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Abstract 

Light-matter interaction can provide rich information about the nature of matter. 

Spectroscopy is the science that studies this interaction in a wavelength-resolved 

manner, and has become a very valuable tool for optical characterization of any kind 

of material.  

Laser Induced Breakdown Spectroscopy (LIBS) is a kind of laser spectroscopy. LIBS 

uses a high energy pulsed laser to extract constituent elements and charges from a 

small amount of the sample, inducing the formation of plasma. This ionized gas 

emits optical radiation during its cooling process, having these light spectral features 

of each chemical element which composes the sample, thus allowing their 

identification.  

LIBS can work with samples in different states (solids, liquids and gases) without any 

or an easy sample preparation. The identification of elements and its quantization is 

possible with a fast analysis. LIBS ablates the sample, but only a crater of several 

micrometers is created. For that reason LIBS is considered as a microdestructive 

technique. These features and the developments of better laser sources, detectors 

or algorithms explain the increasing of the scientific and industrial interest on LIBS 

despite the fact that the equipment is still expensive and there are other 

spectroscopic techniques with better detection limits. 

The first part of the document is an introduction to this thesis work. Accordingly, a 

brief state of the art about Laser Induced Breakdown Spectroscopy (LIBS) is 

presented. The aim of this state of the art is to give a brief LIBS background and to 

identify fields where new research lines can be started. The objectives to be reached 

are then established and finally, the structure of this thesis work is exposed. 

The second part shows different contributions to the development of the LIBS 

technique. These contributions are related to the design of new sensors for the 

detection of acoustic LIBS signal based on optical fibers using different kind of 
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transducers and techniques. Besides, contributions to new algorithms for LIBS 

quantitative analysis or for blind sample classification are presented. The last section 

of this part is devoted to real applications of LIBS for real fields, specifically for 

archaeology and the industry. 

The third part shows the conclusions of this thesis work and the open research lines. 

Finally, the fourth part is devoted to the bibliography and shows the list of published 

works as a result of this PhD period. 
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Part I 
Preliminary 

 

 

 

 

 

This part is introduction to this thesis work. Accordingly, a brief state of the art about 

Laser Induced Breakdown Spectroscopy (LIBS) is presented. The aim of this state of 

the art is to give a brief LIBS background and to identify fields where new research 

lines can be started. The objectives to be reached are them established and finally, 

the structure of this thesis work is exposed. 
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Introduction: Brief History of Laser Induced 

Breakdown Spectroscopy (LIBS) 

Since early 1800’s, researchers realized that there were different elements which 

emits light with different colors. Atomic theory helped scientist to discover that these 

colors or wavelengths were different for each element and the information was a 

“fingerprint” which allowed them to identify them. It was the beginning of 

spectrochemical techniques based on atomic emission. 

The first sources of atomic emission spectra where the sun, the flames or gas 

discharges, and other kind of sources developed more recently, like inductively 

coupled plasmas (ICP). These sources were plasmas, and researchers tried to 

discover new ways to induce plasmas in different kind of samples, in order to 

analyze the light emission and identify the elements which compose the sample.  

Laser sources were employed to induce plasmas in 1963 for the first time when the 

production of sparks in air using a pulsed ruby laser was observed. The main 

problem at the beginning, between 1960’s and 1980’s, was that the production of 

laser sparks was in its infancy due to the development of laser sources in these 

years and the capability of detection was too poor for the analysis of these sparks. 

Laser sources were used to vaporize a small amount of material which was analyzed 

using techniques like conventional electrode spark (Moenke and Moenke-

Blankenburg, 1973). A few time after, tunable dye lasers were developed, allowing 

the use of a laser wavelength which was resonant with an atomic transition of the 

species under analysis. The absorption of the laser light or the intensity of the laser-

induced fluorescence was used to measure the presence of this element. These 

Chapter 1          
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techniques need to tune the laser for each specie and are less adaptable and flexible 

than a hot plasma in which a large number of species can be excited and analyzed 

at the same time.  

The acronym of Laser Induced Breakdown Spectroscopy (LIBS) has a history which 

has passed parallel to the acronym LASER (Light Amplification by Stimulated 

Emission of Radiation). The first real use of sparks as a source of spectral 

information was in 1983 when D. A. Cremers and L. J. Radziemsky at Los Alamos 

National Laboratory in U.S.A. proposed a tool for both quantitative and qualitative 

chemical analysis based on laser-produced plasmas. They named this technique 

Laser Induced Breakdown Spectroscopy and in Laser Induced Plasma & 

Applications, published in 1989, they summarized all the process and physics of 

laser produced plasmas. They described LIBS as a useful tool for chemical analysis 

with a light sample preparation and predicted a widespread use of this technique due 

to the development of lasers and detectors in the future. 

This prediction was successful thanks to the development during 1990’s of more 

reliable lasers with improved features and reduced cost and size, miniaturized 

spectrographs which allowed the detection of broadband spectra, and detectors with 

better signal-to noise ratio. These devices were the tools that LIBS needed to grow.  

LIBS has developed like a major analytical technology. The main feature which 

allows this is that a LIBS set-up is easy to prepare in comparison with other kind of 

spectrochemical techniques. One has only to focalize a pulsed laser beam in or on 

the sample and acquire the plasma light with a spectrometer attached to a detector. 

The sample can be a gas, a solid or a liquid, and no sample, or a very easy sample 

preparation, is required. These features allow in situ analysis and the small amount 

of ablated material enable the analysis of valuable samples. However, despite the 

fact that the technique is easy to use, the processes involved in plasma formation 

and evolution are not simple and a big amount of parameters are involved in the 

process. For that reason, LIBS is a technique difficult to adjust in order to obtain the 

best performance. LIBS researchers are trying to solve these disadvantages, 

changing set-up parameters like laser wavelength, developing new statistical 
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algorithms to extract more information from LIBS spectra or creating new algorithms 

in order to allow an accurate quantitative chemical analysis. 

Nowadays, LIBS is introduced in a wide range of applications in different fields. 

Human tissues, teeth or bones are being analyzed using LIBS for different purposes, 

like the detection of tumor cells or other kind of diseases. Pollen or bacteria are 

being analyzed trying to identify them using LIBS. Applications for homeland 

security, like the detection of traces of explosives, are also being tested. Besides, 

LIBS is beginning to be a useful tool for industrial applications, like the detection of 

impurities for quality control. Even at the same time that the author of this Thesis 

work is writing it, a spacecraft is arriving to Mars to analyze its surface and one of the 

analytical tools that this probe uses is LIBS. 
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State of the art of Laser Induced Breakdown 

Spectroscopy. 

LIBS is an atomic emission spectroscopy technique which uses highly energetic 

laser pulses to provoke optical sample excitation [1]. The interaction between 

focused laser pulses and the sample creates plasma, composed of ionized matter 

[2]. Plasma Light emissions can provide “spectral signatures” of chemical 

composition of many different kinds of materials in solid, liquid or gas state [3]. LIBS 

can provide an easy, fast and in-situ chemical analysis with a reasonable precision, 

detection limits and cost. Additionally, as there is no need for sample preparation, it 

could be considered as a “put & play” technique suitable for a wide range of 

applications [1] 

Considerable progress has been made during the last few years on very different 

and versatile applications of LIBS, including remote material assessment in nuclear 

power stations, geological analysis in space exploration, diagnostics of 

archaeological objects, metal diffusion in solar cells, etc [4]. Today, LIBS is 

considered an attractive and effective technique when a fast and whole chemical 

analysis at the atomic level is required. 

Some of the established techniques for analytical atomic spectrometry are 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), 

Electrothermal Atomization-Atomic Absorption Spectrometry (ETA-AAS) and 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) [5]. However, 

development on LIBS during recent years has reduced its gap in performance with 

respect to these other well-known approaches [5]. 

Chapter 2          
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This chapter begins with a brief explanation of the physics involved in plasma 

induction and the features of this plasma in LIBS, and is then followed by a 

description of the basic devices which compose a LIBS set-up. These devices will be 

described associating their features with the properties of the induced plasma. 

Moreover, different kinds of analysis algorithms will be introduced in order to go 

beyond the “spectral signatures” obtained with the technique. Finally, some key LIBS 

applications will be described, and the main research challenges that this approach 

faces at the moment will be discussed. It is important to notice that this chapter has 

another important goal. Different fields where research efforts should be carried out 

will be exposed in order to detect and identify the research lines which have been 

followed during this PhD.  

1. Fundamentals of plasma physics and its 

spectra 

Understanding the plasma physics of LIBS is essential to provide an optimized 

setting for LIBS measurements. A large number of environmental factors affect the 

plasma life time and features, changing the spectral emission and the performance 

of this technique for chemical analysis at the atomic level. 

1.1 Laser ablation and plasma physics of LIBS 

Laser-matter interactions are governed by quantum mechanics laws describing how 

photons area absorbed or emitted by atoms. If an electron absorbs a photon, the 

electron reaches a higher energy quantum mechanical state. Electrons tend to the 

lower possible energy levels, and in the decay process the electron emits a photon 

(de-excitation of the atom). The different energy levels of each kind of atom induces 

different and concrete photon energies for each kind of atom, with narrowband 

emissions due to the quantization, with an uncertainty defined by Heisenberg 

uncertainty principle. These emissions are the spectral emission lines [6] found in 

LIBS spectra and their features associated with energy levels are well known for 

each atom [7]. 
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If the energy applied to the atom is high enough (overcoming the ionization 

potential), electrons can be detached by the atom inducing free electrons and 

positive ions (cations). Initially, the detached electron is the most external one (the 

furthest with respect to the nucleus) because it has the lowest ionization potential, 

but with higher energy supply it is possible to detached more electrons overcoming 

the second ionization potential, the third and so on. These ions can emit photons in 

the recombination process (cations absorbs a free electron in a process called free-

bound transition) or in the de-excitation process (the cations and the electrons lose 

energy due to kinetic process in a process called free-free transition). These 

emissions can be continuum due to the different energies of the ions and the 

different energy transitions, however cations de-excitation has discrete (or 

quantized) set of energy levels which characteristic emission lines for each kind of 

element, allowing its identification together with the atomic emission lines [7] . 

The plasma induced by the interaction pulsed laser-sample, emits light which 

consists of discrete lines, bands and an overlying continuum. These discrete lines, 

which characterize the material, have three main features; wavelength, intensity and 

shape. These parameters depend of both the structure of the emitting atoms and 

their environment. Each kind of atom has some different energy levels which 

determine the wavelength of the line. Besides, the identification of the elements in 

the sample, that is, the calculation of the amount of each element in the sample from 

the line intensities, is possible, but considering different necessary conditions fixed 

by local thermodynamic equilibrium (LTE condition) or problems related with matrix 

effects which can reduce the accuracy of quantitative analysis [8, 9].  

On the other hand, the intensity and shape of the lines depend strongly on the 

environment of the emitting atom. For not too high plasma densities, both the natural 

broadening (due to Heisenberg’s uncertain principle) and the Doppler broadening1

                                                
1 Doppler Broadening is due to the thermal motion of the emitters, the light emitted by each particle can be 
slightly red- or blue-shifted, and the final effect is a broadening of the line 

 

dominate the linear shape [10]. For high plasma densities, atoms in the plasma are 

affected by electric fields due to fast moving electrons and slow moving ions, and 

these electric fields split and shift the atomic energy levels. As a consequence of 

these perturbations of the levels, the emission lines are broadened and they change 

http://en.wiktionary.org/wiki/quantize�
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their intensity and shape. This effect is known as the Stark effect [10] and it 

dominates the line shape for dense plasmas. This broadening together with the 

different parameters of spectral lines (intensities and shapes) and even the 

continuum radiation features can be useful to determine plasma parameters, such as 

electron temperature, pressure and electron density [2, 7]. These parameters are 

very important to characterize the plasma, giving information about its physical state. 

Moreover the calculation of these parameters is necessary because the set-up has 

to be tuned to ensure LTE, key condition for an accurate quantitative analysis [11]. 

Basically, there are three stages in the plasma life time (Figure 1). The first one is 

the ignition process. This process includes bond breaking and plasma shielding 

during the laser pulse, depending on laser type, irradiance and pulse duration.  

 

Figure 1: Plasma life stages: a) Plasma ignition, b) plasma expansion and cooling and c) 

particle ejection and condensation [7]. 

 

If the selected laser is a femtosecond one, non-thermal processes will dominate the 

ionization. The pulse is too short to induce thermal effects; hence other effects 

should ionize the atoms, depending of the kind of sample. The pulse has a huge 

amount of energy, and effects like multi-photon absorption and ionization, tunneling 

and avalanche ionization, excite the sample. With this amount of energy, the 

electron-hole created will induce emission of x-rays, hot electrons and 

photoemission. This will create highly charged ions through a process called 

Coulomb explosion [7]. The absence of thermal effects creates a crater with highly 

defined edges without melted or deposited materials. 

In contrast, nanosecond lasers induce other effects. The electron-lattice heating time 

is around 10−12s, much shorter than the pulse time. This causes thermal effects to 

dominate the ionization process. Briefly, the laser energy melts and vaporizes the 
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sample, and the temperature increase ionizes the atoms. If the irradiance is high 

enough, non-thermal effects will be induced too, and both will ionize the sample. 

Between 10−9s and 10−8s, plasma becomes opaque for laser radiation, thus the last 

part of the laser pulse interacts with the plasma surface and will be absorbed or 

reflected, hence it will not ionize much more material. This effect is called plasma 

shielding and is strongly dependent on environmental conditions (surrounding gases 

or vacuum) and experimental conditions (laser irradiance and wavelength) [12, 13]. 

This shielding reduces the ablation rate because the radiation does not reach the 

sample surface. To Summarize, this kind of laser induces a crater with melted and 

deposited material around it but at the same time the plasma is re-heated and the 

lifetime and size of plasma is higher [13, 14]. 

The next step in plasma life is critical for optimization of LIBS spectral acquisition 

because the plasma causes atomic emission during the cooling process. After 

ignition, the plasma will continue expanding and cooling. At the same time, the 

electron temperature and density will change. This process depends on ablated 

mass, spot size, energy coupled to the sample and environmental conditions (state 

of the sample, pressure, etc.).  

If the plasma is induced in a vacuum, the plasma-plume expands adiabatically and 

the expansion of the ablated material can be described by the Euler equations of 

hydrodynamics [15]. In contrast, if the surrounding medium is a gas or a liquid, the 

plume will compress the surrounding medium and produce shockwaves. In this 

situation the plasma plume is a mixture of atoms and ions from both vaporized 

material and ambient gas. The shockwave expansion can be described by Sedov’s 

theory [7, 16].  

Plasma temporal evolution changes with pulse duration. For pulses longer than 

about 5ps, the laser-plasma interactions result in plasma heating and the plasma 

temperature increases with pulse duration [17]. For short times (below 30 ns), fs-

induced plasma emission intensity decays while ns-induced plasma becomes hotter 

[18]. The last part of the nanosecond laser pulse is absorbed by the plasma, 

reheating it, elongating its lifetime and increasing line emission, but at the same time, 

the background is higher and this decreases the sensitivity for nanosecond set-ups. 
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A way to improve the performance has been proposed [19]: a femtosecond laser is 

used to ablate the sample and nanosecond or picosecond pulses reheat the plasma 

afterward. 

The last stage of the plasma life is not interesting for LIBS measurements. A quantity 

of ablated mass is not excited as vapor or plasma; hence this amount of material is 

ablated as particles, creating condensed vapor, liquid sample ejection or solid 

sample exfoliation, and this mass does not emit radiation. Moreover, plasma 

becomes cold after their emission stage and nanoparticles are created in the 

recombination process between free ions and electrons which compose this plasma. 

