-
lyst, or b) if a special gas atmosphere is used.

Small (<1–2 cm) samples or sub-samples are typically sim-
ply fixed to a microscope slide using a double-sided adhesive
foam tape, and so are placed on a manual or motorized stage.
The stage enables adjustment of the lens-to-sample distance
and selection of the analyzed spot on the sample. The selection
of the analyzed spot on the sample surface may, in some cases
(e.g. with large-surfaced, flat samples), be done by simple
visual aiming, but in more sophisticated setups either a com-
plementary, small power, visible-wavelength aiming laser
(HeNe or diode laser) or a digital camera, also enabling sam-
ple documentation, is used for this purpose.

Powdered or fine-grained solid samples are usually either
pelletized in a hydraulic press (with or without a binder) or
simply directly smeared onto an adhesive tape (thereby fixing
a more or less even layer of grains on the tape) and then
handled or presented analogously to bulk solids. The latter
presentation approach, although attractively simple and wide-
ly used, has several disadvantages which are often
overlooked. These include the need to use a microscope cam-
era for aiming to ensure that the excitation laser beam will
actually hit a grain, and the use of a high-purity adhesive tape
to ensure low background intensity. The shockwave generated
by the ablation can also blow away (rearrange) some of the
grains on the adhesive tape. These effects can cause problems,
especially in distribution studies or when very fine powders
(microparticles) are measured.

Recently a novel approach, termed optical catapulting, was
suggested and successfully used for microparticle analysis by
Laserna et al. [32, 33]. In this approach, solid particles on a
thin solid substrate (e.g. microscope slide) are ejected (con-
verted to a dry aerosol) by the shockwave generated by a
defocused laser pulse that hits the substrate from the back side.
The aerosol is then subjected to LIBS analysis by a second
laser pulse coming from the side. The main advantage of the
method is that it enables the analysis of very small amounts of
microparticles without any contamination or spectral contri-
bution from the substrate.

Liquids Liquid sample analysis by LIBS is a real challenge
for several physical and technical reasons. First, the free sur-
face and the presence of (micro)bubbles or suspended parti-
cles within liquids can cause focusing problems, and the col-
lection of the emitted light is also obviously hindered by the
liquid. More importantly, a liquid-phase sample also has a
significantly higher density and cooling effect, and thus im-
poses stronger quenching on the LIB plasma than the gaseous
environment typical for LIBS. Consequently, LIBS plasmas
created in liquids have lower temperature, lower emission
intensities, shorter lifetimes, and smaller maximum dimen-
sions than their counterparts generated on solid samples in
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air [34]. However, the analysis of liquid samples and of
solids submerged in liquids is so important in many fields
that, despite the difficulties, LIBS research in this subject
has recently been much intensified. This is mainly the
consequence of the availability of the double-pulse meth-
od, which can be used to boost the performance of liquid
LIBS analysis (see below).

A liquid sample can be analyzed in bulk form, by
focusing the laser beam either on the free surface of the
liquid held in an open container or into some depth of the
liquid (in the latter case, the liquid has to be transparent at
both the laser and the detection wavelength). The bulk
approach typically gives poor analytical performance, and
thus is avoided if possible. A better, and now often used,
sample-presentation option is to convert the liquid sample
to a wet aerosol [35] or to a liquid jet [36]. To improve
signal repeatability, and hence the limits of detection, a
large number of repeated measurements are usually per-
formed, and thus the conservation of sample volume dic-
tates liquid recirculation, unless a nanoflow nebulizer is
used [37]. Although these approaches provide a decent
analytical performance [34, 38], their general application
cannot be expected, because: a.) sample throughput is typ-
ically low because of the difficulty of changing from one
sample to another; b.) clogging and memory effects may
occur, meaning frequent washing of the system has to be
performed; c.) the handling of fluid-phase sample requires
fragile devices that are relatively impractical for use in the
field or on a factory floor; d.) the spraying of hazardous
liquid samples (e.g. biological, toxic, or flammable sam-
ples) in a partially open system is unacceptable. Thus, the
use of these liquid-sample-presentation approaches is ex-
pected to remain limited to environmental or synthetic
aqueous samples.

An analytically even more beneficial option is to convert
the liquid into a solid matrix. The liquid sample is either fro-
zen [39], dried onto a non-permeable and non-wettable sub-
strate, for example a metal plate [40] or a graphite pellet [41],
or soaked up by a non-metallic solid matrix (filter paper [42],
wood [43], etc.) before LIBS analysis. This conversion ap-
proach efficiently eliminates most of the disadvantages asso-
ciated with bulk-liquid analysis because the plasma is actually
generated on a solid sample, representative of the composition
of the original liquid. Further advantages of the liquid-to-solid
conversion approach include the fact that it requires only a
very small sample volume (μL or less) and that it can also
be used with hazardous samples by placing the substrate in a
closed ablation cell [40]. However, it has to be considered that
the substrate is co-ablated with the sample, which can give rise
to spectral interferences, although it has also been suggested
that spectral lines from the substrate can be used as an internal
standard [44]. With respect to the Bdrying onto a solid
substrate^ sample-presentation method it also has to be

pointed out that no studies have yet been described in the
literature which have investigated the important effects of both
the thickness and packing of the deposited dry layer on the
analytical signal. These effects should be addressed before
general application is attempted. Also, a known problem of
practically all of the above approaches is that they often pro-
duce a Bcoffee spot^ effect, which is an easily observable,
uneven lateral distribution of the solid deposits (i.e. more de-
posit is formed around the rim of the spot) that necessitates
careful control of the location of the laser ablation during
quantitative analysis. Alternatively, a spatial localization of
the deposit, as suggested recently by Metzinger et al. [40],
can be performed.

Most recently, some researchers started to realize that con-
ventional macro-scale liquid-sample preparation methods, for
example preconcentration or extraction, can be advantageous-
ly adapted to pretreat micro-volume liquid samples before
LIBS analysis. These efforts can be best exemplified by the
latest publications of Hidalgo et al., who performed single-
drop microextraction (SDME) [45] and dispersive liquid–liq-
uid microextraction (DLLME) [46, 47] of chelated metal ions.
The resulting extracts were then dried onto a solid substrate
and subjected to LIBS analysis. Other groups reported suc-
cessful preconcentrations by the electrodeposition of metal
ions [48] and by using ion-exchange polymer membranes
[49].

Gases and aerosols The direct LIBS analysis of gases (gas
mixtures) is usually a simple task from the perspective of
sample presentation. The analysis is usually performed on
a gas stream flowing in a sample cell equipped with a
windowed aperture for both the laser beam and the emit-
ted light [50, 51].

The LIBS analysis of aerosols can be performed in a setup
similar to the above, which is then called free-stream aerosol
analysis. The particles are either randomly sampled, or are
aligned to form a particle beam by using a capillary or an
aerodynamic lens. An alternative method of sample presenta-
tion is substrate-based analysis, when the aerosol is first col-
lected on a filter, as is usual in aerosol chemical analysis, and
the filter surface is then analyzed by LIBS. Another option is
to repeatedly generate LIB on a substrate while the aerosol
particle beam is directed through the plasma [7, 8, 52]. The
sampling statistics of the free-stream analysis is usually very
poor, and thus it is usually not applicable to the analysis of
low-concentration aerosols. The filter-based collection tech-
nique significantly improves sampling statistics, but still only
a small fraction of the filter surface is analyzed, meaning de-
tection limits are only slightly improved and relatively large
pumps are needed, which is not advantageous in a compact
instrument. Substrate-based aerosol sampling is also subject to
potential spectral interferences from the substrate material. A
new aerosol-sampling method was recently developed [53]
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which involves the charging and subsequent collection of the
particles on the flat tip of a microelectrode, followed by LIBS
analysis.

Means of improving the analytical performance

Despite its versatility and very useful set of analytical charac-
teristics, there are some aspects of LIBS performance that are
not competitive enough with the performance of well-
established analytical atomic spectrometrymethods. The main
characteristics to be improved are sensitivity (limits of detec-
tion) and repeatability (precision), but of course there is al-
ways room for improvement of other aspects as well.

Plasma conditioning using laser pulses

The double-pulse method The use of two spatially aligned
and time-synchronized laser pulses for LIBS signal generation
is an idea that has been around since 1970 (proposed by
Piepmeier and Malmstadt and by Scott and Strasheim), but
technical difficulties prevented its practical realization until
approximately the end of the 1990s. Its use has been mainly
suggested for improving sensitivity, but the general concept
behind using the double-pulse LIBS (DP-LIBS)method is that
with a single laser pulse (single-pulse LIBS, or SP-LIBS) the
processes of breakdown and plume excitation cannot be sep-
arately controlled and optimized. Today DP-LIBS is a widely
accepted and used instrumental approach, which provides
substantial (up to a hundredfold) enhancements of signal in-
tensity and some improvement in repeatability, which trans-
lates into at least a one order of magnitude reduction in limits
of detection. Improvements in the linear dynamic range have
also been observed. Detailed analytical performance data can
be found in Refs. [54, 55] and in Chapter 5 of Ref. [8].