1.2 Plasma emission spectra 

The emission lines from the atomic species can be hidden by continuum radiation 

that is caused by two processes. The first one is due to radiative recombination. Both 

continuum and line photons can be produced in such a recombination event as the 

electron passes from the free state into the upper bound levels of the ion and then 

cascades down to form a ground state ion. The other effect involved in continuum 

radiation is called Bremsstrahlung. This effect is related to free-free transitions 

corresponding to loss of kinetic energy by an electron in the field of an ion. The 

electron loses energy in the deceleration process when it travels into the field of the 

ion, emitting photons in different wavelengths, depending on the gap between its 

kinetic energy after and before the deceleration process. Continuum emission can 

hide atomic emission peaks, thus this effect should be avoided. 

The continuum emission depends of both temperature and density of plasma. These 

parameters are too high in the initial stages of plasma, especially in the ignition. For 

this reason, the time control unit has to delay the acquisition window in order to avoid 

this continuum. For femtosecond lasers, the continuum emission is observed within 

one nanosecond after the laser ablation; hence the delay with these lasers should be 

greater than this time. For nanosecond lasers, atomic emission occurs after 1 

microsecond and molecular emission occurs at later times from recombination of 

species in the plasma [2, 7, 14]. Inside this acquisition window, the initial stages of 

plasma life are characterized by a higher temperature and electron density. These 
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parameters provide a better emission of ionic lines, for that reason these initial 

stages are better to acquire ionic lines despite the continuum emission. These 

optimal acquisition windows depend strongly on the sample material and both 

environmental and experimental conditions, but the values given above can be 

interesting as a starting point for each kind of laser [20]. 

Lifetime for femtosecond induced plasmas is shorter and with less background. For 

that reason, the acquisition window size should be shorter for short pulses and 

femtosecond lasers are better for non-gated measurements because the background 

is weak and the LIBS sensitivity improves [14]. 

Generally, femtosecond lasers are a better choice to obtain highly accurate craters 

and for non-gated measurements, using delays of a few nanoseconds and small 

acquisition windows that can improve LIBS sensitivity. Nanosecond lasers create a 

melted crater and need delays of a few microseconds and larger windows with the 

advantages of low complexity in the laser system. There are other kinds of lasers, 

such as picosecond lasers, for which the time pulse is between a femtosecond and a 

nanosecond, hence the features are between the two [7]. 

2. Environment 

The plasma size, propagation speed, energy and emission properties are related to 

the ambient gas into which the plasma expands. The ambient gas can help to 

prevent the plasma shielding. For example the gas can shield the sample from the 

laser beam if a gas breakdown occurs before sample vaporization [21]. These 

undesirable effects are less important for gases and aerosols, but they can be 

important for solid samples. 

Gas pressure can influence plasma expansion. Low pressures increase energy 

losses and uniformity of the plasma energy distribution. The plasma expands almost 

freely at low pressures (less than 1 Torr) and the external part is colder because the 

higher energy loss. An increasing of pressure around 1 Torr reduces this energy loss 

and produces a more uniform temperature distribution on plasma volume [7]. In 

addition, different gases have different behaviors at different pressures [21].  
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The gas which surrounds the sample can change the plasma properties. Sdorra and 

Niemax [22] compared the effect on plasma parameters of different surrounding 

gases (argon, neon, helium, nitrogen and air) using a Nd:YAG laser on a copper 

sample. Argon atmosphere increased plasma temperature, electron density and 

emission intensity and reduced ablation rate and plasma temperature decay. This 

temperature behavior is due to argon low thermal conductivity, and the higher heat 

efficiency of argon induced a buffer plasma which shielded the sample surface and 

reduced the ablated mass. This shielding appeared with lower laser energy for argon 

atmosphere. Contrarily, Helium induced a lower temperature, density and emission 

intensity. Argon yielded the highest analyte emission intensity, except at high 

pressures with the best performance for neon. 

At the same time, argon atmosphere offers other important effect. This gas reduces 

the generation of compounds like oxides from excited atoms which reduce the 

analyte emission intensity. Wisbrun et al. [23] found a higher emission intensity of Zn 

and better reproducibility due to the argon atmosphere.  

Some kind of ambient gases can be necessary to obtain proper spectra. The 

observation of UV emission range is difficult. UV is commonly broken up into three 

rough groupings called UV-A, UV-B, and UV-C. Oxygen and nitrogen absorb UV-C. 

Besides, oxygen forms ozone. Ozone absorbs UV-C and some UV-B. Ozone also 

absorbs UV-B and re-radiates it randomly. This effect reduces the emission in UV 

range in atmospheric environment and an inert gas is necessary to obtain UV 

emission. 

3. LIBS set-up components and main parameters. 

The main devices involved in a LIBS analysis are shown in Figure 2. A high energy 

pulsed laser (usually in the nanosecond range), is directed at the sample [2]. This 

light energy vaporizes the sample and induces the plasma.  

The spectrometer is in charge of diffracting the light collected, with a more or less 

complex optical system, in order to obtain the spectral signature. Then, the light is 

detected by using devices such as a photomultiplier tube (PMT), a photodiode array 
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(PDA) or a charge-coupled device (CCD) [2, 7]. Finally, the acquired spectrum is 

processed by a computer for further analysis. LIBS set-ups need an accurate time 

control to avoid some plasma life stages and to improve the spectral signature [2, 3, 

7]. The choice of the laser combined with the set spectrometer-detector and time 

control, adapted to environmental conditions, can determine the success or failure of 

the experiment. 

 

Figure 2: Typical LIBS set-up 

3.1 Laser configurations for LIBS 

The main device of LIBS is the laser. It generates the energy to induce the plasma 

and mainly determines the plasma features. The main parameters related to the 

laser are the pulse time (explained above), the energy per pulse, the wavelength and 

the number of pulses per burst [24]. Obviously, each application works better with a 

combination of these parameters. Nanosecond pulsed lasers are the most common 

for LIBS. Therefore, the most of this section is related to this kind of laser. 

3.1.1 Laser wavelength 

The wavelength influence on LIBS can be explained from two points of view; the 

laser-material interaction (energy absorption) and the plasma development and 

properties (plasma-material interaction).  

When photon energy is higher than bond energy, photon ionization occurs and non-

thermal affects are more important. For this reason, the plasma behavior depends on 

wavelength in nanosecond LIBS set-ups. In the same way, the optical penetration is 

shorter for UV lasers, providing higher laser energy per volume unit of material. In 
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general, the shorter the laser wavelength, the higher the ablation rate and the lower 

the elemental fractionation2

The plasma ignition and its properties depend of wavelength. The plasma initiation 

with nanosecond lasers is provoked by two processes; the first one is inverse 

Bremsstrahlung by which free electrons gain energy from the laser during collisions 

among atoms and ions. The second one is photoionization of excited species and 

excitation of ground atoms with high energies. Laser coupling is better with shorter 

wavelengths, but at the same time the threshold for plasma formation is higher. This 

is because inverse Bremsstrahlung is more favorable for IR wavelengths [26].  

 [25]. 

In contrast, for short wavelengths (between 266 and 157 nm) the photoionization 

mechanism is more important. For this reason, the shorter the wavelength in this 

range, the lower the fluence necessary (energy per unit area) to initiate ablation [27]. 

In addition, when inverse Bremsstrahlung occurs, part of the nanosecond laser beam 

re-heats the plasma. This increases the plasma lifetime and intensity but also 

increases the background at the same time. Longer wavelengths increase inverse 

Bremsstrahlung plasma shielding, but reduce the ablation rate and increase 

elemental fractionation [28]. 

The most common laser used in LIBS is pulsed Nd:YAG [29]. This kind of laser 

provides a compact, reliable and easy way to produce plasmas in LIBS experiments. 

The fundamental mode of this laser is at 1064 nm and the pulse width is between 6-

15 ns. This laser can provide harmonics at 532, 355 and 266 nm, which are less 

powerful and have shorter time pulses (between 4-8 nm) [2, 7]. The fundamental and 

the first harmonic are the most common wavelengths used in LIBS. These 

harmonics can be useful to work with different wavelengths in the same 

environmental conditions, because a lot of Nd:YAG lasers can produce all of them. 

Other kinds of lasers can be used in LIBS, such as 𝐶𝑂2 or excimer lasers to work in 

far IR or UV ranges respectively. Lasers based on fiber or dye technology can 

reduce the pulse width if the user is attempting to work with picosecond or 

femtosecond pulses. 

                                                
2 Elemental Fractionation is the redistribution  of elements between solid and liquid phases which modifies 
plasma emission 
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3.1.2 Laser energy 

The energy parameters related with laser material interaction are fluence (energy per 

unit area, J cm2⁄ ) and irradiance (energy per unit area and time, W cm2⁄ ). Ablation 

processes (melting, sublimation, erosion, explosion, etc.) have different fluence 

thresholds [30]. The effect of changes in the laser energy is related to laser 

wavelength and pulse time. Hence, it is difficult to analyze the energy effect alone. In 

general, the ablated mass and the ablation rate increase with laser energy.  

The typical threshold level for gases is around 1011 W cm2⁄  and  1010 W cm2⁄  for 

liquids, solids and aerosols [2]. These values are for guidance and depend strongly 

on laser pulse time and environmental conditions, reaching up to around 1015 W cm2⁄  

for nitrogen at 760 Torr with a Nd:YAG laser, 1064 nm, 7 ps [2]. 

3.2 Acquisition time and delay. 

The first stages of LIBS induced plasma are dominated by the continuum emission. 

The time gate of decay of this continuum radiation change with a wide range of 

experimental parameters, such as laser wavelength and pulse time, ambient 

pressure or sample features. Besides these experimental parameters fixes the time 

periods of atomic emission, the most interesting stage of LIBS plasmas.  

Plasma evolution using an IR (Nd:YAG) and a UV (excimer) lasers has been 

analyzed to discover differences induced by laser wavelength [31]. The plasma 

continuum emission stage was around 400 ns for UV laser and several 

microseconds for IR lasers. Laser wavelength can affect the selection of delay time 

(gate delay) and integration time (gate window), and these parameters are essential 

to optimize the signal to background ratio. The analysis of plasma evolution for Zn 

and Cd in sand has been analyzed in other works, with an optimal gate delay of 0.5 

µs and a gate window of 1.5 µs [23]. 

This analysis of optimal gate delay and window can be achieved optimizing the 

signal to background ratio and the repeatability of this parameter. For a Nd:YAG 

laser at the fundamental wavelength with power density of approximately 2 GW/cm2, 

the best compromise between lower relative standard deviation (R.S.D.) and higher 
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signal-to-background ratio was found at a delay of approximately 6 µs. The 

integration time was fixed at 15 µs [20]. 

Actually, there are different points of view to optimize the gate delay and window and 

the big amount of experimental parameters involved in plasma evolution make it 

difficult to recommend valid values for these parameters. The selection should be 

determined case by case in order to achieve a compromise between high line 

intensity and low background. Briefly, for Nd:YAG lasers, both times for gate delay 

and gate window are in the order of microseconds but this values can change if 

another kind of results are sought.  

3.3 Sequences of pulses: double pulse LIBS 

Proposed twenty-eight years ago to improve the detection limits of some elements 

[32], dual pulse LIBS (DP-LIBS) configuration consists on the sequence of two laser 

pulses temporally spaced in the order of few nanoseconds or microseconds 

(depending on laser pulse time, the larger the pulse time, the larger the time delay 

between pulses). These two pulses can excite the same area and create two 

temporally spaced plasmas or the second pulse can reheat the plasma induced by 

the first one. Cremers et al. [32] were the pioneers using this technique in dissolved 

species in an aqueous solution. Enhanced emission from dissolved species was 

reported due to the formation of a bubble by the first laser pulse into which the 

second laser pulse was focused to create the plasma. Uebbing et al. [33] began to 

use DB-LIBS on solid samples. First pulse was used to ablate the material, and the 

second one was parallel to sample surface in order to reheat the ablated material. 

An increase in Mn and Al emission and less dependence on the matrix in which the 

element was found were observed in steel samples and glass. Sattman et al. [34] 

used bursts of pulses from the same flashlamp and found higher ablation rate for the 

sequence of pulses than for a pulse with the same energy that the sum of all the 

pulses of the burst. Later, the same research group used multi-pulse LIBS on steel in 

vacuum ultraviolet and detection limits of less than 10 µg/g for phosphorus, sulfur 

and carbon were reported [35]. Sturm et al. [36] obtained emission enhancements of 

5 to 10 times using a dual pulse configuration with a 1064 nm and 266 nm laser 
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pulses. Angel et al. [37] found emission enhancements of 10 to 30 times using a pre-

ablative orthogonal configuration.  

Using DP-LIBS, atomic emission, signal-to-noise ratio and limit detection can be 

improved. Conversely, DP-LIBS can complicate the LIBS set-up, although the 

benefits can justify this complication. These improvements provide better detection 

limits than single pulse configurations due to the induced atomic emission 

enhancement. Figure 3 shows the most common dual pulse configurations.  

 

Figure 3: dual pulse configurations: a) shows collinear configuration; the first pulse ablates 

the sample and the second one reheats the plasma [34]. b) is an orthogonal pre-ablative 

configuration; the first pulse creates a spark on the surrounding media and the second one 

ablates the sample [14, 38]. c) shows the same idea as a), but the plasma is reheated in an 

orthogonal way [33]. 

 

The signal emission enhancement is due to different factors in these dual pulse 

configurations. This enhancement in collinear and orthogonal reheating is due to 

energetic issues. In collinear configurations, the second pulse increases the ablated 

material and, mainly, reheats the plasma, increasing its volume and its emission, but 

if the time between laser pulses is enough to allow the fading of the plasma, the 

second pulse interacts with the sample and ablates more material across the 

reduced atmosphere induced by the first pulse. In the orthogonal configuration, the 

second pulse does not ablate more material, but reheats the plasma and re-excites 

the material ablated by the first pulse. Other authors have given reasons for the 

signal enhancement on pre-heating orthogonal configurations, such as a reduction in 

density or pressure of the surrounding media due to the first pulse [37-40]. 

Other interesting way to use DP-LIBS is to combine laser pulses with different pulse 

times like a femtosecond and nanosecond pulses. Femtosecond laser pulses for 

single-pulse LIBS produce better ablation precision and better reproducibility 

between emission spectra of different pulses compared with nanosecond pulses 
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[41]. Consequently, it seems interesting to combine femtosecond and nanosecond 

dual pulse configuration in order to obtain an increasing of precision of DP-LIBS. 

Due to the improved ablation process using femtosecond lasers, the re-heating 

combination with a nanosecond laser to re-heat and a femtosecond laser to ablate 

should improve DP-LIBS performance. Very large enhancements were seen by 

using this configuration when the femtosecond pulse was used to ablate and a 

nanosecond pulse was used to re-heat, with a delay between them of ∼5 µs and 

orthogonal configuration. This enhancement was about 80-fold for aluminium and 

30-fold for copper with respect the same elements using a single femtosecond pulse 

[3]. Though, not clear results have been reported for orthogonal pre-ablative 

configuration. Signal enhancement has been observed for aluminum using a 

nanosecond pre-ablative spark and a femtosecond ablative pulse, but this 

enhancement was not reported for copper [3]. ]. Nanosecond ablation with a 

femtosecond pre-ablation spark obtained 4-fold enhancements for copper compared 

with nanosecond single-pulse LIBS. This improvement was reported using a delay 

between pulses of 6 µs and a 1 mm air spark height above the sample surface, 

although no signal enhancement was reported for aluminium [3].  

3.4 Spectrometers and detectors. 

The spectrometer or spectrograph is a device which diffracts the light emitted by the 

plasma. There are different designs, such as Littrow, Paschen-Runge, Echelle and 

Czerny-Turner [42, 43]. The Czerny-Turner spectrograph is the most common device 

in LIBS. This spectrograph is composed of an entrance slit, two mirrors and a 

diffraction grating. The light comes through the slit and reaches the first mirror which 

collimates the light, directing it onto the grating. Light is reflected at different angles 

according to its wavelength. The second mirror focuses the light on the focal plane 

where the detector is placed.  

In recent years, the Echelle spectrograph has been used more extensively [43]. The 

Echelle spectrograph uses a diffraction grating placed at a high angle, producing a 

large dispersion in a small wavelength range in each order. As the orders are 

spatially mixed, a prism is used to separate them. The orders are stacked vertically 

on the focal plane. For that reason, Echelle devices need a two-dimensional 
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detector. Each vertical portion of the detector contains a part of the spectra and the 

software composes the whole spectrum.  

Different kinds of detectors are used in LIBS, depending of the application. To 

measure light intensity without spectral decomposition, the photomultiplier tube 

(PMT) or avalanche photodiode (APD) can be used. On the other hand, for one-

dimensional spatial information, the researcher can combine a spectrograph and a 

photodiode array (PDA), or an intensified photodiode array (IPDA) for time-resolved 

measurements. 

If two-dimensional spatial information is required, the most common devices are 

charge coupled devices (CCD) and intensified CCD (ICCD). A CCD detector 

provides less background signal, although ICCD improves the signal-to-noise ratio 

and is better for time-resolved detection using integration windows of a few 

nanoseconds [44]. Another problem related to ICCDs is the price, which is much 

higher than conventional CCDs. 

3.5 Collecting and focusing light: Geometrical set-up 

The shape and emission intensity profile of induced plasma is a function of the laser 

power density and other parameters. Accordingly, a proper selection of experimental 

parameters can optimize the acquired spectra, and this set of parameters should be 

adjusted together. 

There are two main parts related to light acquisition and focusing. Typical laser spots 

currently must be focused to increase the irradiance to induce plasma formation. 

Light from plasma must then be collected using devices such as optical fibers, 

lenses or combinations of both in order to guide it to the spectrometer. 

3.5.1 Focusing laser pulses with lenses. 

As the laser beam width from the majority of solid-state lasers is of the order of 6-8 

mm, the most common lenses used to focus laser pulses have diameters of 25 or 50 

mm and focal lengths between 50 and 150 mm. There are other applications such as 

stand-off set-ups where a multi-lens system or different lenses are required. The 
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material of the lens should have maximum transmission at laser wavelength and 

they must be coated with anti-reflection layers to minimize transmission losses3

Lens shape can improve the performance of the laser beam focalization. Eppler et 

al. [45] compared the precision to focalize the laser beam on a solid sample surface 

using spherical and cylindrical lens, obtaining a better precision with cylindrical one.  

. 

For solid samples usually the laser is focalized perpendicular to sample surface and 

the induction of plasma in the air above the sample surface is a common 

phenomenon which can shield the sample surface and reduce the ablation rate. This 

problem can be reduced fixing the distance between the lens and the sample a little 

shorter than the focal length of the focalization lens [46]. For liquids, a perpendicular 

focalization pattern can be a problem due to the ejection of droplets induced by 

plasma shockwave. These droplets stain the lenses and reduce the performance of 

LIBS set-up. Fichet et al. [47] proposed an angled configuration with an angle of 75º 

between laser beam and the perpendicular of sample surface which avoids stains on 

lenses. 

3.5.2 Collecting light 

A common set-up to acquire plasma light is shown in Figure 4. The first lens 

collimates the emitted light to improve the focalization of the second one into the 

fiber probe and to optimize the ratio of acquired light. This set-up can be adapted to 

different systems using only one lens, a multi-lens device and even only the fiber 

probe positioned in front of the spark. The features of lenses used to focus the 

plasma light are useful for this purpose, adapting them to different environmental 

features or set-ups. This configuration is perpendicular to the laser axis and the 

distance from the collection axis to the sample surface is critical because it usually 

integrates only a fraction of the light from the plasma plume. Lee et al. [48] studied 

the spatial features of plasma plumes induced on metallic samples. They measured 

the emission intensity along the axial direction perpendicular to sample surface and 

noted that plasma plume extension was about 2 mm for copper and 5 mm for lead, 

with a maximal emission 1 mm and 2 mm above sample surface. Thermal 

                                                
3 The laser beam can lose around 8% of its energy passing through an uncoated lens. Anti-reflection coatings can 
reduce this ratio to around 0.5%. 
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conductivity among other factors of sample material can affect this spatial 

distribution. For that reason is important to analyze the distance between collecting 

axis and sample surface for this kind of configuration. 

 

 

Figure 4: Typical perpendicular light acquisition system 

 

Other kind of acquisition set-up is positioned axially to laser beam, that is, the 

plasma light is acquired from the same path that the laser pulse hits the sample. This 

configuration has less sensitivity to lens to sample distance and reduces the 

collection instabilities due to the increasing crater depth on a sequence of laser 

pulses over the same area, which increases this lens to sample distance [49]. For 

that reason the focal length of lenses used to acquire the plasma light on LIBS is 

keep large, at least several centimeters. 

3.5.3 Optical fibers 

Sometimes, the sample is far from the detection system, from the lasers or from both 

of them, and so a system based on lenses like the one shown in Figure 4 is 

unpractical [50]. In these situations or when the environment is too aggressive or the 

access restriction makes it difficult to induce the plasma or acquire the light, fiber 

optic cables (FOCs) or bundles are used [51-53]. This feature is especially useful in 

remote measurements in industrial environments. An optical fiber can be positioned 

near to plasma plume (few millimeters far to avoid thermal problems) to acquire 

plasma light. A comparison between the performance of a FOC and a collection set-

up based on lenses has been carried out and the detection limits were very similar 

for both systems [52]. Although the most common optical fibers in LIBS are made of 

fused silica (with diameters between 50 µm and 1 mm), different kinds of fibers such 

as photonic-crystal fibers (PCF) are used too [54]. Approaches using these coiled 
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fibers (including plastic optical fiber (POF) ones) placed around the plasma plume 

are also used [55]. FOC bundles can be used to acquire the light from different parts 

of plasma plume simultaneously [56] or to deliver the laser pulse using one fiber and 

the others to acquire plasma light [57].  

Optical fiber technologies can be used to detect other significant signals from plasma 

such as shockwaves [58]. Plasma compresses the surrounding media and generates 

a shockwave. This shockwave can be detected with classical microphones [58, 59]. 

However, shockwaves can also be detected using other devices based on optical 

fiber such as Fiber Bragg Grating [60]. In addition, with this technology based on 

periodical refractive index changes in the fiber core, temperature or strain, among 

other factors, can be detected and measured [61]. 

Optical fibers can be used for a wide range of purposes and LIBS uses FOC only to 

direct the laser beam or to detect plasma light. It is possible to use optical fibers as 

sensors, for example, to monitorize the ablation process at the same time than the 

plasma light is acquired. The detection of the acoustic soundwave generated by the 

plasma, using fiber optic sensors, is another possibility that could help to reduce the 

effect of the intrinsic instabilities of the plasma process. This is an interesting 

research field that needs to be followed in order to design new devices based on 

FOC to detect and measure the induced shockwave, the plasma light of both of them 

simultaneously. 

3.6 Remote LIBS 

Laser beams can be directed anywhere, allowing the researcher to work near to the 

sample or far from it, for instance explosives detection [62] in Stand-off 

configurations. A Stand-Off LIBS (ST-LIBS) is defined as a LIBS set-up which allows 

a remote, non-contact material detection-characterization over a distance of at least 

several meters [63]. This feature of LIBS enables flexible set-ups adapted to 

dangerous environments or samples. 

There are mainly three ways to use ST-LIBS set-ups. In an open path ST-LIBS, the 

laser beam is directed and focalized from the distance across the ambient (gas or 

vacuum) and the plasma light is acquired from the distance too. This configuration 
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allows working in dangerous or forbidden areas focusing the laser and acquiring the 

spectra far away from the sample and even across a transparent window. The next 

ST-LIBS configuration uses a FOC or a FOC bundle to direct the laser beam to the 

sample and collect the plasma light. This set-up reduces the optical requirements 

with respect to open path ST-LIBS which needs several special features of laser and 

collection/ focalization optics. Besides, a direct line of view is not required, allowing 

the acquisition of spectra in places of difficult access. At the same time, the distance 

to the sample can be larger than for an open path configuration. The last 

configuration is called compact probe fiber optics LIBS. The main feature of this set-

up is that the laser is positioned close to the sample, and the light is acquired using 

an optical fiber and directed to the remote measurement system. With this approach, 

a high quality and density laser beam can be delivered to the sample without special 

optics requirements, and a large distance to the instrumentation can be achieved.  

4. Algorithms for quantitative and qualitative 

analysis 

The main goal of LIBS is to achieve a chemical analysis at the atomic level, either 

qualitatively (i.e., to assess the presence of particular elements) or quantitatively, in 

which the relative amount of different elements in the sample is quantified from the 

processing of the acquired spectra. At the moment, the accuracy of LIBS quantitative 

analysis is limited, but the gap with respect to other spectrochemical techniques is 

getting closer. Research efforts should be carried out in order to improve the current 

algorithms and specially to develop new algorithms which can improve the 

quantitative analysis. 

For both qualitative and quantitative analysis, a key step is the proper identification 

of each emission line of a particular element in a neutral or ionized state [2]. If the 

sample composition is known approximately, the set-up can be adapted to find the 

optimal spectral range where the emission lines of the elements under analysis are 

expected, or to discard emission lines of elements outside the sample. At the same 

time, it is interesting to know the expected relative intensity of each line. If there are 

doubts about one line that could belong to different elements with very close 
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emission wavelengths, the most probable element can be inferred from the relative 

intensity and other theoretical and empirical information about emission probabilities 

[64]. By the same token, the ionization stage is important too. If two elements in 

different ionization stages are possible for the same emission line, the element in 

neutral stage should be more likely. Even more, experimental conditions can 

determine the emission lines in the spectral signature. For example, lines from Fe(I) 

and Fe(II) are possible in air, but in vacuum, Fe(III) is possible too because the 

ionization potential of second ionization stage is lower in this medium.  

The latest research in LIBS has tried to improve the accuracy of quantitative 

chemical analysis. Quantitative analysis has to provide the concentration of species 

in the sample (parts per million), the absolute mass of species (ng in a particle) or a 

surface concentration (ng/cm2). This analysis usually finishes in a calibration curve, 

but this curve is strongly dependent on experimental conditions. A calibration curve 

is a method for determining the concentration of a substance in an unknown sample 

by comparing the unknown one with a set of standard samples of known 

concentration. For this reason, the conditions should be the same when a new 

sample is analyzed, and sometimes this is difficult because there are many factors 

that can change them. An averaging of many acquired spectra can attenuate the 

variation of spectral emission for the analysis, but the pulse-to-pulse variation can be 

too high to attempt quantitative analysis. 

These factors involve aspects both from the LIBS set-up and environmental and 

sample conditions. Changes in laser pulse energy, repetition rate and detector gain 

and linearity, as well as lens-to-sample distance (LTSD) can render useless the 

calibration curve [65, 66]. Calibration curves can be affected by environmental 

conditions like changes in the atmosphere around the sample or in the light path 

[67]. At the same time, uniformity in sample composition, surface roughness or 

matrix effects affect the accuracy [45]. All these effects induce the variation of the 

emission intensity between spectra of the same sample. 

Matrix effects, that is, the changes in the emission intensity of some elements when 

the physical properties or composition of the sample vary, greatly affect the accuracy 

of quantitative estimations in LIBS. For instance, the emission intensity of silicon in 
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water or in soil changes, even if the concentration in both samples is the same. 

There are two kinds of matrix effects. The first one is called physical matrix effect 

and is related with the fact that physical properties of the sample can change the 

ablation parameters. These changes alter the amount of ablated mass; hence the 

emission intensity changes although the concentration is the same in different 

matrices. Chemical matrix effects, on the other hand, occur when the emission 

features of one element are altered by the presence of another one. 

One common solution is to use calibration curves obtained from materials of known 

composition. The result is a curve composed by values for the desired quantity as a 

function of values of sensor output (in LIBS, emission peaks of the element under 

analysis obtained from LIBS spectra). The curve is created with the measurements 

of known concentrations and an unknown concentration of a new sample can be 

predicted using the measurement obtained using its LIBS spectrum. However, many 

calibrated samples within the expected range of composition variation are required. 

Another technique, internal standardization, is based on a particular element whose 

concentration in the sample is constant (it can be added to the sample if needed), 

and its measurement is used to correct the response to other elements [68]. On the 

other hand, the impact of other effects (such as unwanted changes in shot-to-shot 

laser pulse parameters) on the accuracy of the quantitative analysis can be reduced 

by the so-called external standardization. In this case, an indirect physical magnitude 

is used to correct (i.e., to normalize) the spectra. For example, it has been observed 

that during plasma expansion, a shockwave is induced in the surrounding media, 

and the energy of this shockwave is related to the plasma energy and can be used to 

reduce the unwanted variations of the spectra [49, 59]. This shockwave can be 

acquired with a microphone [59] or with other kinds of detectors, such as optical fiber 

pressure sensors based on Fiber Bragg Gratings or Speckle interferometry. 

Furthermore, there is a technique that solves the problem related to the calibration of 

LIBS, called calibration-free LIBS (CF-LIBS) [9, 69]. This procedure applies an 

algorithm in order to avoid matrix effects and the use of calibration curves, providing 

a fast and accurate quantitative analysis. This algorithm assumes that plasma is 

LTE, mandatory condition for all kind of quantitative analysis using LIBS, the 

radiation source is thin, and the plasma composition represents the sample 
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composition, typical conditions for LIBS plasmas. The algorithm calculates the line 

integral intensity between two energy levels of an atomic species, and using different 

lines at different energy levels, it can calculate the concentration of each element in 

the sample without calibration from these lines’ integral intensities. Theoretically, this 

algorithm can calculate the concentration of all the elements in the sample up to the 

detection limit of the method [9]. 

4.1 Sample Classification algorithms 

The capability of LIBS to detect and discriminate atomic emission from different 

chemical elements enables an accurate qualitative analysis. However, there are 

applications where this kind of analysis is not necessary, for example, if two different 

materials need to be distinguished and classified. In this case, the raw spectra 

provided by LIBS can be processed by classification algorithms (i.e., classifiers) for 

distinguishing between different samples. LIBS can provide “spectral fingerprints” of 

each material and this signature could identify it uniquely. This research line is not 

very exploited and is an interesting field which can open new ways in applications 

such as industrial processing or biomedical research if a proper research effort is 

accomplished. 

Algorithms such as artificial neural networks (ANN) [70, 71], support vector machines 

(SVM) [71, 72] or K-nearest neighbors (Knn) [73, 74] belong to this group. These 

algorithms need a large training dataset to obtain an accurate classifier and need 

time to train (SVM and ANN) or need time to classify but not to train (Knn), but the 

results are usually excellent. These algorithms and other ones can provide a 

“chemometric” analysis (Powerful statistical signal-processing techniques which 

provide the automatic identification of chemical information, like spectral 

fingerprints). 

An important aspect of the spectral data provided by LIBS and many other 

spectroscopic methods is that each spectrum contains a lot of redundant information. 

In LIBS, in particular, only a few emission lines at particular wavelengths may be 

interesting to perform the required classification. Redundancy can reduce the 
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accuracy of classifiers and sometimes needs to be avoided. In addition, classification 

or training time is reduced if the input dataset has less information. 

There are two different kinds of algorithms that discard redundant information. The 

first group is composed of algorithms which select the most discriminating features. 