Double-pulse LIBS can be executed by using two lasers
synchronized with some time delay, or by splitting a single
pulse using a beam splitter and delaying one of the two pro-
duced pulses. In terms of optical arrangement, four common
DP-LIBS configurations are described in the literature
(Fig. 1). Most of the fundamental studies on DP-LIBS are
performed in one of the orthogonal configurations, which of-
fer the greatest level of control of the processes occurring.
However, only the collinear configuration is practical for rou-
tine or portable analytical LIBS instrumentation. Some very
recent setups even enable the use of a variable incident angle
cross configuration [56]. The timing of gated data collection
starts after the arrival of the second laser pulse, with some
delay, and thus the analytical benefits realized in DP-LIBS
are always connected to the second pulse. The literature re-
veals great variations in terms of the characteristics of the laser
pulses used; analytical benefits were observed, for different
samples, for interpulse delays from ns to ms, different pulse-

energy ratios, and different combinations of pulse durations
(from ns to fs) or wavelengths.

As well as an increasing number of analytical applica-
tions of the DP-LIBS method, recent progress in the field
is also related to the understanding of the underlying fun-
damental processes. Although this is not the focus of this
review, it can be mentioned that the results so far suggest
that the following sub-processes all contribute to the signal
enhancements observed: a.) reheating and/or rekindling of
the LIB plasma by the absorption of the second laser
pulse in the plume (increase in plasma temperature); b.)
increased material ablation resulting from the contribution
from the second laser pulse (in the co-linear and cross
configurations); and c.) modified conditions on the sample
surface or immediately above it (e.g. pressure drop behind
the propagating shockwave, increase of sample surface
temperature) leading to a decrease in ablation and break-
down thresholds, thereby increasing the material ablation
and plasma temperature. There also seems to be a corre-
lation between the excitation energy of the transition in-
vestigated and the signal enhancement observed [57, 58].
It also has to be stressed that generalization of the mech-
anisms occurring is simply not possible, despite the efforts
of some plasma modeling studies, because there is a large
variety of experimental conditions used in DP-LIBS. The
increasing trend of using ultrashort (fs) laser pulses in DP-
LIBS also complicates the theoretical discussion, because
laser–matter interaction is distinctively different in this
time regime. A clear discussion of the state of understand-
ing of DP-LIBS processes was recently provided by
Tognoni and Cristoforetti [59].

One particular, related subject that has received much
interest from the community recently is the analysis of
liquids and of solid samples submerged in liquids (under-
water analysis), because it was revealed that in these cases
much better analytical performance can be obtained using
the double-pulse method. The first laser pulse produces a
very weak plasma and vapor (cavitation) bubble, whereas
the second pulse can efficiently excite the plasma or—
depending on the interpulse delay—can generate a plasma
in the gas environment of the bubble. An excellent over-
view of the processes involved and the analytical perfor-
mance achievable in this field was recently given by Lazic
and Jovicevic [34].

The multi-pulse method The novel approach known as
multi-pulse LIBS (MP-LIBS) can be regarded as an extension
of DP-LIBS. The only practical way of realizing theMP-LIBS
technique is to use the co-linear configuration with a single
laser, thus also using laser pulses of identical wavelength,
duration, and energy. Because it requires a special laser
source, only a few MP-LIBS setups and studies have been
described in the literature in the past few years; the setups
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differ mainly in the number of pulses and the timing of data
collection (e.g. gated or non-gated detection with different
timing). Most of these setups use ns pulses, but Zhang et al.
recently also investigated fs multi-pulse (pulse-train) excita-
tion [60].

Recent publications on MP-LIBS have mainly been
produced by Galbács and co-workers [58, 61–64], who
use space and time-integrated, but gated, detection and a
controllable number of ns laser pulses (up to 11) with μs-
range inter-pulse delays. These studies reported the
achievement of a factor of two improvement of repeatabil-
ity from just five laser bursts, and an order of magnitude
reduction in limits of detection with respect to DP-LIBS
for small and medium-excitation-energy spectral lines
(<7 eV). The ablated mass per laser pulse was found to
strongly increase with the number of pulses delivered in a
burst. A significantly extended linear dynamic range was
also observed (Fig. 2), most probably caused by the re-
duced self-absorption in a diluted, fast-expanding plasma.
The authors pointed out that the improvement achievable
decreases with an increase in the number of laser pulses
in a burst; the signal enhancement of the pulse-number-
normalized net signals was found to peak at approximately
4–7 pulses.

Hoechse et al. recently also successfully demonstrated the
analytical improvements achievable by a MP-LIBS method
using a DPSS laser working at 200 kHz [65], and multi-

pulse excitation has been found to be advantageous in
liquid-sample LIBS analysis [34]. Laserna et al. published a
study on the MP-LIBS analysis of Si [66], in which it was
determined that the signal-enhancement process in the special
case of Si is dominantly governed by the pulse duration.

Because of the complex processes involved, further funda-
mental studies are needed to fully clarify the enhancement
mechanisms. The MP-LIBS field has not yet been reviewed,
although Ref. [8] provides partial coverage. Data in Table 1
and Fig. 2 illustrate the relative analytical performance of SP-
LIBS, DP-LIBS, and MP-LIBS methods.

Plasma conditioning using means other than laser pulses

Gas atmosphere Although most LIBS experiments are per-
formed in air at atmospheric pressure, the effects of the gas
environment (gas composition and pressure) on LIBS perfor-
mance have long been studied. As well as fundamental phys-
ical interest, research in this field has recently also been mo-
tivated by the need for method development for important,
special applications including space exploration or power-
plant monitoring. A thematic review [67] has been written
by Effenberger and Scott on the results of this field.

Results indicate that lowering the pressure of the surround-
ing gas, from 760 to a few Torr, usually increases the LIBS
signals, improves the S/N, and increases the resolution of the
spectral features. Also, less debris is deposited around the

Fig. 1 Common double-pulse
LIBS (DP-LIBS) configurations.
The numbering indicates the
order of the pulses as they arrive
at the sample surface

Fig. 2 Comparison of SP-LIBS, DP-LIBS (solid circles), and sextuple-
pulseMP-LIBS (open circles) calibration curves for a Cu and a Zn atomic
line. Fitted lines and curves are only meant to guide the eye. Error bars

indicate standard deviations based on using a comparable total number of
laser pulses. Reproduced with permission from Ref. [58]
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ablation craters. These advantageous effects are caused by the
combination of several processes, which can be best exploited
by ns laser pulses. Lowering the pressure causes a higher rate
of plasma expansion, which in turn gives rise to less plasma
shielding, resulting in a significantly increased ablation rate
and longer plasma lifetime. However, reduced plasma
shielding also means a lower electron concentration and plas-
ma temperature and less collisional excitation, all working
against a signal increase, which is only partially compensated
by the smaller cooling effect of a thinner surrounding gas
atmosphere. The increased spectral resolution is the result of
reductions in pressure broadening and in Stark broadening.
However, it was also revealed that if the pressure of the sur-
rounding gas is further decreased to vacuum pressures (e.g.
below a few Torr), the net result of the combination of pro-
cesses described above leads to a large signal reduction, al-
though the spectral resolution becomes excellent. Neverthe-
less, high-pressure gas environments are analytically clearly
disadvantageous, because they give rise to poor signal inten-
sities, S/N, and resolution, and strong self-absorption effects.

Another trend in related recent LIBS research is the study
of how the type of the gas that surrounds the sample affects the
analytical performance. Most of these studies use nitrogen,
helium, argon, or carbon dioxide, and also vary the gas pres-
sure. Different gas compositions have different thermal con-
ductivity and ionization potentials and produce different col-
lision rates, thus strongly affecting the ablation and excitation
processes and the temporal evolution of plasma, and therefore
also having a substantial effect on LIBS signals. Noble gas
atmospheres can improve sensitivity, although the data pub-
lished is contradictory regarding whether the use of, e.g., Ar or
He gas is better. It also has to be added that a disadvantage of
using a gas environment other than air is that it usually re-
quires the use of a sample chamber and a large amount of
pressured gas, with associated inconveniences. To overcome
this, Son et al. [68] recently suggested the use of synchronized
gas jets to flush the sample.

A further, unwanted effect of the surrounding gas is the
chemical reactions induced by the plasma. For example, the
apparent result of a LIBS experiment in air is the ablation debris,
mainly composed of oxides and nitrides of the metallic elements
in the samples, which is deposited in and around the crater. This
ring of debris has to be considered when planning the step size

(spatial resolution) of a LIBSmeasurement with moving sample
(distribution study). Gornushkin et al. [69] reported that in LIBS
experiments performed in nitrogen and oxygen-containing gas,
nitrogen oxides (NO, N2O, and NO2) and ozone are produced
by the plasma via radiation and pressure-induced chemical re-
actions. A consequence of the presence of these molecular spe-
cies around the plasma plume is band absorption (e.g. at approx-
imately 253 nm for ozone), which may result in a change in the
observed LIBS analytical line-intensity ratios and thus could be
experienced as a matrix effect.