These algorithms, such as Sequential Floating Forward Selection (SFFS) [75] or 

Linear Discriminant Analysis (LDA) [76] select the best features of the input dataset 

in order to improve the classification ratio (in LIBS, the best wavelengths). The 

second group includes algorithms which extract features, such as principal 

component analysis (PCA) [77]. These algorithms combine the features of the input 

dataset and generate new features. Both groups, conveniently adjusted, improve the 

capability of classifiers.  

These algorithms and other ones such as supervised learning algorithms or genetic 

algorithms have recently been applied to LIBS [78, 79]. These works analyze 

samples ranging from metallic alloys, soils, heavy metals in water to toxins in toys, 

and can classify them or detect traces of a particular element, automatically.  

A great research effort is being devoted to going beyond a mere spectra-capturing 

device. With the powerful algorithms described above, an integrated and portable 

device based on LIBS that can induce the plasma, acquire the spectra and 

automatically discriminate or detect materials is feasible. It could result in an 

essential instrument in many real applications, like the ones that are being explored 

today and are described in the following section. 

5. LIBS applications 

LIBS is useful in a wide range of fields, namely, those which can benefit from a quick 

chemical analysis at the atomic level, without sample preparation, or even in the 

field. This paragraph compiles the most important applications at this moment. 

5.1 LIBS in archaeology and cultural heritage. 

Samples with archaeological or cultural value are sometimes difficult to analyze. 

These samples cannot usually be moved or destroyed for analysis, and some 
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chemical techniques to prepare the sample or a controlled environment in a 

laboratory are needed. In the first place, portable LIBS devices can be used, solving 

the problem when the sample cannot be moved. In the second place, LIBS does not 

need contact to analyze the sample, avoiding damage in valuable samples. Although 

LIBS ablates an amount of the sample, the crater is nearly microscopic and 

practically invisible to the eye. In addition, this microscopic ablated surface improves 

the spatial resolution, providing accurate spatial analysis and even a depth profile 

analysis of the sample. The sample does not need to be prepared; hence the 

analysis is clean and fast. Besides, LIBS probes based on optical fibers allow the 

analysis of samples with difficult access. Despite these facts, LIBS is a 

microdestructive technique and the researcher should pay attention to experimental 

parameters in order to avoid critical damage in valuable samples. Many cultural 

heritage artifacts can be analyzed with the right LIBS set-up. 

LIBS is feasible with virtually all types of materials, for instance ceramics, marble, 

bones or metals, usually applying quantitative analysis. The most common analysis 

attempts to determine the elemental composition of the sample in order to help to 

date it [80-83], but indirect information can also be extracted, such as the estimation 

of the diet from minerals in bones [81]. LIBS has been used with delicate samples 

such as Roman coins [84] or other metallic alloys like bronze [80], even under water 

[85]. In the field of painting, it can determine the elements that compose the 

pigments. This analysis of pigments can help to date and authenticate frescos or 

paintings [86]. Moreover, LIBS can be used, combined with other techniques, in 

order to sum the potential of them, such as Raman or X-Ray fluorescence (XRF) [84, 

87, 88]. LIBS offers some advantages for cultural heritage analysis and this field is 

an interesting way for LIBS, but it is necessary and useful to use LIBS with other 

complementary techniques, in order to provide a large set of tools for 

spectrochemical analysis. These mixed techniques are being tested today, and there 

are a lot of developments to see in this field. 

5.2 LIBS in Biomedical applications. 

Biomedicine and LIBS are fields that have not been working together for long. For 

that reason, this field may provide a large number of new developments in a few 
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years. LIBS can analyze chemical compositions of biological samples such as 

human bones, tissues and fluids [89].  

LIBS can help to detect excess or deficiency of minerals in tissue, teeth, nails or 

bones, as well as toxic elements [89, 90]. In the same way, cancer detection is 

possible with LIBS and it can provide a surgical device which can detect and destroy 

tumor cells at the same time [91]. In addition, classification of pathogenic bacteria or 

virus is possible too [92, 93]. 

The analysis of samples from plants has also been proposed. The analysis of this 

kind of samples is difficult with other techniques due to the difficult sample 

preparation. LIBS in this case can provide a fast analysis tool with easy sample 

preparation, for instance in micronutrient analysis of leaves [94]. 

5.3 LIBS in industry. 

LIBS has been targeting many industrial processes for many years, because it is a 

fast analytical tool well suited to controlling some manufacturing process. Moreover, 

LIBS can work at a large range of distances, allowing analysis of samples in 

hazardous and harsh environments. For example, remote detection of explosives 

has been assessed with LIBS [95], even at trace levels [96]. One of the best ways to 

grow LIBS is to focus on industrial applications because the research would be 

transferred to economically profitable tools. For that reason, LIBS should be more 

associated with the industrial field and research efforts have to be carried out in 

order to create this kind of devices. 

For example, in the nuclear energy industry, the effects of radiation on living beings 

and devices are widely known. LIBS can work far away from nuclear waste or 

reactors, using stand-off configuration or with fiber optic probes, avoiding dangerous 

radiation levels [57, 97]. 

In the metallurgical industry, smelters and final products can reach high 

temperatures, and LIBS can analyze the alloy compositions in production line or 

detect impurities in other production sectors, such as the automotive industries [98-

100].  
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LIBS can also be useful to detect toxic products like heavy metals in industrial 

wastes [101]. These waste products should be recycled or stored, and knowing the 

elements in them can provide key data to reduce the environmental impact of the 

process. 

In the renewable energy field, analysis and detection of impurities in solar cells can 

be a useful tool to improve the manufacturing processes or to achieve high efficiency 

solar panels. There are recent research works in this field [102] although there is a 

huge amount of work to do. 

5.4 LIBS and geological samples: towards extraterrestrial 

limits. 

Analysis of some kinds of minerals is possible using LIBS, in particular, of soils and 

geological samples in situ [103]. Sample features can strongly affect the 

experimental conditions and reduce the accuracy, but quantitative analysis is still 

possible [104]. LIBS analysis can detect traces of toxic material in soils, rocks or 

water without sample preparation and in the natural environment of the sample. 

LIBS can work in a wide range of environmental conditions and with different 

atmospheres, from air to vacuum. This feature, coupled with the capability to analyze 

soil samples and the possibility to build a portable set-up, enables the possibility to 

work in the space. Recently, a spacecraft has been launched to Mars to provide 

spectral analysis of Mars geological samples. This spacecraft contains, among other 

instruments, a hybrid LIBS-Raman spectrometer [67, 105]. 

6. LIBS challenges 

Probably, the main challenge that LIBS needs to address is its recognition as a 

standard in chemical quantitative analysis. Calibration-free algorithms offer a good 

approximation to this goal, but the results are not perfect yet [106]. There are 

different research lines with the goal of a standard quantitative analysis, attempting 

to improve the calibration-free algorithm or add new capabilities to it. There are 

recent works based on spectral normalization to improve the final result [106] or to 
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detect the elements in the sample automatically [107]. This goal may be the most 

important and could place LIBS definitively among the most widely used 

spectrochemical techniques. 

In order to widen its use in real applications, new advanced and cost-effective 

instrumentation is required. Currently, a cumbersome and expensive set-up is 

needed to achieve accurate analysis, and works are in progress to reduce the size 

and complexity of LIBS set-ups. The technique of micro-LIBS or improvements in 

laser sources can enable a compact and accurate set-up which makes it feasible in 

field work [106]. A recent (“hyphenated”) approach combines LIBS with other 

spectrochemical techniques in order to unite the features of them. The hybrid LIBS-

Raman Mars Science Laboratory (MSL) is a good example of this [67, 105]. 

Advances in new techniques and approaches for LIBS analysis, such as optical 

catapulting and molecular LIBS are being explored. Optical catapulting LIBS (OC-

LIBS) [108, 109] uses a pulsed laser below the plasma threshold energy on the 

sample surface to create a solid aerosol which is analyzed with LIBS. Molecular 

LIBS, on the other hand, analyzes the emission of molecules resulting from sample 

ablation or from the recombination between target elements and ambient air [106]. 

LIBS can improve its performance with this ability and so enable the analysis of 

organic samples [110]. 

7. Conclusions 

LIBS is a useful spectrochemical technique that can provide chemical analysis in situ 

without sample preparation, in a quasi-non destructive way, which can be used in a 

wide range of environments. 

Nevertheless, advances in key optical components, pre-processing and post-

processing algorithms in LIBS are essential to go beyond the spectral signatures. 

Therefore, additional research effort is required to meet the aforementioned 

challenges and to obtain useful, cost-effective, portable LIBS instrumentation.
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Objectives 

This thesis work does not intend to be develop new physics models for to LIBS. This 

work uses the LIBS background in different applications and tries to join this 

background with the knowledge in other research areas in order to use interesting 

components or algorithms from other fields which could improve the LIBS technique. 

These improvements are then tested and applied to real applications in different 

fields such as archeology or industry. This thesis intends to be an engineering one, 

contributing to the advance of LIBS technique.  

The main objectives of this work are derived from some of the aspects identified in 

the previous state of the art that need further research effort, and can be 

summarized as follow: 

1. To design and to develop new sensors based on Optical Fiber. These 

sensors will measure the shockwave induced by plasma plume using 

different devices, like Fiber Bragg Gratings or effects into the fiber such as 

speckle. Besides, hybrid sensors will be designed, with the capability to 

detect the shockwave and acquire the plasma light simultaneously. These 

sensors can quantify the shockwave energy and this energy is related to 

plasma features and ablation process. This quantification could be useful to 

normalize the plasma emission and to improve quantitative analysis and 

control of the ablation process. This ablation process is related to geometrical 

parameters like lens to sample distance and these sensors could be a tool for 

correcting lens to sample distance and consequently focalization errors of the 

laser on sample surface. 

Chapter 3          
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2. To apply different algorithms to LIBS spectra. These algorithms will have 

several purposes. One group of algorithms will try to classify raw LIBS 

spectra to distinguish different samples. This approach avoids the problem of 

identification of chemical elements and the uncertainty associated to this 

identification. Second group is a new approach to quantitative LIBS analysis. 

A new algorithm based on particle Swarm Optimization (PSO) will be used to 

carry out a semi-quantitative analysis of sample composition. This work 

includes a preliminary stage of this algorithm which can become a tool for 

accurate quantitative analysis. 

3. To use LIBS in real applications. This application will be divided in two 

main groups. First one is related with LIBS applications for archeological 

purposes. This work includes analysis of metallic statues or ceramic vessels 

and even the content of these vessels. This works use LIBS and compare it 

with different spectrochemical techniques in order to apply the best technique 

for each sample or obtain a complementary analysis using the features of 

each technique. Second group includes LIBS analysis of industrial samples, 

specifically metallic samples, with the goal of detecting specific coatings or 

precious metals in waste materials. 

Concluding the first part with the formulation of the objectives to be reached, in the 

next part the three main groups of obtained contributions are included. Chapter four 

is devoted to new sensors and devices based on optical fiber. Chapter five includes 

the contributions on algorithms for LIBS and finally, chapter six is dedicated to 

experimental applications in industrial and archeological environments. The third part 

is devoted to the conclusions and future lines. Finally the fourth part includes a 

summary of the references employed during the research part of this PhD and the 

papers that have been published and submitted for publication in the framework of 

this thesis work. 



 

  

 

Part II 
Contributions 

 

 

 

 

 

This part shows several contributions to the development of the LIBS technique. 

These contributions are related to the design of new sensors for the detection of 

acoustic LIBS signal based on Optical fibers. Besides, contributions to new 

algorithms for LIBS quantitative analysis or for blind sample classification are 

presented.  
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New devices and techniques 

As explained in the part I, it is difficult to perform accurate quantitative analysis of the 

sample composition using LIBS. A combination of diverse phenomena contribute to 

a significant uncertainty in some of the information that can be obtained about the 

sample from the emission spectrum, in particular, the relative amount of atomic 

elements of the sample’s constituents calculated from intensities of the emission 

lines. Among others, chemical and physical matrix effects between the different 

atomic species [1], shot-to-shot fluctuations of the laser pulse parameters (energy, 

duration, etc.) [2], influence of particles ejected from previous pulses [3], variations in 

the spatial shape of the plasma plume that affects the light collection efficiency of the 

spectrometer, and changes in surface conditions of the sample and the experimental 

setup and its environment in general have been identified as potential sources of 

errors in the quantitative sample evaluation [4].  

Furthermore, laser-induced plasma emission seems to be a chaotic process in the 

sense that the overall intensity of the resulting optical spectrum is highly dependent 

on the initial conditions. It is not uncommon, in an experiment with a series of laser 

shots with constant parameters and a strict control of the experimental conditions, 

that some pulses do not produce plasma emission at all. For that reasons, several 

consecutive laser shots are averaged or integrated into a single spectrum. However, 

the quantitative analysis accuracy still suffers from variations of experimental 

parameters, mainly, the laser energy and the beam focusing over the target material. 

In order to mitigate this problem, several normalization techniques have been 

proposed [5]. One simple possibility is so-called internal standardization, already 

Chapter 4          
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discussed in the very first paper proposing the LIBS technique [6]. This solution is 

based on the intensity of the emission line of the element to be quantified being 

divided by the intensity of a weak spectral line of another element whose 

concentration is known or at least is constant among samples, as this ratio has been 

found to vary to a much lesser extent than the absolute intensity. However, not all 

pairs of lines are suitable candidates and they must satisfy certain thermodynamic 

criteria: similar excitation potential, intensity differences smaller than 10 times, and 

spectral proximity have provided good results [5]. Therefore, depending on the 

sample, it is not always possible to find suitable lines for this internal standardization 

within the captured spectral range.  

External standardization, on the other hand, is based on the use of an external signal 

derived from the ablation process as the reference for normalization. One possibility 

is the acoustic wave generated by the plasma: Plasma evolution induces a 

compression in the surrounding medium and a shock wave which evolves to a sound 

wave. There are applications which use this shockwave induced by a laser, such as 

laser shock cleaning [7] or shock wave lithotripsy [8]. For that reason, a deeper 

analysis of shockwave evolution and the parameters involved in this process is 

needed. Some authors have proposed a theoretical model to shockwave 

propagation such as Murray and Wagner [9] or more recently, Rui et al. [10]. 

Other authors have captured and analyzed this acoustic emission in a different way. 

Diaci and Mozina discussed the signal recorded during plasma formation with a 

microphone using the shock wave solution of the point explosion model [11]. Stauter 

et al. demonstrated a relationship between acoustic emission acquired with a 

microphone and the ablation rate [12]. Laserna et al. studied the spectral content of 

acoustic emission and the changes of this spectrum with different irradiances and 

samples, using a microphone or the laser beam deflection technique to acquire the 

shockwave [13, 14]. The intensity of the acoustic wave has proven to be linearly 

related to the amount of mass ablated in the sample by each laser pulse, and 

therefore, it is a valid signal for normalization [14]. Acoustic emission is usually 

detected with standard microphones in the human acoustic detection range, allowing 

the measurement of the acoustic signal from distances up to several meters from the 

target. At the same time, this shockwave changes with the lens to sample distance 



- 41 - 
 

(LTSD) and this distance could be tuned using the acoustic detection to improve the 

laser focalization on sample surface. 

The use of a bare polymer optical fiber is proposed as an acoustic sensor for 

normalization purposes, based on the sensing principle of speckle interferometry 

[15]. The optical fiber, coiled around the point of plasma formation, also acts as the 

light capturing element for the spectrometer. Plasma emission is usually collected by 

means of a large-core silica optical fiber coupled with a lens system pointed to the 

zone where the plasma plume is expected to be [16, 17]. This is an efficient system 

that captures the maximum amount of light from the plasma, but it is difficult to align 

and its efficiency suffers from the fluctuations in the spatial position and shape of the 

plasma plume [18]. Instead, in the proposed approach, the light is captured through 

the fiber’s cladding on the inner part of the coil and propagated within the core to the 

spectrometer, thus performing a spatial integration of the optical emission that does 

not require alignment [19].  