Microwave-assisted LIBS The lifetime of the LIB plasma
can be significantly increased, and its line emission enhanced,
if the plasma is exposed to microwave radiation. Pulsed mi-
crowave (MW) irradiation can significantly increase the rate
of collisions, mediated by electrons. Microwave-assisted
LIBS (MA-LIBS) is the basis of a commercial tabletop instru-
ment named LAMPS and offered by the company Ocean Op-
tics. The usefulness of the concept was further revealed in two
recent studies. Liu et al. [70] applied ms-pulsed MW radiation
of 1 kW power to LIB plasmas on ceramic samples and ob-
served up to 33-fold-enhanced signals and intense molecular
emission, mainly for transitions with low excitation energy.
The same researchers also successfully improved the sensitiv-
ity of Cu measurement in soil samples [71]. The MA-LIBS
setups can potentially be made more practical (i.e. the cavity
omitted) if the microwave radiation is coupled to the plasma
by using an antenna. This idea was most recently exploited in
a study by Japanese researchers, who used a 3 mm-diameter
loop antenna to generate a localized MW field on a Gd2O3

sample. Gd ionic line intensities were successfully boosted by
a factor of 50 [72].

Spatial confinement Spatial confinement is a cost-effective
and simple method of signal enhancement in LIBS. It was first
described approximately a decade ago, and today it is more
and more often used. The concept essentially means that the
plasma is generated inside a confined space (typically of a few
mm dimensions), where the expanding shockwave is reflected
back from the wall of the cavity and performs work on the
plasma, thus compressing it. This increases the plasma tem-
perature, and consequently the emission intensities. The signal
enhancement was studied in cavities made of quartz, metals,

Table 1 Illustrative data on the analytical performance of SP-LIBS, DP-LIBS, and MP-LIBS methods

SP-LIBS DP-LIBS MP-LIBS

Repeatability (calculated as RSD% for five measurements, without signal normalization) 10–30 5–10 ca. 5

Limit of detection, ppm 0.5–100 0.01–10 0.005–5

Upper concentration limit for near linear calibration curves, % 1–5 2–10 10–100

Please note that the data in this table are meant as indicative estimations only, as the actual analytical performance strongly depends on the matrix,
element, transition, and other experimental conditions. The table is the result of a compilation of literature data, taken mainly from Refs. [4, 55, 58]
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or PTFE materials and of different shapes and sizes, including
rectangular [73], cylindrical [74], hemispheric [75, 76], and
other shapes, often fabricated with polished walls to aid light
collection. Enhancement factors of up to 10 were observed.
An obvious, impractical aspect of this technique is that metic-
ulous cleaning of the chamber walls to remove the micropar-
ticles deposited has to be performed after each experiment.

Magnetic confinement When a strong, steady or pulsed, ex-
ternal magnetic field (0.5–10 T) is applied to the LIB plasma,
the movement of electrons and ions will be affected by the
Lorentz force. This causes a slower plasma expansion, and thus
the volume of the plume will be reduced, resulting in increased
electron concentration and consequently leading to a higher
collision frequency, higher plasma temperature, and eventually
higher emission intensities. This premise, first proposed by
Mason and Goldberg in 1991, has only been observed in action
by a couple of studies. For example, most recently, ring mag-
nets (which combine the effects of spatial and magnetic con-
finement) were used to produce many-fold signal enhance-
ments in the detection of Vand Mn elements in steel [77].

Hyphenated instruments

A novel research direction is the combination of LIBS with
other instruments. In these hyphenated (or tandem) instru-
ments, LIBS either serves as an element-selective detector
coupled to a separation technique or it enables obtaining of
in-situ extended and/or complementary analytical information
about the sample. In the opinion of this author, these instru-
ment combinations should be clearly separated in terminology
from those in which LIBS basically functions only as a mean
of sample introduction and atomization. In this case the use of
the term laser ablation, instead of LIBS, is a more correct
description, even if the fluence or irradiance of the ablative
laser pulse exceeds the breakdown threshold. The ground for
this separation in terminology is that the LIBS acronym de-
scribes a technique which directly uses the plasma emission
for analytical spectrometry. When the emission is not used,
but the plume is further excited and/or conditioned and the
analytical signal is derived from absorption or fluorescence
measurements, the laser-ablated plume only serves as an atom
reservoir. An example is LIBS-LIF, a terminology sometimes
used in the literature, which should correctly be called either
laser-ablation laser-induced fluorescence (LA-LIF) or
resonance-enhanced LIBS (RELIBS). DP-LIBS and MP-
LIBS terminologies do not contradict this principle, because
in these cases the plasma emission is used.

Raman–LIBS

Raman–LIBS is the most widespread hyphenated LIBS in-
strument. Complementary use of the molecular compositional

information provided by Raman microscopy and the data on
the elemental composition provided by LIBS spectroscopy is
highly useful, especially in applications when a small amount
of solids has to be analyzed. Approximately a decade ago the
spectroscopy community realized that this dual analytical ap-
proach could also be performed with a single (hyphenated)
instrument, on the same spot of the sample. The idea is based
on the fact that both of these microsampling techniques re-
quire the use of a focused laser beam; the difference is that
LIBS uses a beam with orders of magnitude higher irradiance
(on the order of GW cm−2, as opposed to 10 mW cm−2 or less
for Raman). Also, the wavelength of the laser radiation used is
not critical in either technique, e.g. it does not have to fulfill
resonance criteria etc., so they can be chosen to be identical
(typically 532 or 1064 nm) and thus the analysis can be per-
formed with a single laser. This makes the combined instru-
ment more compact and more cost-effective, especially if the
laser is the DPSS type. However, the collection of Raman and
of LIBS signals require different time-synchronization set-
tings and optical setups, and thus a (micro)Raman–LIBS in-
strument typically consists of a common laser and focusing
optics, but two separate observation optical arms [65, 78]. The
Raman detection arm typically contains a notch filter and a
spectrometer with smaller spectral coverage and medium res-
olution (e.g. 150 nm and 2 cm−1, respectively), whereas the
LIBS arm has a spectrometer with wide spectral coverage and
high resolution (e.g. 600–700 and 0.01 nm, respectively). The
laser irradiation is essentially non-destructive in Raman spec-
troscopy, so the execution order of the measurements is that
first a low-fluence laser pulse is delivered to the spot on the
sample surface to generate the Raman signal, and then a high-
fluence pulse is delivered for LIB plasma and signal genera-
tion. If needed, this procedure can be repeated without moving
the sample and thus a depth-resolved (layer-by-layer) analysis
is also possible, taking advantage of the ablative nature of
LIBS. Stand-off detection by hyphenated Raman–LIBS in-
struments is also possible, although multiple challenges have
to be tackled: most importantly lower inherent sensitivity
resulting from the small angle of detection, and increased in-
terference caused by the open-field application and resulting
in excessive noise in the Raman spectrum and increased back-
ground in the LIBS spectrum. Further information on the tech-
nical details and analytical applications of Raman–LIBS in-
struments can be found in a recent review by Lin [79], and on
data-evaluation strategies in a paper by Moros and Laserna
[80].

As is revealed by recent LIBS literature, the Raman–LIBS
hyphenated instrument has already proved itself useful in sev-
eral application fields. For example, the analysis of pigments
used in artworks is of high importance in cultural heritage. It
not only provides historical and artistic information, but also
helps with conservation and restoration of artworks, as has
been revealed multiple times for different sample types [81,
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82]. Popular stand-off contemporary applications for micro-
Raman–LIBS include the detection of explosives and suspect
materials [83, 84] as part of anti-terrorist activities, and the
analysis of geological samples [85, 86], which is of primary
interest to planetary investigations [87]. In fact, this hyphen-
ated instrument is one of the most important instruments now
in use or planned for use in several space missions (ExoMars,
Moon4you, etc.).

Other combinations

Although in smaller numbers, other combined instru-
ments which include LIBS as a detector have also been
reported recently. Some of these combinations are quite
unusual, and their partner device should be regarded
purely as a signal-enhancement accessory (e.g. a spark
discharge, an RF plasma jet, or electrodeposition com-
bined with LIBS). These instruments will not be
discussed in this section.

In the combination of laser-ablation ICP-MS and LIBS
(LIBS–LA-ICP-MS) the same laser is used for breakdown
plasma generation and laser ablation, either simultaneously
or sequentially [88, 89]. This combination provides sub-
stantial advantages, for example: a.) LIBS can perform
rapid screening of the elements present in the sample, so
the conditions for a consecutive quantitative LA-ICP-MS
analysis can be optimized; and b.) the technique can be
used to analyze elements which are inaccessible to LA-
ICP-MS because they are either present in too high a
concentration or are hampered by low sensitivity and/or
interference (e.g. light elements in particular). From the
perspective of LIBS analysis, the benefit of ICP-MS is
that it adds the possibility for isotope analysis. These ad-
vantages are now widely available to the community: at
least one company has already seen commercial potential
in the technique and brought an LA–LIBS tandem instru-
ment to the market (J200, Applied Spectra). The combi-
nation of LA (without ICP-MS) and LIBS was also tested
and found useful in partially eliminating the matrix effects
usually occurring in LIBS [90], on the basis of observa-
tion of linear responses during the measurement of Mn
and Fe across different alloys.

A novel LIBS tandem instrument incorporating a chro-
matograph was reported by Aras et al. [91]. A gel electropho-
resis–LIBS (SDS-PAGE–LIBS) system was constructed to
recognize phosphoproteins (e.g. casein and ovalbumin) in
protein mixtures, on the basis of the emission from phospho-
rus in the stained spots of the dried gel. Both coomassie bril-
liant blue and silver staining procedures were revealed to
work. SDS-PAGE–LIBS was described as a technique of
great promise in the determination of the phosphorylation sites
of proteins, important in the study of the regulation processes
of many biological systems. This tandem instrument is very

promising, not only because it offers a combination of two
selective instruments for the analysis of organic compounds,
but also because these instruments are relatively simple and
compact and thus the joint use of these instruments in the field
is highly feasible.

Another case worthy of mention is the combination
of hydride generation and LIBS (HG-LIBS), which was
recently reported in three studies [92–94]. This is a
special case because hydride generation has several
functions in this combination: it serves as a liquid-to-
gas conversion device, it separates the hydride-forming
elements from other components, and it generates a sig-
nal enhancement. The analytical usefulness of this com-
bined instrument was established for the analysis of Sn,
As, Sb, and Se, but it will most probably also be ap-
plicable to other hydride-forming elements.

Another newly described combination is optical-
coherence-tomography LIBS (OCT-LIBS). In a feasibility
study, this combination was suggested for use in depth-
resolved multi-layer pigment identification in paintings [95].
An OCT scan can provide high-resolution 3D images of the
layers in the paintings, and can assist LIBS in depth-resolved
elemental-composition studies by accurately measuring
ablation-crater depths and ablation rates.

Trends in data evaluation

The path leading from sample composition to analytical signal
in LIBS is a very complex one. This results in difficulty if
accurate quantitative analysis is attempted, but alsomeans that
LIBS spectra contain a wealth of information related to the
qualitative sample composition and experimental conditions.
In addition to this, LIBS is a microanalytical technique, and as
such each laser pulse generates a spectrum which cannot be
obtained again in identical form; thus ideally as much as pos-
sible of the information contained in that unique dataset
should be used. All these aspects, and more, mean that data
processing and evaluation in LIBS is very important. In the
limited page length allowed for this critical review, it is only
possible to emphasize some current results in this vast field.
To aid the discussion, the results are divided in three catego-
ries in accordance with conventional analytical spectroscopy,
and also in accordance with the broad problems they deal
with: namely spectrum correction (signal normalization,
denoising, etc.), quantitative analysis (including calibration
and matrix effects), and qualitative analysis (e.g. sample
classification).

At this point it must be stressed that the current trend, in
line with the ongoing processes in analytical spectroscopy, is
that data-mining chemometric and statistical methods are
more and more often applied to experimental LIBS data. This
also means that, whereas data-evaluation tasks and problems
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were previously handled separately, current approaches tend
to be multivariate and attempt to provide an integrated solu-
tion (the improvements are linked to each other). For example,
the application of chemometric data-evaluation approaches is
often found to improve not only precision, but also the accu-
racy of the analysis, e.g. by correcting for matrix effects. A
new way of looking at analytical problems relevant to LIBS
also comes with this. For example, matrix effects, which are
an inherent and traditionally very important class of problem
in LIBS, are becoming less and less important because they
need not necessarily be detected and explicitly handled, but
are rather automatically corrected for by appropriately training
(setting up) a sufficiently flexible calibration model by using
standards in different matrices. In addition, with the advance
of electronics and computing technology, the pre-processing
(correction) of the LIBS data, for S/N improvement, back-
ground correction, outlier removal, normalization, etc., is be-
coming default and standard. These new trends are manifested
in the LIBS field because LIBS measurements can be relative-
ly easily automated, and thus the field readily adopts relevant
advances in computation science and chemometry. It must be
added that all these advances unfortunately come with the
danger of applying chemometrics simply as a Bblack box^,
without a working knowledge of the capabilities and limita-
tions of LIBS, which can lead to unreliable analytical results.

Spectrum correction

One disadvantageous characteristic of SP-LIBS is the medio-
cre repeatability of signals (shot-to-shot signal fluctuation); it
is not uncommon for 20–30 % RSD repeatability values,
based on a few repetitions, to be observed. One approach to
mitigating the problem is to use the double or multi-pulse
method, which improves repeatability to less than 10 %
RSD, although at the expense of increased complexity and
cost of instrumentation. Another, more practical approach is
to greatly increase the number of repeated analyses to, e.g.,
50–500; but the disadvantages of this method are the in-
creased sample consumption and that the approach cannot
be adapted to remote or mapping applications. Thus it is rea-
sonable that a third approach, the correction of the spectrum
by normalization, is the most popular in the LIBS community.

The concept of signal normalization is that it normalizes
the whole spectrum or the intensity of a spectral line of interest
to a related reference quantity (derived from the spectrum or
measured independently), which is assumed to have correlat-
ed fluctuations, similar to the idea of internal-standard or line-
pair methods [96]. The methods described in the literature
vary substantially in the reference value used. In the LIBS
literature of the past 10–15 years, publications using the
acoustic signal originating from the shockwave generated by
the ablation under ambient conditions, plasma temperature,
electron number density, total integrated background signal,

total integrated light, and laser pulse energy are most abun-
dant. The field of signal normalization has been recently
reviewed by Zorov et al. [97], withmost of the examples taken
from laser ablation and LIBS.

The current trend in LIBS is that instead of using
just a single reference value in the normalization
scheme, as was typical in earlier efforts, the normaliza-
tion schemes used today are becoming multivariate, be-
cause of the realization that they are more efficient.
Recent examples include the work of Feng et al. [98],
who based their normalization on both plasma tempera-
ture and electron density, and Wang et al. [99], who
proposed the use of an algorithm based on the combi-
nation of the intensities of selected atomic and ionic
lines of the analyte. Worthy of mention is a series of
papers on a novel scheme called spectrum normalization
(standardization), also published by Wang and co-
workers [100–102]. Their method defines a standard
plasma state and uses Taylor expansion to calculate
the theoretical spectral line intensities. The sum of mul-
tiple spectral line intensities for the measured element is
then assumed to be proportional to the total number
density of the analyte. The authors later expanded their
method by incorporating partial least squares (PLS), and
achieved ca. 3–8 % RSD.

In addition to normalization, research on other spectrum-
correction methods has also produced novel results recently.
For example, a high-performance background-correction al-
gorithm (adopted from NMR spectroscopy) has been devel-
oped for LIBS [103]. The great advantage of this algorithm is
that it requires no preliminary input from the analyst (thresh-
olds, decisions, selections, etc.), and thus can be made fully
automatic. In other noteworthy publications, algorithms based
on wavelet transformation have been described and success-
fully used to suppress noise in LIBS spectra [104]. The im-
provement of S/N directly aids both qualitative and quantita-
tive analyses.

Qualitative analysis

The comparison of spectra is a frequent qualitative analyt-
ical task in spectroscopy. In practice, the investigation of
differences or similarities between sample spectra usually
occurs in the context of one of the following scenarios: a.)
monitoring of the deviation of the sample spectrum from a
reference spectrum (discrimination); b.) sorting of samples,
on the basis of their spectra, into predefined classes
(classification); and c.) identification of a sample or com-
pound by a database search (identification). For the fulfill-
ment of the above tasks, also known as qualitative dis-
criminant analysis, the statistical and chemometric litera-
ture generally suggests the following strategies or their
combinations: direct comparison on the basis of the
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calculation of Euclidean distances, correlation coefficients,
or direction cosines; classification of spectra on the basis
of their Mahalanobis distances; pattern recognition; princi-
pal component analysis; and spectrum transformations (e.g.
Fourier, Wavelet, and Hadamard). Before these operations,
the spectra under scrutiny are usually corrected—that is,
subjected to weighing, filtering, background correction,
normalization, and outlier removal—or are reduced to aid
the comparative metrics to be used by enhancing the char-
acteristic spectral features.

The simplest predictors in LIBS that can be used for
classification are the presence or absence of a spectral line
in the spectrum or whether the ratio of spectral line inten-
sities exceeds a specific threshold [105, 106]. The problem
with such univariate approaches is that their success is
contingent on a successful prior line assignation, which
has to be supported by adequate spectral resolution and
limits of detection [107]. The benefit of using more ad-
vanced (multivariate) chemometric techniques is that they
simultaneously consider several features of the spectrum
and thus are more robust and more efficient. They are
also more useful for automatic applications using compact,
portable LIBS systems. The most popular multivariate
techniques in LIBS classification literature are still princi-
pal component analysis (PCA) and partial least squares
(PLS) combined with discriminant analysis (DA), but oth-
er, newer chemometric techniques, including random forest
(RF), support vector machines (SVM), and artificial neural
networks (ANN), also show great promise. A list of clas-
sification methods used in recent LIBS literature is given
in Table 2. A description or detailed evaluation of these
methods cannot be provided here because it would vastly

exceed the page limit of this review. Interested readers are
therefore recommended to consult current chemometric
books, for example a recent monograph, edited by
Andrade-Garda [108], specifically written on applications
in atomic spectrometry, including LIBS.

The classification model generated should also be correctly
validated and its performance documented. As has been point-
ed out by El Haddad et al. [109], many LIBS publications still
provide inadequate data on validation and performance. It has
been suggested that the confusion matrix of the results should
be presented in full and that figures of merit describing the
success of classification and identification by a metric gener-
ally recognized (e.g. overall accuracy, robustness, or number
of true and false-positive cases) should be described. System-
atic studies comparing the performance of several classifica-
tion methods on the same LIBS datasets are still rare
[110–113], although these studies would be indispensable in
assisting the selection of chemometric methods for wide use in
LIBS.