Another possibility is the use of Fiber Bragg Grating (FBG) acoustic transducers, 

which are made of optical fiber and are immune to electromagnetic fields and 

chemically inert. In addition, it could be possible to attach the FBG to a fiber optic 

cable (FOCs) or bundle LIBS head [20] which can emit the laser light and detect both 

the optical and acoustical emission in places of difficult access or in aquatic 

environments. For that reasons, a FBG transducer can be an interesting and a 

complementary option to extend and improve the possibilities for the detection of 

plasma induced shockwave. This kind of device is used in the second part of this 

chapter to acquire the acoustic signal and its performance is compared with a 

standard microphone. Besides, this device is employed to measure the LTSD in 

order to provide a system to correct this distance and control the ablation rate. 

1. Plasma shockwave evolution 

Plasma formation is induced by thermal and/or non-thermal effects, depending on 

laser wavelength, irradiance and pulse time [21, 22]. The sample absorbs energy 

from the laser source and it is re-emitted during plasma life stages. Mainly, plasma 

evolution follows three paths depending on laser irradiance: Laser-supported 
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combustion (LSC) wave for irradiances lower than 107 W/cm2, laser-supported 

detonation (LSD) wave for irradiances up to 109 W/cm2 and laser-supported radiation 

(LSR) wave for irradiances larger than this level. These effects can be studied from 

different points of view, but the limits between them are not clearly fixed [12, 14]. 

Regardless the plasma expansion model, the shockwave evolution follows more or 

less the same process, with different times, propagation speeds or pressures fixed 

by plasma expansion features. When the laser pulse begins to irradiate the sample, 

it absorbs the energy and a small amount of material is ablated, inducing plasma. 

This plasma compresses the surrounding medium and induces an abrupt shockwave 

(blast wave) which travels at a supersonic speed “A” with a spherical pattern (for 

nanosecond scale lasers). The air behind the shockwave reaches a speed “a”. The 

plasma is induced before the laser pulse finishes (using nanosecond scale lasers) 

and the ablated material absorbs the last part of laser pulse energy. The re-

absorption induces a new compression wave which travels at speed “A+a”, faster 

than the shockwave. The compression wave reaches the shockwave and increases 

its pressure. This phenomenon occurs while the laser pulse irradiates the sample, 

increasing the pressure more and more. When laser pulse finishes, the compression 

wave decays although it can still increase the shockwave pressure until it overlaps 

the plasma shockwave, and the ablated material is cooled very fast. Then the 

shockwave reaches the steady propagation stage, with a constant pressure because 

the pressure shockwave has disappeared. This cooling of the plasma induces a 

rarefaction wave which travels at speed “C+a”, faster than the shockwave. This 

rarefaction wave overtakes the shockwave and it is attenuated and decreases its 

pressure. After a few time, the shockwave decays to an acoustic wave [10, 23]. 

This shockwave evolution depends of time, and for that reason depends of distance 

from the ablated spot. Close to the ablated spot the shockwave will be a pure 

shockwave, but far to this area, the shockwave will evolve to a sound wave. Laser 

energy can change this stages times and distances, but if the sensor which detects 

shockwave (a FBG transducer, a coiled fiber or a microphone in this work) is far to 

the plasma plume (in the order of few millimeters) it will detect a sound wave.  
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2. External normalization based on coiled plastic 

optical fiber 

The proposed device is based on a coiled plastic optical fiber positioned around the 

plasma emission and above the surface of the material under study by the LIBS 

setup (Figure 5). A short length of poly(methyl methacrylate) (PMMA) optical fiber, 

without any protective coating, and core and cladding diameters of 980 and 1000 

micron, respectively, has been coiled with a coil diameter of a few centimeters. The 

light from a Helium-Neon (He-Ne) laser is inserted in one end of the fiber, while the 

other end is split in two optical outputs using a bifurcated fiber. One of the output 

fibers is connected to a spectrometer to obtain the spectrum from the plasma 

emission, while the other is connected to a conventional video camera to visualize 

the speckle pattern created over the CCD surface. An optical bandpass filter, 

centered at the He-Ne laser wavelength, is placed between the CCD and the fiber to 

remove any light contribution from the plasma entering the camera that could 

interfere with the speckle pattern. The aim of this configuration is to collect and 

analyze the plasma emission with the spectrometer, and simultaneously, to record 

the speckle pattern with the camera to estimate the acoustic emission from the 

plasma. 

 

Figure 5: Sensor device based on a coiled plastic optical fiber to simultaneously collect the 

light emission from the plasma and to detect its acoustic shockwave. 

 



- 44 - 
 

Several designs of the coil patterns and sizes were tested, in particular, coils with 

circular, square and hexagonal shapes. They were built using a rigid cast of PMMA 

with the intended shape to coil the plastic optical fiber. One of the mechanisms that 

enable the light entering the fiber through the cladding to be collected and guided is 

the presence of scattering centers in the core-cladding interface due to the 

manufacturing process [24] despite it is primarily the presence of small-radius 

curvatures in the coil. It was found that the hexagonal pattern, with six sharp 

curvatures per turn, is the most efficient design. It was also found that the number of 

turns is not critical in the light capturing capability, because light is also radiated by 

the sharp curvatures. Thus, a single-turn coil has a collecting efficiency similar to a 

many-turn design. The coil diameter was also investigated, and, as expected, small 

coil diameters have better collection efficiency. However, the coil diameter should be 

large enough to be safely placed around the plasma plume without the optical fiber 

being degraded by the high temperatures and projections. For this work, a single-

turn hexagonal coil with a diameter of 10 mm has been chosen.  

This device design enables the simultaneous measurement of the acoustic emission 

from the plasma. As the fiber’s coil is placed very close to the plasma emission, it is 

exposed to the pressure waves originating from it. The acoustic waves induce strain 

changes in the optical fiber, which can be detected with different approaches. In this 

work, the light from a highly-coherent laser is launched into the optical fiber, 

propagating through the coil, where it is projected over the camera’s CCD surface. 

The induced strain can be easily detected from the perturbation of the speckle 

pattern captured by the camera. Several processing schemes for the analysis of the 

speckle images have been proposed as estimators of the physical magnitudes which 

induce the speckle variation [25]. In particular, the best algorithm for the estimation 

of the shockwave’s acoustic energy from the strain-induced speckle variations has 

not been previously addressed in the literature. In this work, three processing 

schemes have been considered. Firstly, the absolute difference between two 

consecutive frames, i.e., the sum of the intensity value of all pixels from the 

subtraction image of every two consecutive frames (“differential” processing). 

Secondly, “contrast” processing, which is calculated as the variance of all the pixel 

values divided by the mean value, for each image. And finally, the calculation of the 
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moment of inertia of the co-occurrence matrix derived from the temporal history of 

the speckle pattern (“MoICO” processing) [26]. 

The maximum frame rate of the camera can be a serious limitation for shock waves 

with high-frequency content. For example, differential processing produces an 

estimation of the acoustic wave limited to frequencies up to half the frame rate, 

which for conventional cameras, can be as low as tens of Hertz. In the same way, 

the “MoICO” scheme needs several consecutive temporal images to generate a 

single estimation of the degree of speckle variation and therefore the dynamic 

discrimination of the induced strain is even more restricted. On the other hand, the 

contrast processing is an intra-frame algorithm based on the principle that increasing 

speckle variations (that is, movement of dark and light spots) within the integration 

time of a single acquired frame reduces the contrast of the captured image, so its 

frequency response is twice the one of the differential processing. Moreover, the 

measurement of contrast is an estimator of the source of speckle disturbances (the 

acoustic pressure applied to the optical fiber) with higher dynamic range and better 

linearity to accommodate to different acoustic intensities [25]. Therefore, contrast 

processing seems more suitable for this particular application. 

In the next section, experimental results regarding the light capturing capabilities and 

acoustic wave estimation of this setup are presented. 

2.1 Acquiring plasma light by means POF coiled sensor 

The behavior of the proposed design as a plasma light collector has been 

experimentally tested. A Nd:YAG pulsed laser was used to generate the plasma 

plume. The light was captured by a spectrometer coupled to an ICCD detector. The 

laser beam was focused onto a plate of a leaded brass alloy used as a target. This 

material was chosen because there are six intense emission peaks from zinc and 

copper at wavelengths around 500 nm, and if the relative amount of these elements 

is known, this target could act as a calibration element for the LIBS setup. 

The plasma emission was collected with the proposed optical fiber coil and with 

standard collecting optics as a reference for comparison purposes, the latter based 

on volume lenses and a short silica optical fiber with a 400-micron core diameter. 
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The reference collecting optics has been focused and aligned to maximize the 

amount of captured light. The coiled fiber was placed over the brass plate (a few 

millimeters over the surface) with one end coupled to a He-Ne laser with a 

wavelength of 632.8 nm and 5 mW power, while the other was attached to a 

bifurcated optical fiber. One output port of the bifurcated fiber was attached to the 

spectrometer slit entrance and the other end to the CCD camera. 

A first experiment has been carried out to compare the spectra captured by both 

techniques. It is known that the PMMA fiber has a stronger absorption coefficient 

than the silica, and different absorption peaks due to carbon-hydrogen vibrational 

overtone modes and OH- ions in the visible range [18]. In Figure 6, the captured 

spectra for a pulse energy of the laser of 22 mJ (26 J pump) are shown. They have 

been normalized to the maximum value. It can be seen that there are no appreciable 

differences in the captured wavelength range from 470 to 530 nm. The spectrum 

using the coiled fiber is noisier due to the fact that the collecting efficiency is lower. 

From the integration of the intensity of both spectra, the capturing efficiency of the 

coiled fiber can be calculated as 6% with respect to the volume optics reference 

setup. However, this low figure is compensated by the fact that no alignment is 

needed with this approach. Additionally, the previously mentioned natural variations 

in the plasma plume’s spatial shape in different laser shots greatly affect the 

capturing efficiency of the volume optics setup, as it is focused on a small spatial 

point above the target’s surface. The spatial integration of the emitted light 

performed by the coiled fiber reduces this variability.  
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Figure 6: Spectra from the LIBS plasma captured by a standard volume optics setup (dashed 

line) and the proposed coiled plastic optical fiber (solid line). 

 

To analyze how the collecting efficiency of the coiled fiber varies with the position of 

the coil with respect to the plasma plume, several experiments were carried out. It is 

expected that light entering the optical fiber at high angles with respect to the normal 

to the cladding’s surface will be better captured and guided, as it can more easily 

fulfill the total internal reflection condition in the curved fiber. For this reason, the 

amount of collected light should increase when the coil is not centered on the laser’s 

focal point and the plasma plume’s horizontal position. Figure 7 shows the relative 

capturing efficiency when the center of the fiber coil is shifted in a radial direction 

from the laser focal point. As was expected, the capturing efficiency increases for a 

de-centered position, and it doubles for a 3 mm offset, still a safe position with no 

appreciable fiber degradation due to the plasma generated. This fact can be used to 

further increase the capturing efficiency if required. 
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Figure 7: Light capturing efficiency of the coiled plastic optical fiber for positions de-centered 

from the plasma plume. 

 

2.2 Measurement of acoustic wave 

The speckle pattern at one end of the optical fiber was analyzed to obtain an indirect 

measurement of the acoustic energy emitted by the plasma. The optical spectra with 

the emission lines from the chemical elements in the sample can then be normalized 

against the estimated energy to reduce the error in the quantitative estimation of the 

sample composition.  

The speckle pattern was formed simply by pointing one output port of the coupler at 

the CCD surface (without any optics) of a CCD camera. Images with 256 levels of 

gray and sizes of 64x64 pixels were acquired at the frame rate of 510 frames per 

second (FPS). A band-pass optical filter centered at the laser wavelength was 

inserted between the optical fiber and the CCD camera, in order to remove any 

contribution from the emitted plasma that could affect the speckle pattern generated 

by the He-Ne laser. For comparison purposes, a conventional moving-coil 

microphone was pointed at the plasma emission at a distance of about 15 cm. Its 

signal was recorded at a sampling rate of 44100 Hz with 16-bit resolution. Despite 

the optical fiber coil and the reference microphone being situated at different 

distances from the plasma emission (a few millimeters versus 150 mm), both 
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sensors are far from the ‘blast wave region’ and within the acoustic domain [19], so 

they should offer a similar measurement of the acoustic emission. 

The plasma emission spectra and the acoustic signals have been recorded at 

different Nd:YAG laser pump energies from 28 J to 37 J in steps of 1 J. In this range, 

the laser pulse energy ranges from 86 mJ to 345 mJ and is linearly related with the 

laser pump energy. For every energy setting, 40 laser shots have been delivered to 

the sample over the same surface point. All the measurements (pulse energy, LIBS 

spectra, and acoustic energy from the microphone and from the optical fiber’s 

speckle signal) have been averaged for the 40 consecutive shots to obtain a single 

value for every energy point. Due to this averaging process, which reduces the shot-

to-shot variability, it is expected that the intensities of the emission lines and the 

acoustic energy follow the pulse energy. For this reason, the main performance 

figure of the proposed speckle-based sensor system is its ability to obtain an 

estimation of the acoustic signal similar to the one provided by a conventional 

microphone, and to reduce the variations of the emission lines’ intensities at different 

laser energies using the acoustic signal provided. 

The acoustic energy has been estimated using the following procedure: for the 

microphone, the root-mean-square (RMS) of the acoustic signal has been calculated 

using a sliding window of 8 samples, and then the RMS signal is integrated around 

the peak corresponding to each laser shot where the RMS amplitude is above 10% 

of the maximum value of each peak. 

The acoustic energy has been estimated from the speckle signal using the three 

previously mentioned procedures. The differential processing scheme performs the 

pixel-by-pixel subtraction of two consecutive speckle images, the energy being 

estimated as the sum of all the pixel values in the differential image. The contrast 

processing scheme calculates the ratio between the spatial standard deviation and 

the mean value of all pixels in every image, the energy estimation being the inverse 

of this contrast value. Finally, the “MoICO” method firstly extracts a 1x64 pixel 

horizontal strip from the center of every image, and the rows are concatenated to 

form the temporal history of the speckle pattern (THSP). Then a co-occurrence 

matrix with 8 levels of gray is calculated from a 4x64 sliding matrix (4 pixels in the 
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temporal axis) of the THSP, and the moment of inertia of every co-occurrence matrix 

is obtained. The energy estimator with this method is the value of the moment of 

inertia. For all the methods based on the speckle signal, and due to the relatively low 

sample rate, a clear maximum of the estimated energy is obtained at the precise 

time of the laser shot, which is considered to be the acoustic energy emitted by the 

plasma. It should be noted that these procedures obtain not absolute but relative 

values of the acoustic energy that cannot be compared with different methods; only 

the comparison of energy values obtained with the same processing scheme for 

different laser shots is meaningful. 

In Figure 8, the acoustic energy from the reference microphone is shown for a laser 

shot of 135 mJ. The speckle images are displayed for illustration purposes before, 

during and long after the plasma emission. The different images at the peak 

maximum and after pulse extinction, with respect to the speckle image at rest, show 

how the speckle pattern is significantly modified by the shockwave and then returns 

to its original configuration.  

 

 

Figure 8: Acoustic pulse from the reference microphone showing the speckle images 

obtained before (a), during (b) and 10 ms after the laser shot (c). 

 

Firstly, the capacity of the acoustic energy, estimated with the proposed method, to 

follow the pulse energy, has been analyzed. Figure 9 shows the dependence of the 
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acoustic energy calculated from the reference microphone, and from the speckle 

analysis, against the pulse energy. The laser energy sweep corresponds to pump 

energies from 28 J to 37 J, well above the pump threshold and within the linear 

range of the Nd:YAG laser. The acoustic energies for each method have been 

normalized to a maximum value of 1, as they are relative estimations. It can be seen 

that the microphone has a linear dependence and is able to predict the laser energy 

delivered to the sample with a correlation value of R2 = 0.996 and a maximum 

deviation of 3.2 %. For the speckle analysis, it can be seen that only the contrast 

method produces a good linear relationship between the acoustic energy and the 

laser energy. As has already been explained, this method works better with high-

frequency disturbances of the speckle signal that are not easy to analyze with this 

approach due to the low frame rate compared to the sound pressure dynamics.  

 

Figure 9: Acoustic energy estimation from the reference microphone (a), and the speckle 

pattern analysis using the proposed processing schemes of contrast (b), differential (c) and 

MIMCO (d). 

  

The ability of the acoustic signal to improve the accuracy of the composition analysis 

of the sample at different laser energies has also been explored. In Figure 10, three 

LIBS plasma spectra from the leaded brass sample are shown, corresponding to 

laser energies of 86, 190, and 345 mJ. Six emission lines are visible: three lines of 

zinc at 468.0, 472.2 and 481.0 nm; and three lines of copper at 510.5, 515.3 and 

521.8 nm. As the intensity of these lines increases with the increasing laser energy, 

the spectra must be normalized to obtain an estimation of the sample composition. 
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Figure 10: Plasma emission spectra at three different laser energies.  

 

One possible method calculates the ratio of intensities of two lines of different 

elements, in this case, copper and zinc. The plot of two pairs of lines against the 

laser energy, which should be constant as the sample composition does not vary 

during the experiments (58% copper, 39% zinc, 3% lead), is shown in Figure 11. 

Although some variation still remains, it can be seen that the ratio is fairly constant, 

despite the 1:4 change in the energy delivered to the sample. 

 

Figure 11:  Ratio of three pairs of emission line intensities against the laser pulse energy. 
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However, depending on sample composition and intended analysis, it is not always 

possible to find a good line candidate to calculate the ratio. For this reason, the 

external (i.e., acoustic) normalization can be useful when a suitable line pair of two 

elements is not available. In Figure 12, the absolute intensity of the copper emission 

line at 510.6 nm is plotted against the pump laser energy. It can be seen (top graph) 

that the acoustic normalization using the contrast processing of the speckle signal is 

able to reduce its variation from 33 % down to 20% for the entire range of energies. 

In the same way, the unwanted variations of the emission line of zinc at 481.1 nm 

(bottom graph) are reduced from 33 % to 24 % if the absolute intensity is divided by 

the acoustic signal. Similar results can be found for other emission lines. 

 

   

 

Figure 12: Normalization capability of the acoustic signal (contrast processing of the speckle 

images) for two emission lines of copper (above) and zinc (below).  

 

0

0.2

0.4

0.6

0.8

1

1.2

28 29 30 31 32 33 34 35 36 37

Cu
  5

10
.6

nm
 li

ne
 in

te
ns

ity
 (.

a.
u.

)

Pump energy (J)

Cu line @510.6nm (normalized)

Cu line @510.6nm

0

0.2

0.4

0.6

0.8

1

1.2

28 29 30 31 32 33 34 35 36 37

Zn
 4

81
.1

nm
 li

ne
 in

te
ns

ity
 (.

a.
u.

)

Pump energy (J)

Zn line @481.1 nm (normalized)

Zn line @481.1 nm



- 54 - 
 

3. Shockwave detection: Fiber Bragg Grating 

transducers 

A transducer based on FBG technology has been used in this work and compared 

with the performance of a standard microphone for the detection and estimation of 

the induced shockwave. Basically, a FBG is a periodic variation of the refractive 

index in the optical fiber core that reflects concrete wavelengths [27, 28]. The 

reflected wavelengths are centered on the Bragg wavelength and this parameter is 

defined by λBragg = 2neffΛ, where neff is the effective index (constant) in the fiber 

core and Λ is the period of the variation of the refractive index. By elongating the 

FBG, Λ is increased and, thus the central wavelength (λBragg) changes. So, by 

measuring the central wavelength, the strain of the holder structure in which the FBG 

is attached can be determined. This principle has been widely used for structural 

health monitoring [29] in very different fields such civil engineering or renewable 

energies [30]. This elongation can be induced by temperature changes hence FBG is 

used to measure temperatures in different environments. However, the same optical 

fiber can contain more than one FBG, allowing measurements in different points 

(quasi-distributed measurements). Figure 13 shows the operation of an FBG. 

 

 
Figure 13: Fiber Bragg Grating basic operation 
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This kind of transducers needs an interrogation unit which sends light and measures 

the center wavelength reflected by the FBG. Some of them use a tunable laser which 

sweeps a wavelength range (this range determines the possible λBragg′s) and 

measure the reflected wavelength. When the laser wavelength coincides with λBragg, 

the reflected wavelength will be maximal. The difference between the reflected 

wavelength with and without strain determines the displacement. The interrogation 

unit used in this work allows sample rates up to 10000 samples per second, so 

signal bandwidth is limited to about 5 KHz. The proposed algorithm analyzes the 

energy or the peak to peak value of the dynamic strain signal, magnitudes that are 

related to shockwave intensity. The spectral range of this signal acquired with a 

standard microphone is between 0-25 Khz, so some frequency components will be 

lost, too. However, this does not affect the capability of the proposed technique to 

estimate the acoustic shockwave intensity. 

3.1 Focal position detection based on Fiber Bragg 

Gratings 

Plasma features are strongly dependent of different factors like matrix effects [31], 

LTSD [32] or laser pulse energy. All these factors and others are related to each 

other, inducing different plasma features for each set of them. A wrong focalization 

on the sample surface can change the irradiance on the sample, reducing the 

ablation rate and the spectral emission performance [32]. The optimal LTSD can be 

found easily in a standard LIBS set-up with easy access to the sample and laser 

focalization lens, but if the distance between the sample and the LIBS set-up is in the 

order of several meters, like in ST-LIBS configurations [33], it can be difficult to find. 

The measurement of the acoustic wave generated by the plasma has been proposed 

as a monitoring signal of the ablation process, as its intensity or spectral content can 

be related to the plasma emission. It is found that after the laser pulse-sample 

interaction, the intensity of the induced shockwave varies with the focal position, 

which can be used to obtain an error signal to reach optimums LTSD´s. The focal 

displacement induces a small irradiance change and the capability of FBG 

transducer to measure this irradiance changes can be useful for this application. It is 

important to notice that for a given set-up and sample, the spectrum of acoustic 
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signals from plasma expansion depends mainly of the irradiance, independently if 

this irradiance changes with varying laser energy or spot size [13].  

3.2 Experimental set-up for Fiber Bragg Grating 

transducers 

The FBG transducer scheme is shown in Figure 14. A FBG (λbragg= 1541 nm) has 

been fixed to an acetate sheet 10 mm width and 20 mm length in order to improve 

the mechanical response to the sound waves with a larger contact surface and 

without adding a heavy weight. This acetate sheet allows the detection of the 

shockwave because works like an “eardrum”, vibrating with the shockwave and 

inducing strain variations in the FBG. The optical fiber has been glued to a PVC 

frame (27 mm width 140 mm length) with the fixing points as close as possible to the 

end of acetate sheet (28 mm between them) to improve its frequency response. 

Different distances have been tested, but the longer the distance of fixation points, 

the worse transducer’s spectral response. This transducer design is dominated by 

mechanical effects hence a larger distance between fixation points causes a slower 

mechanical vibration. Plasma expansion shockwave is a fast phenomenon with a 

small lifetime and a wide spectral range and a slower mechanical vibration can act 

as a low pass filter, deteriorating the quality of the detected signal. 

 

Figure 14: FBG transducer detailed 

 

The LIBS set-up used on these experiments is shown on Figure 15: 
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Figure 15: LIBS set-up used in this work 

 

A pulsed Nd:YAG laser source, with a wavelength of 1064nm, is used to induce the 

plasma. A lens of 75 mm of focal length is used to focus the laser on the sample 

surface. The sample is placed on a linear stage to provoke the focalization or the de-

focalization of the laser beam on its surface. An optical fiber with a core diameter of 

600 µm is positioned in front of the plasma to capture and drive the light into the 

spectrometer. The spectrometer is coupled to an iCCD equipped with a time control 

unit which triggers the laser and acquires the spectrum with a proper delay in order 

to avoid the continuum radiation. The laser pulse energy was acquired for each 

pulse using a beamsplitter positioned in the beam path. This beamsplitter extracts 

8.5% of laser energy and this beam sample was measured by a laser energy meter. 

The sample material was a brass sheet and different sets of sample spectra were 

acquired to test the capabilities of the FBG transducer. The first set of samples 

consists of a sweep of laser irradiance on the sample surface. The laser energy was 

swept between 36 mJ and 178 mJ per pulse. The induced crater had a diameter of 

170µm which results in a range of irradiances between 2.68 and 13 GW/cm2. 220 

spectra per laser irradiance were acquired in order to obtain a good accuracy in the 

results. The first 50 spectra of each set of 220 were rejected to avoid undesired 

results due to sample surface impurities, and the remaining 170 spectra were 

averaged. 

The second experiment tries to analyze the capability of FBG transducer to detect 

focalization errors of laser beam on sample surface. In order to simulate these 

focalization errors, the brass sample was attached to a Z-axis linear stage and 

moved up and down with respect the theoretical focal position (75 mm). The 
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displacement was 10 mm above and 7.5 mm below lens focal length distance. The 

number of spectra per each focal position and the rejected spectra for each group 

were the same than in the previous experiment. 

3.3 Acquisition of shockwave signal by means Fiber 

Bragg Grating Transducers 

Two different analyses have been done in this work. The first of them is the analysis 

of time response of FBG sensor compared with the performance of a microphone 

acquiring the same signal and applying the same post-processing to both signals. A 

microphone has been selected because is a device previously employed for the 

detection of plasma expansion induced shockwaves and shows a tested 

performance [12-14]. The second analysis is the frequency behavior of both sensors. 

3.3.1 Temporal analysis of FBG and microphone signals 

The induced signal both in microphone and in FBG transducer is shown in Figure 16. 

FBG signal (left) has a larger lifetime and a higher noise level. Both sensors have 

been isolated from the sample and each other to avoid the detection of undesired 

vibrations hence this noise level is not induced by these spurious signals (mainly 

standing waves and vibrations from other instruments in the laboratory). Basic 

concepts about FBG transducer and FBG interrogation units have been explained 

above, but in brief, the interrogation unit measures the wavelength deviation which is 

induced by the shockwave with respect the rest position. The employed unit was 

working with a high sample rate (10000 samples per second) and the instability of 

measurements due to fast and small changes in interrogation unit light source at this 

high frequency induces this noise level. Another difference between the two signals 

is the life time. The signal from the microphone lasts for about 1.2 milliseconds, while 

the FBG signal lasts much longer (about 25 milliseconds). The induced shockwave is 

a fast pressure wave with a lifetime closer to the microphone signal. This FBG 

transducer behavior is due to its mechanical properties. In fact, the pressure wave 

hits the acetate sheet and induces a damped vibration on the piece of fiber between 

the fixation points. This vibration needs time to relax itself and this time is directly 

related with the length of this piece of free optical fiber and during this time the FBG 

suffers a deformation measured by the interrogation unit. For that reason, the 
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distance between the fixation points of the optical fiber to the PVC frame has been 

reduced to shorten this relaxation time and to close the behavior of FBG transducer 

to the microphone, an optimized device for the detection of this kind of pressure 

waves. 

 

Figure 16: comparison between FBG (left) and microphone (right) temporal response to a 

plasma shockwave 

 

Two different processing schemes have been applied in order to test the capability of 

the FBG transducer to follow the changes in the irradiance from the acquired 

temporal pulses. The first one is based on the calculation of the peak to peak value, 

as the difference between the maximum and the minimum values of the temporal 

pulses. The other processing is based on the calculus of the energy of the pulse. 

The results of both processing schemes using FBG transducer temporal pulses 

compared with the same regards using the microphone signals is shown in Figure 

17. 
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Figure 17: FBG (red circles) and microphone (blue asterisks) behaviors with irradiance 

evolution. Two different treatments of temporal pulses have been employed; the peak to peak 

excursion of each pulse (left) and the calculus of the energy of each one (right) 

 

The three mechanisms that plasma expansion can follow have been already 

explained. The range of laser irradiances was 2.68-13 GW/cm2 for these 

experiments and the transition between LSD wave and LSR wave is for irradiances 

about 109 W/cm2. The transition between this two effects and its influence on the 

signal acquired with a microphone or even with another kind of devices were well 

described previously [14, 34, 35]. Laserna et al. recorded a change in the slope of 

linear trend of microphone signal energy on about 4.8 GW/cm2 due to this transition 

between LSD and LSR waves [14]. The laser irradiance sweep was selected to 

record this transition with FBG transducer previously reported using a microphone 

[14] and this slope change is clear with the two processing methods for both 

sensors. 

The analysis of pulse energy for the microphone records this transition around 5 

GW/cm2, close to the value described in previous works [14]. FBG transition is less 

clear for the pulses energies due to the worse linear behavior compared with the 

microphone, but despite this fact the first three irradiances show a behavior close to 

microphone results, with a transition between expansion waves about 5.5 GW/cm2. 

For this analysis, the microphone has a better linear trend (R2=0.989 for microphone 
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and R2=0.979 for FBG) though both of them have a good performance to follow the 

laser irradiance and to detect the wave expansion transition. 

The performance of both sensors changes with the peak to peak analysis. The wave 

expansion transition is clearer for FBG and the measured laser irradiance level is 

about 4.5 GW/cm2. The linear trend for FBG transducer signals is the best off all 

analysis (R2=0.998 for FBG and R2=0.979 for microphone). The wave transition for 

microphone is not clear with similar slopes for both of them. 

This temporal analysis shows that the performance of FBG transducer to detect the 

induced shockwave due to plasma expansion is similar to a microphone. Despite the 

fact that there are differences between them in terms of frequency range and 

mechanical properties, FBG transducer has a high performance for the detection of 

laser irradiance changes, even higher than the performance of the microphone due 

to the better linearity. The higher performance of FBG transducer using the peak to 

peak analysis is probably due to these mechanical properties. The shockwave, 

whose intensity is proportional to laser irradiance, hits the FBG and induces the 

vibration, and this first excitation, perfectly recorded by the peak to peak exclusion, is 

better for the FBG. Probably, the mechanical response of this FBG transducer, 

dominated by resonance frequencies, is better for this primary detection, but at the 

same time the slower relaxation time of FBG transducer due to its own physical 

properties and dimensions changes the energy of the pulses, distorting the results. 

3.3.2 Focal position detection based on temporal analysis 

This capability of FBG transducer to measure laser irradiance could be useful to 

detect errors in the focalization of laser beam. These changes in LTSD imply a 

change in irradiance on sample surface which the FBG transducer can estimate. For 

each LTSD the same processing techniques (peak to peak exclusion and energy of 

the signal) have been used, and two set of measurements with the same parameters 

have been acquired in order to test the repeatability of the measurements. Both 

microphone and FBG exhibit different behaviors, shown in Figure 18. FBG shows all 

the maxima responses for each signal processing and set of measurements 

centered about 2.5 mm below the lens focal plane and the microphone response 

peaks are around 3 mm above the lens focal plane, but the difference between these 
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response peaks is larger than FBG peaks, which means that FBG results are less 

dependent of processing technique and more repetitive. At the same time, FBG 

maximum is clearer and acuter. FBG shows better accuracy and repeatability and 

despite the facts that the maximum is not the initial focal position, the error is small 

with respect the lens focal length. The LTSD changes the irradiance and these 

changes in the irradiance change the plasma shape [14]. The plasma size and 

shape are related to the compression of the surrounding medium and this 

compression changes the induced shockwave. The larger the irradiance, the higher 

the plasma plume and the shockwave. When LTSD is reduced, the sample surface 

irradiated by the laser is larger and consequently the irradiance is lower. This effect 

reduces the induced shockwave. Contrarily, if LTSD is increased the plasma is 

induced above the sample surface. This reduces the ablated material but the laser is 

correctly focalized above the sample. Then, the laser ionizes the air and in theory the 

plasma is induced in the focal position with the maximal irradiance. This effect 

should induce a higher plasma plume and shockwave due to a perfect focalization 

which induces a higher irradiance but at the same time the breakdown threshold (the 

irradiance that a material needs to be ionized) of the air is larger due to the 

atmosphere absorbs less laser energy , generating a small plasma plume and 

shockwave. 