The application fields where most of the recent LIBS qual-
itative discriminant analysis results were reported are foren-
sics, biology, archeology, and some industrial fields (e.g. plas-
tics sorting). Some examples of these results are mentioned in
the applications section of this review.

Quantitative analysis

The analytical aspect at which LIBS is widely believed to
excel over other atomic spectroscopy techniques is its ability
to provide quick and reliable qualitative information about the
sample composition. The quantitative capabilities of LIBS,
however, are often described as modest and are regarded as

Table 2 A list of chemometric methods used in recent LIBS literature for qualitative discrimination (classification) and for quantitative analysis
(calibration)

Methods used for qualitative discrimination Methods used for quantitative analysis

Principle component analysis (PCA) Partial least squares (PLS-1, PLS-2)

Partial least squares (PLS) Nonlinearized dominant-factor-based partial least squares (NDFPLS)

Discriminant analysis (DA) Multi-linear regression (MLR)

Classification tree (CT) Principal component regression (PCR)

Linear correlation (LC) Generalized linear correlation (GLCM)

Rank correlation (RC) Least-absolute-shrinkage-and-selection-operator (LASSO)

Overlapping integrals (OI) Sparse multivariate regression with covariance estimation (MRCE)

Support vector machines (SVM) Artifical neural networks (ANN)

Soft independent modeling of class analogy (SIMCA) Wavelet transform hybride model (WTM)

Independent component analysis (ICA) Polinomial multivariate inverse regression (PMIR)

Artifical neural networks (ANN) Multi-spectral line calibration (MSLC)

Hierarchical cluster analysis (HCA) Random forest regression (RFR)

k-nearest neighbors (KNN) Discarding and kriging

Receiver operating characteristics (ROC) –

Random forest (RF) –
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a limitation hindering widespread analytical use. In reality,
much of this sentiment, as has been clearly pointed out by
Hahn and Omenetto [7], is usually unfair, because a compar-
ison of the performance with that of other techniques cannot
be done without taking into account the unique characteristics
of LIBS. For example, the versatility and the lack of sample
preparation, which are otherwise regarded as advantages, nec-
essarily compromise the accuracy of the analysis. The abso-
lute limits of detection achievable with LIBS are also far from
unacceptable; they are already in the picogram–femtogram
range and are soon expected to be further improved by signal
enhancement and sub-micrometer sampling techniques. The
comparison of the microsampling LIBS with bulk-sampling
methods is often also meaningless, but nevertheless it has
been repeatedly proved that LIBS can provide similar accura-
cy to that of either bulk-solid sampling (AAS, ICP-OES, XRF,
and ICP-MS [64, 114–116]) or solid microsampling (μ-XRF,
LA-ICP-MS [117–119]) methods, with the added benefit of
being portable and available for remote measurements, etc.

The calibration-free method of analysis (CF-LIBS), devel-
oped by Tognoni et al. [120], is probably the quantitative
method that has generated the most interest in the LIBS com-
munity over the years. This method attempts to provide con-
centration data for all elemental sample constituents from the
measurements of the sample, without using any calibration
standards. The method assumes local thermodynamic equilib-
rium (LTE) conditions, stoichiometric ablation, and an opti-
cally thin and homogeneous plasma, and calculates
Boltzmann plots for essentially all (relevant) species in the
plasma. The CF-LIBS method has been tes ted ,
complemented, and improved many times over the years; a
complete list of applications and iterations can be found in two
related recent reviews [121, 122]. The consensus is that the
accuracy of the method is usually rather good for major com-
ponents (e.g. those above 10 % concentration), although it
only gives estimates for minor and trace components, in line
with expectations. Another approach to standard-less LIBS
calibration is the use of plasma modeling. Methods in this
group essentially generate a simulated spectrum based on an
LTE plasma model and search for the best fit between this
simulated and experimentally recorded spectra. One of the
better known attempts in this category is the method devel-
oped by Gornushkin et al. [123], which incorporates the plas-
ma temperature and number densities for selected species as
input variables and uses a Monte Carlo approach for the min-
imization of multivariate functions (MC-LIBS). Its accuracy
was found to be somewhat poorer than that of CF-LIBS [124].

Generally speaking, chemometric calibration approaches
are essentially analytical data-mining procedures, meaning
their approach to calibration is such that they try to find a purely
mathematical model which needs as little as possible (ideally
none) preliminary information about the unknown sample or
the analytical instrument and/or method used. This calibration

approach is called soft modeling and is very different from hard
modeling, which is the traditional way of developing calibra-
tion, in which the analyst sets up the calibration model building
upon known physical and chemical relations and limitations of
the instrument and uses sample preparation or selected stan-
dards to achieve selectivity, etc. (examples of hard-modeling
calibration methods in LIBS include the CF-LIBS and MC-
LIBS, discussed above). These two (hard and soft) fundamen-
tally different calibration approaches coexist in current LIBS
literature. In recent years, the number of LIBS papers on soft-
modeling multivariate calibration methods has steadily in-
creased. Table 2 gives a comprehensive list of quantitative che-
mometric methods reported in the literature. Again, detailed
discussion of these methods is impossible here because of lack
of space; for a detailed account see Ref. [108]. Most of these
calibration methods use linear algebra to describe the relation-
ship between the analyte concentration and the signal, despite
the fact that LIBS calibration plots are often non-linear as a
result of self absorption. Only a few authors have used non-
linear methods, including artificial neural networks [125, 126],
generalized linear correlation [63], or nonlinearized dominant-
factor-based partial least squares (NDFPLS) [127, 128], and
reported on improved accuracy and precision. Non-linear
methods will most probably become more popular in the fu-
ture, because in addition to their better accuracy and precision
they also enable a wider concentration range to be used for
calibration. This trend will also be motivated by the further
expansion of the use of double and multi-pulse methods, which
substantially expand the available dynamic range in LIBS.

Matrix effects, as is also general in, e.g., direct solid-
sampling atomic spectrometry, have a strong effect on the ac-
curacy of LIBS analysis. The presence of matrix effects is typ-
ically indicated when two matrices give calibration plots drawn
over mass or mole fractions with different slopes (curvatures).
These effects are usually related to the differences in either the
ablation or excitation processes in the two matrices. The usual
approach in correcting for these differences is signal normali-
zation, and logically the normalization is most often based on
reference signals relating either to the ablation process (e.g. the
mass ablated) or to plasma variables (e.g. plasma temperature
and electron number density). It was suggested by Aguilera
et al. [129] that the volume of the plasma region observed and
the total number of atoms in this volume also have to be con-
sidered when characterizing matrix effects or optimizing for
their minimization. It is also worth pointing out that signal
normalization using these same reference signals is also used
with the purpose of improving the repeatability of LIBS signals,
as was discussed in an earlier section. Thus, whenever signal
normalization is used, it typically serves both purposes. It can
also be stated that the fact that LIBS requires little if any sample
preparation also makes the effective application of otherwise
well-established methods of sample buffering impractical, es-
pecially with solid samples.
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As was alluded to above, recent results suggest that
multivariate quantitative chemometric strategies can au-
tomatically correct for matrix effects, if an appropriately
large and diverse training sample set is used for setting
up the model. The most systematic recent investigations
of this subject were performed by the ChemCam team
at Los Alamos [130, 131], because the Curiosity Mars
Rover’s LIBS instrument needs to be able to perform
highly automated, accurate quantitative analysis of a va-
riety of unknown geological samples. Five different
clustering and training selection algorithms were tested
on LIBS spectra acquired for 195 rock samples and 31
pressed powder standards, and it was found that root
mean squared errors (RMSE) of approximately 3 wt%
in the quantitative analysis can be achieved without any
prior knowledge about the unknown samples. It has to
be added, though, that high-accuracy analyses without
matrix-matched standards are still hard to imagine.

In the past couple of years most quantitative LIBS results
have been reported in the field of soil, rock, and coal analysis.
Some of these are covered in the applications section of this
review. A highly useful tutorial paper was recently also pub-
lished by El Haddad et al. [108], which gives an overview and
advice concerning good and bad practice in quantitative (as
well as qualitative) LIBS analysis.

Prominent applications

The total number of fields in which LIBS finds application
are increasing steadily every year and there are also major
applications for which the analytical features of LIBS
seems to fit the requirements perfectly. Generally speaking,
in the, e.g., biomedical, cultural-heritage, or space-
exploration fields LIBS is used mostly because it can do
things that other techniques cannot do; whereas in industry
LIBS is used more and more because it does things better
than other techniques. The following sub-sections give a
brief, commented overview of some representative applica-
tions, focusing on some selected recent results and novel
application fields (e.g. nanoparticle analysis), the investiga-
tion of which has just started. It would be impossible to
attempt even a comprehensive overview, given that the
total number of LIBS papers published per annum in recent
years is well over a thousand and most of these are
application-oriented studies. Thus the content of the follow-
ing sections can be regarded as a subjective selection only.
Table 3 gives a general overview of the most important
application fields and sample types, based on a literature
survey involving scientific papers published in 2010–2015.
The indicated categories are by no means exclusive; several
applications are of interest to more than one sector.

Biological and biomedical applications

In the last decade, LIBS has started to be increasingly applied
to biological and biomedical samples. In this exciting applica-
tion field, also called bio-LIBS, the main appeal of LIBS is
quick, reagentless, non-contact, and virtually non-destructive
analysis. The fact that LIBS can be easily combined with an
optical microscope makes it relatively easy to incorporate it
into other biological or medical instruments, and also enables
highly localized or mapping-type analyses. Biological and
biomedical LIBS applications are primarily qualitative in na-
ture, but quantitative analyses also occur.

One of the most intensively studied subjects in bio-LIBS is
the identification of pathogens (bacteria, viruses, spores, etc.)
using multivariate chemometric methods. The great potential
of LIBS here is that it does not require any a priori knowledge
about the nucleic acid sequences or antibodies against known
bacterial antigens, in contrast with established clinical diag-
nostic techniques. In addition to this, little or no sample prep-
aration is needed. Successful discrimination of pathogenic
from non-pathogenic bacteria has been achieved, including
some multi-drug-resistant strains of bacteria including Staph-
ylococcus aureus and other strains causing hospital-acquired
infections (HAI) [112, 132]. Another advantage of LIBS-
based identification of pathogens is that bacterial LIBS spectra
have been revealed not to changewith time as the culture ages,
or on abiotic surfaces, or in killed or inactivated specimens
[133]. A support vector machine classificationmodel has been
developed for the identification of anthrax spores [134].

Experiments on calcified and soft tissues were among the
first biomedical LIBS applications, and activity in this field
has continued over the past five years, mainly with the objec-
tive of tissue classification. Human bones, teeth, and a variety
of stones (gallstones, cholesterol stones, kidney stones, etc.)
are relatively often analyzed by LIBS and have been found to
be uniquely identifiable by their elemental composition, and a
recent study revealed that stones also contain carcinogenic
elements [106, 135]. Healthy and carious human teeth were
also successfully discriminated using PLS-DA data evaluation
[136]. Recent studies related to soft tissues take advantage of
the compatibility of LIBS with optical microscopy and its
sensitivity to light elements, which make it particularly suit-
able for the analysis of sectioned tissue samples. Examples
include the analysis of liver samples from suspected Wilson’s
disease patients for their Cu content [137], and elemental map-
ping of murine kidneys for the study of renal clearance [138].
LIBS has also been used to characterize human malignant
cells [139]. Quantitative human blood and urine [40] and hair
and fingernail [140, 141] analysis are also among the contin-
uously tested medical LIBS applications intended to provide
information on the exposure or health status of patients.

The success of soft-tissue classification and identification
by LIBS has recently led to the envisioning of futuristic
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surgical instruments that would use LIBS-based real-time tis-
sue identification; this idea was also inspired by the concurrent
success of a similar pilot instrument based on rapid evapora-
tive mass spectrometry, termed BiKnife^ [142]. Today, re-
search into the development of a BLIBS-based iKnife^ is be-
comingmore andmore intense. Ex-vivo surgical situations are
created, and the qualitative performance of LIBS under these
conditions is specifically tested [143, 144]. A further boost to
LIBS-guided surgery is expected with the future incorporation
of fiber lasers as the ablation source, replacing the bulky and
inefficient pulsed Na:YAG lasers currently used in surgical
devices.

In general, medical results published so far promise the de-
velopment of novel LIBS-based clinical and point-of-care di-
agnostic instruments in the near future. LIBS analytical results
related to plants can be directly used in other fields, including
environmental, agricultural, or food analysis (e.g. accumulation
of toxic elements or nutrients), and for the analysis of construc-
tion materials in industry (e.g. treated wood). The LIBS analy-
sis of algae is also becoming more and more important because
of the potential of algal biomass in biofuels and bioremediation
[145]. Biological and medical LIBS studies have also been
reviewed in recent, dedicated papers [146, 147].

Environmental and geological applications

Clearly, the main appeal of LIBS for environmental and geolog-
ical applications is that the instrument can be made portable and
provides highly flexible sample presentation, making quick
analysis possible in the field. The community has therefore al-
ways been keen for environmental and geological applications.
Most studies deal with the development of analytical methods
for soil, rock andmineral, water, and aerosol analysis. Tradition-
ally, quantitative applications dominate the field, but qualitative
analytical applications (classification) are also becoming
popular.

Most of the soil analytical LIBS applications focus on two
tasks. One is the measurement of the carbon content of soil,
which is also related to soil organic matter. These two quantities
not only characterize the overall health and activity of soil (e.g.
humification degree), but also determine its carbon-storage ca-
pacity, which is now believed to be a major factor affecting
global climate. Consequently, a substantial part of LIBS activ-
ity in this field has gone into the development of suitable ana-
lytical methods for the measurement of total, organic, and/or
inorganic carbon content [148] and the degree of humification
of soil [149]. The other task related to LIBS soil analysis is the
determination of nutrients and toxic constituents (e.g. heavy
metals), which is of importance in precision farming and in soil
remediation [150, 151]. Recently the analytical performance of
LIBS for the determination of mercury content of soil was
compared with that of another breakdown-spectroscopy meth-
od: spark-induced breakdown spectroscopy (SIBS) [152]. It
was found that LIBS yields better results at higher concentra-
tions, whereas SIBS is more suitable at lower concentrations
(SIBS had a ca. 20 times lower limit of detection), although
powder samples for SIBS and pellet samples for LIBS were
compared. Current results from this field indicate that the high-
ly heterogeneous composition and texture of different soil types
often affect quantification results via matrix effects and spectral
interference. For example, soils are often rich in Fe and Al, and
thus spectral interference from these elements can prevent the
use of intense carbon spectral lines at 247.86 nm and at
193.03 nm, especially in low-resolution portable LIBS sys-
tems. These problems require the use of spectrum correction
or advanced calibration models [153]. Nevertheless, one out-
come of related LIBS research is the realization that the con-
ventional methods typically used in agrochemical practice (e.g.
carbon oxidation by potassium dichromate) probably underes-
timate the humus content of soils.

Another large group of studies within this field serve geo-
chemical projects. For example, geochemical fingerprinting

Table 3 An overview of the most important application fields and sample types found in the LIBS literature from the 2010–2015 period

Important current LIBS application fields (frequent sample types or conditions) Approximate share
in the total number
of applications

Bio/medical analysis (tissues, pathogens, biological fluids, plants, etc.) 11 %

Environmental and geological analysis (rocks, soils, minerals, aerosols, natural waters, etc.) 19 %

Industry-oriented analysis (alloys, coal and ash, plastics, coatings and thin films, nuclear fuel and reactor
materials, building materials, waste and scrap materials, fertilizers, pharmaceuticals, food, cosmetic
products, ceramics, glasses, jewelry, combustion diagnostics, oils, textiles, etc.)

49 %

Nanomaterials-related analysis 4 %

Archeological and cultural-heritage analysis (paintings, bones and teeth, building materials, pottery,
antique jewelry, metallic artefacts, etc.)

4 %

Forensic analysis (explosives, chemical and biological warfare, suspect materials, etc.) 7 %

Analysis under extreme conditions (planetary exploration, remote analysis, high or low pressure
and/or temperature environments, underwater analysis, etc.)

6 %
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by LIBS analysis has been recently successfully applied to
conflict minerals including coltan [154] and to gemstones
[155] to identify their geographic source (origin).
Speleothems (e.g. stalagmites) can provide paleoclimatic in-
formation [156], which can also obtained in situ in caves by
using portable LIBS instrumentation. Quantitative and classi-
fication LIBS studies on rock types are also abundant in the
literature, especially in stand-off situations or rugged condi-
tions (e.g. discrimination of volcanic rocks and magmatite
series [157]), and also in the context of planetary and space
exploration (e.g. analysis of meteorites [158, 159]). The most
advanced, state-of-the art instrumentation and methods devel-
oped in this respect are best represented by the results of the
highly successful ChemCam Mars Science Laboratory Rover
project, described in the scientific team’s numerous recent
publications (ChemCam Mars Science Laboratory Rover
Project).

LIBS aerosol analysis is also an important field, mainly
for reasons of environmental and health protection. The
analysis of aerosols actually dates back to some of the
earliest LIBS studies, but the community only acquired
some fundamental knowledge of the processes involved
in aerosol-LIBS signal generation in the last decade. The
progress in this large field was reviewed by Hahn [52] a
few years ago. Some noteworthy results of environmental
LIBS aerosol analysis include development of methods
for more efficient particle collection on a substrate [53],
differentiation between gas-phase and particulate analytes
[160], and a correlation study of heavy-metal concentra-
tions in Asian dust and local pollution events [161].

The analysis of environmental water samples by LIBS is a
difficult task, as was outlined in the instrumental section. Nev-
ertheless, research into this subject is continuous because of
the need for such data. The typical approach is not direct liquid
analysis, but instead to soak up the water sample using sor-
bents (e.g. wood or paper) to convert the liquid matrix to a
solid one and enhance sensitivity [162, 163]. Unfortunately,
the limit of detection achieved in these studies is still only in
the 0.1–1 ppm range, which may enable the monitoring of
wastewater but is not sufficiently low for general environmen-
tal monitoring of water quality.

A comprehensive review on LIBS geochemical and envi-
ronmental analysis was recently written by Harmon, Russo,
and Hark [164].