 

Figure 18: FBG (left) and microphone (right) behaviors with focal displacements 
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3.3.3 Frequency analysis of FBG and microphone signals 

The second analysis carried out in this work in order to test the performance of FBG 

transducer is a spectral analysis of the induced signals by plasma shockwave using 

both sensors. Spectral evolution of both sensors related with laser irradiance is 

shown in Figure 19 for the lowest and the highest irradiances. All the acquired 

spectra have been filtered using a high pass filter for both sensors. Microphone 

spectra have been filtered (cutoff frequency of 1400 Hz) to avoid standing waves 

which can distort the original signal. These standing waves are signals at a 

stationary position with a pattern of deep hills and valleys which arise as a result of 

echoes of original signal at concrete frequencies which depends of room dimensions 

and original signals harmonics. FBG signal has been filtered using a high-pass filter 

with cutoff frequency of 150 Hz to remove the wavelength drift of the FBG due to 

temperature changes. The laser pulse duration (around 15 ns) is large with respect 

to the time when thermal vaporization arises (10-9-10-8 seconds). For that reason 

thermal and non-thermal effects will generate the plasma plume, and these thermal 

effects can increase the surrounding temperature for the relatively high pulse 

frequency and the number of pulses per measurement. FBG transducer has a great 

sensitivity to temperature and the proximity of sensor to plasma plume induces a 

temperature increase due to the big amount of pulses. This effect creates a slow 

increasing on FBG wavelength excursion due to this temperature increase. 
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Figure 19: FBG (left) and microphone (right) spectra for lower (red) and higher (blue) 

irradiance 

 

The complexity of both plasma expansion process and its induced shockwave for 

this kind of laser pulses cause difficulties to analyze the spectral response of both 

sensors. The induction of a primary shockwave in the initial stages of plasma life 

during the first part of the laser pulse, the secondary shockwave due to the last part 

of laser pulse and the interference of both shockwaves induces the complex spectra 

shown in Figure 19. FBG transducer spectrum is “clearer” than microphone 

spectrum, with separated peaks in all the spectral range, from 150 Hz to 5000 Hz 

limited by the sample rate of interrogation unit (10000 Hz). The increase of laser 

irradiance increases the number of peaks and induces a displacement of the 

spectrum to lower frequencies. In contrast the microphone spectrum has a dense 

spectral content between 4000 Hz and 15000 Hz with peaks without changes due to 

laser irradiance increases and only small differences induced by laser irradiance 

changes in the intensity of peaks at the highest frequencies of this spectral range. 

The larger spectral difference induced by laser irradiance shown by the FBG 

transducer indicates a better performance of this sensor to measure the laser 

irradiance using the intensity of the spectral peaks with the highest intensity 

variation. 
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Figure 20: Evolution of different spectral peaks with the increasing of the irradiance for FBG 

(left) and microphone (right). 

 

Figure 20 shows the behavior of the peaks with the larger excursions for both 

sensors (FBG on the left and microphone on the right). The microphone has a more 

irregular behavior, all the peaks rise with the irradiance increase, but there are 

regions with irregular trends. At the same time, it is difficult to distinguish the region 

of plasma expansion transition and the spectral behavior is worse than temporal one. 

Differently, the trend of FBG peaks is more stable and the transition of plasma wave 

expansion is clearly visible for some peaks as a change in the trend slope. However, 

other trends have irregular regions, and these troubles can hinder the detection of 

small changes in laser irradiance. This spectral information can be useful for the 

measurement of laser irradiance, but these irregular regions can be a problem for 

the next experiment, which consists on a focal error estimation, as this implies the 

detection of small changes in the irradiance level. For that reason, the estimation of 

the focal error has been based on temporal analysis (section 3.3.2). 

 

 



- 66 - 
 

4. Conclusions 

A light collector and acoustic POF sensor device useful in the normalization of LIBS 

spectra has been proposed and demonstrated in this chapter. The light emitted by 

the plasma is collected by a POF coil with un-coated cladding and propagated 

through its core. Its collection efficiency is 6% of the classical solution of volume 

optics pointed at the plasma plume; however, in contrast, it is able to integrate the 

optical emission around the plasma and requires no alignment. By the de-centering 

of POF coil around the plasma emission, more light rays satisfy the total internal 

reflection condition in the core-cladding interface, and hence the efficiency can be 

tripled. 

The acoustic wave is measured by means of the strain-induced perturbation of the 

speckle pattern at the fiber’s end when light from a He-Ne laser is transmitted 

through the coil. The speckle images have been captured by a conventional CCD 

camera. Several processing schemes of the images have been tested in order to 

obtain an estimation of the acoustic wave that has been compared with a reference 

conventional microphone. It has been found that the calculation of the intra-image 

contrast ratio offers the best estimation of the acoustic energy. It has been 

demonstrated that, using the measured acoustic wave, the optical spectra of the 

atomic emission from the sample in the LIBS setup can be normalized against 

unwanted changes in the experimental conditions, such as the laser pulse energy. 

This normalization can enable a better estimation of the sample’s chemical 

composition. 

Besides, other alternative to a standard microphone for the detection of plasma 

induced shockwave has been demonstrated. This device, a transducer based on an 

FBG, can detect the transitions between different plasma expansion mechanisms 

due to the changes induced in shockwave propagation and the laser irradiance level 

can be estimated using this shockwave signal and a proper processing scheme. 

Both temporal and spectral comparisons between two different sensors have been 

made and the performance of FBG transducer shows that this device is a useful tool 

to acquire the shockwave signal. This laser irradiance estimation can be useful in 
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order to improve LIBS quantitative analysis, providing another tool for spectral 

normalization and this should be the next step which will follow this work. Besides, 

this FBG transducer can detect changes in LTSD allowing the optimization of this 

parameter and accordingly the ablation process. As the FBG is made of optical fiber, 

it is possible to measure this shockwave in dangerous or difficult environments 

where a microphone cannot be used. 
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Signal processing: Algorithms for LIBS 

LIBS equipment, such as pulsed lasers or spectrometers, has suffered an intense 

development in the last years. These developments have provided portable LIBS 

devices, cheaper systems or better detection limits for some chemical elements. As 

a consequence, LIBS is becoming an interesting choice among spectrochemical 

techniques in different environments like industrial applications due to these 

research efforts.  

Besides the developments on LIBS hardware, other research lines are opened 

nowadays. LIBS is being studied from a physical point of view in order to understand 

the involved processes properly and improve LIBS analysis. Other main goal is to 

provide an accurate quantitative chemical analysis. The plasma induced by LIBS has 

some properties and troubles which hinder this kind of analysis and there are 

research groups which develop new algorithms for quantitative analysis such as the 

Calibration free algorithm [1]. However, these algorithms have weak points and the 

improvement of them and the development of new ones can help to increase the 

relevance of LIBS. 

At the same time, there is another interesting point of view. LIBS can provide a 

spectrum which is a “fingerprint” of the material under analysis. Obviously, this 

spectrum is different for each sample and this information can be useful to 

distinguish between different materials without a full analysis of chemical 

composition. There are a great variety of algorithms which can use this spectrum to 

separate the different samples under analysis such as Support Vector Machines 

Chapter 5          
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(SVM) [2], Principal Component Analysis (PCA) [3] or Artificial Neural Networks 

(ANN) [4] among others. 

In this chapter some approaches for giving new tools for both problems are 

presented. On the one hand, a new algorithm based on Particle Swarm Optimization 

(PSO) [5, 6] is presented as a new tool which can be useful for quantitative analysis. 

On the other hand some classification algorithms such as SVM are proposed as 

classifiers of different samples, while PCA, an algorithm for feature selection, is 

applied in the archeological field to date bronze samples. 

1. Principal component analysis for metallic 

archeological samples 

In the framework of a collaboration between the Chemical and Industrial Department 

of the Pisa University and the National Research Council of Pisa it was possible to 

analyze some archaeological finds. Twelve little bronzes displayed at the National 

Archaeological Museum in Crotone (Calabria, Italy) were chosen. The research was 

performed in situ applying the LIBS technique using MODÌ (MObile Dual-pulse 

Instrument), a mobile instrument for in situ analysis. These bronzes were analyzed 

both qualitatively and quantitatively to obtain the alloy composition. The aim of the 

analysis was to evidence the presence of some elemental markers that could allow 

the classification of bronzes according to the composition of the alloy. This is a 

useful tool for dating the samples due to the different bronze alloys employed in 

different historical periods. These markers can be obtained from the full chemical 

composition of the samples, but the use of Principal Component Analysis (PCA) in 

order to avoid redundant information allows distinguishing the samples using 

discriminant information only. 

1.1 Principal Component analysis (PCA) 

Principal Component Analysis (PCA) [3] is an algorithm which uses an orthogonal 

transformation to convert a set of observations of possibly correlated variables into a 

set of values of linearly uncorrelated variables called principal components. These 

uncorrelated variables imply a reduction of redundant information of the dataset 

http://en.wikipedia.org/wiki/Orthogonal_matrix�
http://en.wikipedia.org/wiki/Orthogonal_matrix�
http://en.wikipedia.org/wiki/Correlation_and_dependence�
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which can improve this dataset in order to obtain a better classification of different 

kind of data. At the same time, the number of principal components is less or equal 

than the number of original variables, which can induce a compression of data size. 

This transformation is defined in such a way that the first principal component has 

the largest possible variance (that is, it has the highest variability in the data), and 

each succeeding component in turn has the highest variance possible under the 

constraint that it be orthogonal to (i.e., uncorrelated with) the preceding components. 

A procedure to accomplish this analysis is to compute the eigenvectors of the 

covariance matrix composed by the input data: 

𝑇 =  1
𝑙
∑ 𝑥𝑗𝑥𝑗′𝑙
𝑗=1        (1) 

Each new vector 𝑣 that composes the new orthogonal basis should maximize the 

projected variance 𝑣′𝑇𝑣 (cost function) and satisfy 𝑣′𝑣 = 1. That’s mean: 

𝜆𝑣 = 𝑇𝑣                                                (2) 

Where λ represents the eigenvalues. The first vector 𝑣 corresponds with the 

maximum value of λ and this is the most representative eigenvector. This procedure 

allows calculating the new basis of data which avoids the redundant information and 

it is composed by uncorrelated values which can improve the separation of each kind 

of data.              

1.2 Analyzed materials: Bronze statues 

This work was accomplished analyzing a set of 12 bronze statues from National 

Crotone museum (Calabria, Italy). These statues were donated by marquis Filippo 

Eugenio Albani in 1933 [7] and the set is composed by 9 statues that represent 

Hercules, 2 statues classified as offerers and one which represents Hermes. The 

statues were dated comparing them with statues from other museums and analyzing 

the techniques employed to make them.  

These statues where made during a long period between V century B.C. and I 

century B.C. The flat and undefined structure of one statue of Hercules suggests that 

is the oldest [8] (statue C4) together the statue C9, although the date of this sample 

http://en.wikipedia.org/wiki/Variance�
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is not clear [9]. Samples C2 and C3 which represent Hercules were dated around IV 

or III century B.C. due to the shape of the muscles which correspond with the typical 

procedure to make this kind of bronze statues in this period [8, 10, 11]. Samples C1 

and C7 were dated more or less in the same period. Sample C1 is an ”Avellino” art 

style [8] but C7 generated some doubts due to its disrepair [8, 12]. Sample C10 was 

dated after IV century B.C because the pacific Hercules was represented on this 

period [13]. Samples C5 and C6 were dated on III century B.C. because the body is 

proportionate due to the teachings of Lisipo, a Greek artist, in Taranto [11, 14]. The 

most recently statue of Hercules (sample C8) has been dated in II century B.C. due 

to its similarities with a Hellenistic clay statue [15]. One of the offerer statues (sample 

C11) has been dated on II century B.C. because it is similar to a couple of 

Vetiloniese statues from this period. Finally, it has not been possible to date the 

sample C12 despite the fact that this sample represents Hermes. Figure 21 shows a 

temporal line of all the samples in order to allow a fast an easy temporal positioning 

of the statues. 

 

Figure 21: temporal line of samples from stylistic and typological point of view 

1.3 Results 

The set of statues were analyzed using a mobile LIBS device, called MODI (Mobile 

Dual-pulse Instrument) [16]. This device was designed and realized by the Applied 

Laser Spectroscopy group of IPCF-CNR (Istituto per i Procesi Chimico-Fisici, 

Consiglio Nazionale delle Ricerche) in collaboration with Marwan Technology s.r.l. 

(Pisa). MODI is a Dual pulse LIBS instrument which emits two Nd-YAG Laser pulses 

in a collinear configuration with a reciprocal delay variable from 0 to 60 µs at 

1064 nm with an energy between 50 mJ and 120 mJ per pulse and 10 ns FWHM. 

The optical signal is sent through an optical fiber to an Echelle spectrometer 
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(spectral resolving power 𝜆 Δ𝜆 = 7500⁄ ) equipped with an iCCD for time-

resolved LIBS measurements in a wavelength range of 200-1000 nm. This device 

and its internal scheme are shown in Figure 22.  

 

Figure 22: MODI and its internal scheme 

 

LIBS craters were produced 3 to 6 different places of the samples. Each crater was 

created using 5 laser shots (each shot comprising a double laser pulse using MODI). 

Each laser shot ablates about 1-2 µm depth and the sequence of laser shots allows 

the analysis of sample surface and bulk. The detected elements are from the alloy 

(Cu, Sn, Pb, and Zn), impurities (Fe, Ni, V, Bi, Cr, Ag, Al, Sr) and sample surface 

(Ca, K, Na, Mn, Si, Mg, Ba, Ti, Li). These elements were detected for the presence 

of at least one main line of them. The last shot was employed for a quantitative 

analysis of some reference samples, one of each period (C1, C5, C9, C11), in order 

to compare the alloys of each group of samples with the results of PCA. This 

quantitative analysis was carried out analyzing the most important elements in the 

alloys and the result is shown on Table 1 as a percentage of the total amount of the 

sample. 

 Fe Sn Bi Cu Ag Pb V Zn 

C1 1.5 7 0 63 1.5 27 < 0.1 0.1 

C5 3 15 < 0.1 53 0.2 28 0 0.2 

C9 5 5 0 54 0.5 20 0 15 

C11 3 12 0 66 0.2 17 0 2 

Table 1: Quantitative analysis of reference samples 
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These results were obtained with the CF-LIBS algorithm [1]. The error is around 1% 

for main components but it can rise to 10% for some trace elements. The presence 

of Cu and Sn is obvious due to the fact that the alloy of all the samples is bronze. 

Bronze is an alloy of these elements, but it was common to add Pb in order to 

reduce the melting point and improve the manufacturing process on the period of the 

samples. Zn was employed as antirust and the amount of these four elements 

suggest that they were added voluntarily to the alloy. The presence of other 

elements, mainly Ag and Fe could be due to impurities in the raw minerals. Other 

elements like Cr have been detected, but its emission is important on sample surface 

and disappears in the last laser pulses. Cr oxide was used to polish bronze, and this 

explains the traces of Cr. 