Industry-oriented applications

LIBS publications related to (mainly) industrial applications
are now very abundant; by the estimation of this author, nearly
half of all papers discuss applications initiated by real or ex-
pected industrial needs. This also indicates how quickly LIBS
technology is becoming an established, mainstream analytical
technique. True industrial (factory floor) applications usually

require specialized LIBS instrumentation, specifically de-
signed for operation in harsh environments in a highly auto-
mated fashion, but most applications described in publications
typically involve proof-of-concept procedures and instru-
ments. Because of the huge amount of diverse industry-
oriented publications, only selected topics can be briefly
discussed here. Some topics have been omitted because they
deal with sample types and industrial tasks which have been
continually addressed by LIBS studies over the years. In this
category is the analysis of alloys, plastics, wastes, ceramics
and glasses, and nuclear plants. At the same time, there are a
few topics in which the number of publications has strongly
and steadily increased in recent years; only these topics will be
mentioned here.

For example, coal and fly-ash analysis has become an in-
creasingly popular topic in recent years. These samples are
mainly investigated by Chinese researchers, and with reason.
China is the largest consumer of coal in the world, and it is
also the largest user of coal-derived electricity, both in abso-
lute (kilowatt-hours) and relative measures (ca. 69 % of its
electricity comes from coal). There is therefore an immediate
need to implement instrumentation to enable a fast or online
coal-property analysis to optimize combustion processes for
power generation, and to provide a more reliable basis for coal
pricing (not to mention related efforts towards the monitoring
of carbon emissions). Several investigations have been per-
formed with the objective of developing reliable, LIBS-based
automatic instrumentation and quantitative analytical
methods. The primary analytical objective was the determina-
tion of carbon in different sorts of coal and of the unburned
carbon content of fly-ash samples, but methods have also been
developed for the estimation of the calorific value, volatile
content, and ash content [165, 166]. The best results have been
achieved by using multivariate calibration methods (mainly
PLS) and spectrum standardization, combined with the inten-
sity correction of atomic carbon spectral line intensities by
molecular emission for high-volatile-content coal samples
[167]. The present general level of relative error achievable
by these proximate LIBS analytical methods is approximately
2–10 %, which is promising but is still inferior to standard
methods.

LIBS analysis of layers and coatings is of importance in
many industrial sectors, but it is also a challenging task. Inter-
estingly, thin-layer analytical publications in recent years have
almost exclusively focused on the depth profiling of thin-film
solar cells. These modern solar cells typically contain a cop-
per, indium, gallium, and selenide (abbreviated as CIGS)
light-absorbing layer of only 1–4 μm thickness, deposited
on a glass or a flexible plastic substrate. LIBS is seen as a
potential tool useful for monitoring the manufacturing pro-
cess. Depth-profiling ns LIBS measurements of CIGS layers
were successfully performed in several publications with bet-
ter than 100 nm resolution, resulting from the strong light-
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absorption coefficient of CIGS layers [168, 169]. The depth
sensitivity was further improved to approximately 3 nm by
using a fs laser [170]. The elemental profiles recorded had
the best agreement with profiles produced by other methods
(e.g. secondary-ion mass spectrometry) when a 532 nm laser
was used, as opposed to a 1064 nm laser.

Other industrial fields that have recently tended to use
LIBS more and more include the food, healthcare, and other
consumer-product industries. Quantitative and qualitative
(identification and classification) analyses both occur in the
literature, and the sample types have great variety. For exam-
ple, toxic heavy metals and nutrients were determined in, e.g.,
orange, potato, wheat, milk powder, gelatin, breakfast cereals,
and bakery products [171–173]. In addition, toys, hair dyes,
talcum, coffee, and tobacco were analyzed for toxic elements.
Organic contaminants, for example pesticides or salmonella,
were also successfully detected in and on food products in-
cluding spinach, rice, olive oil, cooking oil, and apple, and in
personal-care products including lipstick [174, 175]. Pharma-
ceutical LIBS applications, for example the test of uniformity
or migration of ingredients in tablets, continue to be relatively
frequent.

It is also worth mentioning that combustion diagnostics
also seems to be an upcoming field of application. Thermom-
etry, mixture fraction determination, and gas-density measure-
ment in different flames and injection engines have recently
been successfully performed by LIBS [176, 177].

Application to nanomaterials

Nanomaterial synthesis and characterization and finding novel
uses of nanomaterials is a research field that has been thriving
in the past one or two decades worldwide. The unique phys-
ical and chemical characteristics of nanomaterials have al-
ready been exploited in many ways in science, and LIBS
research is not an exception. Recently, LIBS and
nanomaterials have started to be used jointly in some applica-
tions. Interestingly, the merging of the two fields is reciprocal:
the scenario is either that LIBS is applied to the analysis of
nanomaterials or that nanomaterials enhance and make possi-
ble specific LIBS applications.

Aerosol analysis, as alluded to before, was one of the first
uses of LIBS, and therefore the analysis of ultrafine (≤0.1 μm)
aerosols started relatively early [178]. The investigation of
LIBS specifically for the online monitoring of nanoparticle
(NP) streams in gas phase was reported by Amodeo et al.
[179], successfully achieving quantitative analysis of silicon
carbide NPs in the size range of 20 to 100 nm. Noll et al.
reported size-resolved (20 to 800 nm) measurements of ultra-
fine particulate matter using LIBS for the analysis of calcium
chloride particles [180]. More recently, Zhang et al. described
a novel, low-fluence LIBS-based approach to monitor the
growth of TiO2 NPs during flame synthesis [181]. A new

electrostatic sampling method was described by Diwakar
et al. [53], who pre-concentrated the aerosol NPs by first elec-
trostatically charging them in a corona discharge created be-
tween microneedles and then depositing them on one of the
microneedles. By changing the collection time, mass loading
on the micro-needle tip could also be varied.

Laser-induced breakdown detection (LIBD) is an
established technique used for counting NPs in colloidal
suspensions. LIBD calculates the concentration of NPs by
counting the breakdown probability when a focused laser
pulse is directed into a colloidal suspension. Information
on particle size is also obtained by measuring the breakdown
threshold energy, which is determined from the breakdown
probability measured as a function of the laser pulse energy.
Common LIBD detection schemes include counting the
plasma flashes captured by a CCD camera (optical LIBD)
or detecting the shockwave generated in the sample cell
(acoustic LIBD). Günther and co-workers recently studied
the effect of dispersion agents on particle size and concen-
tration data obtained by LIBD [182], and found a significant
effect on the particle concentration when the particle con-
centration was below ca. 3×108 mL−1; particle size data was
found to be less affected. LIBD has been coupled to
asymmetric-field flow-field flow fractionation (A4F) for
the detection of NPs and proteins [183]. The acoustic LIBD
technique has also been successfully used as an on-line
membrane-integrity-monitoring system during ultrafiltration
processes [184]. The construction and application of mobile
instrumentation has also been reported [185]. In general, it
can be said that LIBD is a promising technique for NP
detection, but further improvements and systematic funda-
mental studies are needed under more realistic conditions to
fully assess its potential. For example, LIBD studies on
polydisperse suspensions containing NPs of different com-
position (e.g. other than standard polystyrene beads) or in
the presence of dissolved components are still very scarce. It
is expected that with the integration of the DP-LIBS method
and wavelength-resolved imaging, LIBD could evolve into a
very powerful detection technique.

De Giacomo et al. have recently proposed nanoparticle-
enhanced LIBS (NELIBS) to increase the LIBS signal [186].
NELIBS is based on the simple deposition of a noble metal
NP suspension on the solid sample surface. For conducting
samples, a signal enhancement of up to two orders of magni-
tude was observed. For transparent media, for example
glasses, the authors propose that it is possible to obtain en-
hanced spectra by this approachwithout damaging or cracking
the sample itself. In addition, a method to determine NP con-
centration and size by use of non-interacting substrates was
also proposed [187]. Several fundamental aspects have al-
ready been studied by the authors, but further investigations
are needed to elucidate the exact mechanisms behind the
effect.
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NPs have also been recently applied in conjunction with
LIBS in biological samples for novel purposes. These appli-
cations indirectly exploit the fact that the breakdown threshold
of NPs is orders of magnitude lower than that of water. For
example, the injection of NPs into organ tissue facilitates the
imaging of these samples, because the distribution of inorgan-
ic materials can be mapped without using any labeling. This
concept has been successfully demonstrated by Motto-Roos
and co-workers [138, 188, 189], who studied sectioned,
epoxy-embedded animal kidney and tumor tissues which were
chemically imaged with μm-range resolution by LIBS after
the intravenous injection of Gd-containing ultrasmall (<5 nm)
NPs into the animals.

The analysis of NP powders has also been reported recent-
ly. For example, a commercial, epoxy-urethane-based poly-
mer has been proposed as sample-presentation solid matrix
[190]. The authors found two characteristics of this matrix
very useful for LIBS analysis: the polymer remains in a
semi-liquid form until it is cured by applying UV light, mean-
ing the NP powder can be thoroughly mixed with it to obtain a
homogenous liquid; and the polymer gives very low spectral
background in a wide wavelength range. The method was
tested with magnetite and gold-coated magnetite NPs. In an-
other interesting application, LIBS was successfully used to
differentiate between carbon nanomaterials including multi
and few-layer graphene, graphene oxide, and graphite [191]
on the basis of their emission spectra, particularly their CN
and C2 band emission.

Archeological and cultural-heritage applications

The use of LIBS in the archeological and cultural-heritage
field also offers particular benefits. It is a rapid and portable
technique, meaning that a large sample throughput can be
achieved and artefacts in the field (e.g. on excavations) can
also be analyzed. It is an in-situ, non-contact, and nearly non-
destructive technique, and these are all important features in
the case of precious art items (paintings, antique jewelry, pot-
tery, etc.) kept in museums or art collections. Qualitative ana-
lytical applications are most abundant in this field. In addition,
laser ablation can also be used for cleaning artworks, and
LIBS can not only provide the laser beam for this purpose,
but can also be used as a means of real-time monitoring of the
process to avoid over-cleaning.

Pigment analysis is a continuing application in this field,
because localized identification of colorants can not only help
restoration but can also provide chronological information, be-
cause some pigments have been in use only since specific
dates. Pigments are usually inorganic compounds, because the-
se have higher stability than organic dyes, and thus give rise to
line-rich, characteristic LIBS spectra that facilitate their identi-
fication. Over the years many successful applications have
been described on this topic. In recent years the number of

LIBS papers on pigment analysis has decreased, but they are
still present in the literature. The interest in the field seems to
have somewhat shifted towards porcelain pigments [192] and
glass chromophores [193]. Novel tandem instruments, for ex-
ample Raman–LIBS, have also found well-suited applications
in this field, as already alluded to in the instrumental section of
this review. A recent example of this trend is the state-of-the-art
combined instrument incorporating optical-coherence tomog-
raphy and LIBS (OCT-LIBS) [95], which was specifically con-
structed to aid multilayer pigment identification in paintings.
This instrument enables the fast, high-resolution, non-
destructive visualization of stratigraphy in paintings and makes
depth-profiling substantially more precise.

Another topic recently becoming popular is the provenance
or chronological study of archeological construction materials
[194, 195]; such studies increasingly use multivariate statisti-
cal methods, mainly PCA, DA, or SIMCA, to improve their
accuracy. Archeological bone and teeth analysis by LIBS is
also frequent in the literature; in recent years these studies
have tended to investigate the degradation and/or diagenesis
processes of such artefacts [196, 197].

Although LIBS is more and more becoming an established
technique in the archeological and cultural-heritage fields,
studies that compare LIBS results with those produced by
standard instruments, for example XRF, LA-TOFMS, and
EDS, are still frequent [193, 198]. The comparisons are gen-
erally positive for LIBS, and the studies always mention that
an added benefit of LIBS is that it can be made portable. A
further development in this direction was made in a study
[199] that suggested and tested the use of stand-off LIBS
directly on an excavation site in an attempt to make
archeological field work less damaging and time-consuming
by quickly classifying the type of objects found.

An upcoming, novel branch of archeological LIBS appli-
cations is the study of artefacts (e.g. shipwrecks) at submarine
sites. The Laserna group at the University of Malaga (Spain)
are most active in this field. Their first, prototype LIBS spec-
trometer was onboard a ship, where it was connected to a
handheld probe underwater by a 50 m optical fiber. The probe
was kept in contact with the artefact, and a jet of compressed
air was used to remove water from between the probe and the
sample, thereby creating an environment in which sensitive
analysis was possible [31]. For deep-sea archeological sites,
where the use of a fiber-optic umbilical is not feasible, the
complete instrument will have to be sent underwater and a
telescopic stand-off LIBS setup will have to be used. This
concept was recently successfully demonstrated in the labora-
tory by using underwater targets in a tank at distances up to
80 cm. Multi-pulse excitation was also tested, and it was
found that this mode results in improved performance of the
equipment in terms of extended range of analysis, fifteen-
times-enhanced signals, and the capability of analyzing a
broader variety of samples [200, 201].
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Results of the archeological LIBS field were very recently
reviewed by Spizzichino and Fantoni [202].

Forensic analysis

Several different LIBS applications, all related to the chemical
evaluation of materials in forensic cases, fraud detection, anti-
terrorism efforts, post-disaster activities, etc., can be consid-
ered here under the inclusive heading of forensic analysis.
Among the main advantages of LIBS for these applications
are quickness of analysis, potential field portability, the ability
to provide characteristic spectral fingerprint information for
classification and/or identification purposes, and, last but not
least, the potential for the investigation of dangerous materials
from a safe distance and/or in safe microscopic quantities. By
their nature, these applications typically require qualitative
analysis.

The overwhelming majority of publications in the field in
the past few years focus on the detection and classification of
residues of explosives and other high-energy materials. A se-
ries of studies investigated the elimination of the effects im-
posed by the substrate (e.g. organic, metallic, or polymer) and
conditions used in LIBS analysis on the success of classifica-
tion [203, 204]. The discrimination capabilities and robustness
of a range of multivariate chemometric methods were tested.
Stand-off and mobile LIBS instruments, tandem Raman–
LIBS instrumentation [83, 205], and novel sample-
presentation methods (e.g. optical catapulting [32]) were also
developed for this specific application. It was suggested that
the LIBS identification of the origin of explosives was facili-
tated by the addition of coding additives (e.g. aluminium alloy
powders) containing rare earth elements in dosed amounts at
the time of explosive manufacture [206]. Nuclear threats were
also targeted by developing field-deployable instrumentation
[207] and isotope-selective data-evaluation methods for low-
resolution spectrometers [208].

LIBS has also been tested in a variety of other forensic
investigations, including document discrimination [88, 209,
210], fraud detection of a variety of industrial products
[211], soil fingerprinting [212, 213], and the study of human
remains [214, 215] or of samples taken from suspects [216].
The success of all these applications heavily relies on the
performance of the multivariate chemometric methods used.

Applications under extreme conditions

Some LIBS applications require the elemental analysis to be
performed under extreme conditions (e.g. at extreme pressures
and/or temperatures), or in hard-to-reach locations, where re-
mote (also called stand-off) analysis is the only option. These
analytical situations can occur, e.g., in some industrial fields,
oceanography, and space and planetary exploration. The fact
that LIBS spectrometers can be made robust, compact, and

lightweight and that they can offer remote analysis makes
them very valuable for such applications.

The peak of these applications is LIBS space probes. Several
space missions in progress or in planning include a LIBS (or
Raman–LIBS) instrument placed on board rovers. Most of the
documented LIBS work on space applications to date has been
performed in laboratories, under conditions simulating the sur-
face and atmosphere of the extraterrestrial objects to be visited
by the probe. These conditions include, for example, ca. 25 °C
to −60 °C temperature and 7 Torr CO2 for Mars, ca. 125 °C to
−230 °C temperature and near vacuum for the Moon, and ca.
460 °C and 90 atm CO2 for Venus. Some of the findings of
these studies related to the gas atmosphere were alluded to in
the BGas atmosphere^ section. Increased sample temperature
was generally found to increase LIBS signal intensities and
improve S/N ratios [217]. The instrumentation and methods
developed for space LIBS applications are best represented in
the numerous publications related to the ChemCam Mars
Science Laboratory Rover Project.

Submarine and deep-ocean applications require mea-
surements in a high-pressure liquid environment. The
conditions under which the double-pulse method can
be best exploited were recently investigated in detail
by Lawrence-Snyder et al. [218] for up to 50 bar liquid
pressures. It was found that DP-LIBS emission is in-
versely proportional to the pressure of the liquid, and
the maximum emission can be obtained when the
interpulse delay is set in such a way that the second
laser pulse hits the vapor bubble generated by the first
pulse when it has the largest diameter. Recent carbon-
sequestration studies assess the possibility of using
LIBS for monitoring purposes in deep saline aquifers,
which requires measurements in a high-pressure water–
CO2 mixture [219, 220]. It was found that elemental
emissions in the liquid were not significantly affected
by the presence of dissolved of CO2, and thus LIBS
was regarded as a viable tool for this monitoring task.

Concluding remarks

Current trends in the literature suggest that future progress in
instrumentation will focus on the use of the double and
multiple-pulse methods, femtosecond laser pulses, and the
incorporation of fiber lasers into setups. LIBS instrumentation
will perhaps also benefit from new optoelectronic detectors,
including electron-multiplying CCD and scalable comple-
mentary metal-oxide semiconductors. Tandem LIBS instru-
mentation will become more common as a result of the ex-
pected commercialization. It also seems certain that chemo-
metric multivariate data-evaluationmethods will soon become
standard in analytical LIBS, for both quantitative and qualita-
tive purposes. In terms of applications, industrial and
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biomedical implementations will most probably expand rap-
idly, and nanomaterial analysis, the development of micro-
scale sample-preparation methods for selectivity improve-
ment, chemical imaging, and remote measurements are also
expected to make major contributions to the progress of the
field in coming years.

I vividly remember the 1990s, when LIBS was an almost
pitied technique in atomic spectrometry because of the general
view that it is an unreliable and insensitive technique. In those
years, the LIBS field was much overshadowed by the popular
techniques of the time, e.g. ICP-AES and ICP-MS. As is
hopefully reflected in this review, those years are long over;
nowadays LIBS is the hot topic in atomic spectrometry. It is
estimated that LIBS easily produces more publications per
annum than any other technique in elemental analysis. The
future also looks bright for LIBS, because its unique set of
analytical features will continue to enable the development of
novel applications and new methods for many years to come.
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