These eight elements have been employed like input dataset to apply PCA. The two 

most representative components of the eigenvectors (associated with the largest 

eigenvalues) have been represented on Figure 23. 

 

Figure 23: Groups of samples classified using PCA algorithm 

 

The result of PCA algorithm should be compared with the stylistic analysis due to the 

similarities between both results. Samples C8 and C11 are characterized by a larger 
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ratio of Cu and a shorter one of Pb. These samples are the newest and both of them 

have been separated by PCA. Samples C4 and C9 have a larger Zn ratio than in the 

other statues due to the use of this element like antirust. This group has been 

perfectly separated with PCA algorithm. The other samples are chronologically 

mixed in a period between second half of IV century B.C. and III century B.C. 

Consequently, these samples appear in the same group due to the similar 

composition (with larger ratio of Sn) induced by the similar manufacture process of 

this period. Sample C1 has special features with an alloy characterized for a shorter 

ratio of Fe and a larger ratio of Ag which induces that this sample appears isolated. 

Figure 24 shows the peak intensity of the eight most important elements which 

compose the alloy of each sample.  

 

Figure 24: Peak intensity of most important components for each sample 

 

This figure does not show the result of a quantitative analysis, but the peak intensity 

of each element allows a qualitative analysis and an idea about the different 

concentration of the same element for all the statues. These differences between the 

concentrations of the same elements in different statues are due to the different 

period of each one and the typical alloy employed for this kind of metallic pieces and 

these results can help to understand the classification result provided by the PCA 

analysis. Basically, the new space that PCA calculates uses the information provided 



- 76 - 
 

for the elements big large variation between the samples and obviates the 

information from the elements with a similar concentration for all the statues. This 

process improves the classification results for this elimination of redundant 

information. 

2. Support Vector machines for welding quality. 

Welding processes are of great importance in many industrial sectors, and a great 

deal of research effort has been devoted to the design, monitoring and control of the 

process, in order to assure the final quality of the weld seam. Many process 

parameters have influence on the resulting quality: type and composition of 

materials, joint preparation and cleanness, relative position between the pieces to be 

joined, the welding technique (laser, arc, friction…), filler material, protection gas, 

speed, etc [17-20]. 

One particular problem faced by many industries, in particular, the automotive 

industry, is the laser welding of boron steel with aluminum-silicon covering, which is 

a common process for the manufacturing of several automotive components. Laser 

welding has many advantages in this case, because it is a clean and rapid process, 

produces narrow welds with a small HAZ (Heat Affected Zone) area, and it is a 

proven technology [21]. However, boron steel with aluminium-silicon covering are 

supplied with an antioxidant protective coating usually made of an aluminium and 

silicon alloy, only some tens microns thick. The presence of residues of aluminium 

from this coating during welding has been proved to negatively affect the welding 

quality, resulting in a final joint with a significant reduced strength [19]. For this 

reason, this protective layer has to be removed from the joint area previously to the 

welding process. Laser ablation is an effective and rapid process commonly 

employed to remove the protective coating, but the possibility of remaining traces of 

the protective material is still not negligible. Thus, a sensor system to detect these 

residues before the welding process should be desirable.  

For this approach, not only the sensitive detection of impurities is an important 

feature, but also the automatic and real-time identification of the contaminated 

surface. This could allow preventing potentially defective weldings with a non-
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invasive system which could operate after the ablation process or right before the 

welding process. For this purpose, a fast and efficient processing algorithm of the 

vast amount of spectral information is needed. Support Vector Machines (SVMs) [22-

24] can meet this expectation. There have been many investigations into SVMs 

applied to spectral data, some specifically regarding to image classification in remote 

sensing [25], medicine [26] and food industry [27], where they have performed very 

favorably and demonstrated their ability to classify spectral data. 

The aim of this work is to propose and demonstrate an automatic and non-

destructive method to detect aluminum impurities from the residual protective coating 

of boron steel with aluminum-silicon covering. A LIBS set-up has been used to obtain 

the spectral information of steel sheets with different degrees of protective coating 

removal, and these spectra have been compressed, discriminated and classified with 

an optimized SVM algorithm. The following sections deal with the SVM theory and its 

application to LIBS spectra processing, experimental works performed at the 

laboratory and a discussion of the results. 

2.1 Processing of LIBS spectra: Support Vector Machines 

It has been commented above that LIBS can provide Spectral signatures of different 

materials. The goal of this work is to distinguish between two different materials, 

specifically steel with and without protective coating. One way could be to 

accomplish a whole chemical analysis of both of them but this process is not feasible 

for real time analysis. Other idea is to use an algorithm for working in “blind mode”; 

LIBS provides spectra of the sample under analysis, and an algorithm can classify 

the sample using the provided spectral signature on real time. SVM can be used for 

this purpose allowing a good performance with a short classification time, suitable for 

real time analysis. 

SVM’s are a learning system based on the statistical learning theory [22]. This 

classification technique aims at finding a separating hyperplane that splits the input 

data space into two separate regions corresponding to the two classes defined in the 

discrimination problem, antioxidant layer and steel in this particular case. There are 

many possible linear classifiers, but there is only one that maximizes the margin or 
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distance between the classification boundary and the nearest data point of each 

class. Therefore, the larger the separation margin, the better the classification 

accuracy. The classification problem is defined as follows: 𝑥𝑗 is a column vector 

representing each one of the spectra in the training set, with j = 1,2,...,l (l is the 

number of training spectra), and 𝑦𝑗 = {+1,−1}, denotes class label for 𝑥𝑗, i.e. target 

or non-target, respectively. The training data set is said to be linearly separable by a 

separating hyperplane 𝑤𝑡𝑥 + 𝑏 = 0 if there exists a vector 𝑤 and a scalar b such 

that: 

𝑤𝑡𝑥𝑗 + 𝑏 ≥ 1  𝑖𝑓  𝑦𝑗 = +1
𝑤𝑡𝑥𝑗 + 𝑏 < 1  𝑖𝑓  𝑦𝑗 = −1

                                           (3) 

These can be combined into one set of inequalities: 

�𝑦𝑗�𝑤𝑡𝑥𝑗 + 𝑏� − 1� ≥ 0                                      (4) 

The separating margin between the two classes is, therefore 2 ‖w‖⁄ . This margin is 

maximized if the norm ‖𝑤‖ is minimized with the limitation given in Eq. (4). To 

represent this optimization problem, a Lagrange function is used: 

𝐿(𝑤, 𝑏,𝛼) =  1
2
‖𝑤‖2 − ∑ 𝛼𝑗(𝑦𝑗�〈𝑤𝑡, 𝑥𝑗〉 + 𝑏� − 1)𝑙

𝑗=1                    (5) 

Where 𝛼𝑗 is called a Lagrange multiplier. The so-called support vectors are those 

spectra of the training set whose associated Lagrange multipliers are non-null. More 

specifically, the support vectors are the closer data to the hyperplane, and for that 

reason, they are the most relevant ones in the determination of the separating 

hyperplane. The optimal case is with two support vectors, one of each class, which 

means that the data clusters cannot be further separated. Once the criterion function 

has been solved, the discriminant function, 𝑓(𝑥) to classify a new pattern 𝑥 can be 

represented by a small subset of support vectors 𝑥𝑗 : 

𝑓(𝑥) = 𝑠𝑔𝑛(∑ 𝑦𝑗𝛼𝑗〈𝑥 ∙ 𝑥𝑗〉 + 𝑏𝑗 )                                   (6) 

As stated in Eq. (6), the decision function depends on the inner product between the 

patterns. For not linearly separable cases, a nonlinear transform function Φ(∙)  is 
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used to map the input vectors to a higher dimensional feature space, which is more 

likely linearly separable (Figure 25). Non-linear decision boundaries in the input 

space will be mapped to linear decision boundaries in the feature space. The 

classification function is represented by a kernel function 𝐾�𝑥, 𝑥𝑗� = Φ(𝑥) ∙ Φ(𝑥𝑗). The 

non-linear transform function 𝜙(𝑥) does not need to be specified. Using the kernel 

function, the discriminant function for a nonlinearly separable problem can be 

similarly written as: 

𝑓(𝑥) = 𝑠𝑔𝑛(∑ 𝑦𝑗𝛼𝑗𝐾(𝑥, 𝑥𝑗) + 𝑏𝑗 )                               (7) 

In this application to material identification a polynomial kernel is chosen because it 

is a popular method for non-linear modeling, and it is easy to tune.  

𝐾�𝑥, 𝑥𝑗� = (< 𝑥, 𝑥𝑗 > +1)𝑑                                       (8) 

Where d is a parameter that controls the width of the polynomial function.  

 

Figure 25: Kernel effect on feature space 

 

There are classification problems with a lot of redundant information that could 

worsen the classifier performance, for which a more sophisticated treatment, namely 

the factor analysis in the feature space (k-PCA) described in the following lines, is 

justified. This treatment allows working with less useless information and therefore, 

the classifier requires less time to process because the two kinds of data clusters are 

more separated and the classifier has less support vectors. This also yields to an 

improved classification performance. 
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By means of the Principal Component Analysis (PCA) [3], data is expressed in such 

a way that the new basis vectors are those directions of the data which contain the 

most relevant information. The aim of kernel-PCA is to accomplish a linear PCA in 

the feature space (F). Since the embedding, from input space to feature space is 

performed with a non-linear relationship, with the polynomial kernel, a non-linear 

analysis is performed respect to input data. As for classical PCA, the new basis 

vectors are defined by the successive eigenvalues λ and eigenvectors V of the 

covariance matrix 𝑇𝐹: 

𝑇𝐹 =  1
𝑙
∑ 𝜙(𝑥𝑗)𝑙
𝑗=1 ∙ 𝜙(𝑥𝑗)                                       (9) 

Where 𝛷(𝑥) is the mapping function to embed the input data into F. The new 

projection basis vectors are then given by: 

𝜆𝑉 =  𝑇𝐹𝑉                                                     (10) 

Since each vector V is a linear grouping of terms 𝛷(𝑥)  such as 𝑉 = ∑ 𝜇𝑗𝑙
𝑗=1 𝛷 �𝑥𝑗� 

and K is the dot product matrix with function 𝐾�𝑥𝑖 , 𝑥𝑗� =  𝛷 (𝑥𝑖) ⋅ 𝛷(𝑥𝑗), Eq. (10) 

becomes: 

𝑙𝜆𝜇 = 𝐾𝜇                                                    (11) 

The problem reduces to find 𝑙 normalized eigenvectors 𝜇𝑘 of K (k = {1,...,l}). All these 

vectors must be normalized, which leads to: 

𝑙 =  𝜆𝑘(𝜇𝑘 ∙ 𝜇𝑘)                                               (12) 

To achieve the k-PCA algorithm, the following steps are performed: first, the dot 

product matrix K is computed; then, its eigenvectors 𝜇𝑘 are obtained, and, finally, the 

eigenvectors are normalized. Data projection onto the 𝑛𝑡ℎ eigenvector in F is 

computed as 

�𝑉𝑛 ∙ 𝜙(𝑥)� =  ∑ 𝜇𝑗𝑛(𝜙(𝑥𝑗) ∙ 𝜙(𝑥))𝑙
𝑗=1                             (13) 

That is to say 

(𝑘 − 𝑃𝐶𝐴)𝑛(𝑥) =  ∑ 𝜇𝑗𝑛𝑘(𝑥𝑗 , 𝑥)𝑙
𝑗=1                               (14) 
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2.2 Results: Detection of protective coating remains 

The samples analyzed for this work were a set of steel plates (provided by Gestamp 

Automoción), with a protective layer of an aluminum and silicon alloy. This layer was 

selectively removed from some parts of the plates using a milling machine in order to 

ensure the absolute removal of protective coating.  The samples were moved under 

the Nd:YAG pulsed laser beam with a linear stage in order to generate a row of 

ablation spots, so different spectra were acquired from different places of the 

samples. Specifically, 100 spectra of each class were acquired (with and without 

coating), which constitute the training set, and another set of 100 spectra, with a 

mixture of the two classes, was captured to validate the classifier. Every spectrum 

was acquired with a compact Czerny-Turner spectrometer coupled to a CCD of 2048 

pixels. 

An example of one steel plate used for this work is shown on Figure 26. The different 

rows of ablation spots over zones with and without the antioxidant layer are shown. 

The depth of these lines is about 300-500 µm enough to remove the layer completely 

(the layer thickness is about 25 µm . The spots of laser ablation pulses used to train 

and validate the classifier can be clearly seen. Two spot rows were used to train the 

SVM algorithm, one on each kind of line (with and without antioxidant layer), and 

another row in a transversal direction were used to validate the algorithm, in order to 

test the algorithm with a profile of alternate layers of steel and antioxidant. Figure 27 

shows the LIBS spectrum of the plate surface with (up) and without (down) the 

antioxidant layer. The differences between them are clearly visible; the antioxidant 

layer has Aluminum emission peaks and the steel spectrum has a lot of emission 

peaks from the alloy constituents (mainly iron and manganese, chromium and boron 

in lesser ratio). This difference is clear analyzing the LIBS spectra, but difficult to see 

with the naked eye. The spectra have been normalized, because SVM algorithm 

needs normalized input data to work properly, and a background spectrum has been 

subtracted to avoid interferences from the background noise. 
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Figure 26: steel sheet used in the experiments 

 

 

Figure 27: Spectra with (a) and without (b) antioxidant layer 

 

The first part of the processing algorithm is the creation of the dataset, one matrix 

with all the training spectra and another matrix with the validation spectra, all of them 

normalized and corrected. Then, the kernel alignment algorithm [28, 29] is used to 

obtain the optimal value of the kernel parameter d in order to avoid several 

simulations to get this value. Figure 28 shows the result of the kernel alignment 

process. It is found that the optimal control parameter for the kernel is d=2.2, 

corresponding to the maximum value of the kernel alignment in the curve.  
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Figure 28 : Kernel alignment result vs. d parameter 

 

The last step is to apply the SVM classifier. The possibility of reducing the amount of 

data in the SVM classifier is also analyzed by applying the k-PCA spectral 

compression algorithm to the raw captured spectra. The classification results in both 

cases (with and without previous treatment based on k-PCA) will be compared. 

Figure 29 presents the results of the classification using all the captured spectral 

information (i.e., without using the k-PCA compression algorithm). A picture of the 

validation surface is shown at the top of the a) graph. Brighter zones have the 

protective layer, while darker areas correspond to steel with the coating removed. 

The a) graph shows the output of the SVM classifier: values above zero mean steel 

detection and below zero, antioxidant layer detection. Red lines are the mean 

classification values of each kind of material and the distance between them is 1.92. 

The graph b) shows the decision space with a blue line which represents the 

classification threshold. Although the performance of the algorithm seems to be very 

good, the decision space shows a great scattering of the points, thus resulting in 

some classification errors (red circles in a) graph). 
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Figure 29:  Classifier result (a) and decision space (b) without k-PCA 

 

Figure 30 shows the results when applying k-PCA algorithm. The output of this 

algorithm is an ordered set of eigenvectors in terms of the discrimination capacity of 

each one. In this case, the 100 most discriminant eigenvector are passed to the 

classifier. A lot of redundant information has been removed from the original data 

thus the distance between the mean classification value of each type (solid red lines) 

increases. This effect can also be observed in the decision space (graph b), which 

exhibits two clusters of points farther apart. As a result, some decision errors were 

corrected and the number of support vectors was reduced achieving less 

classification time. (4 support vectors without k-PCA and 2 support vectors with k-

PCA, the optimal case). 

 

Figure 30: Classifier result (a) and decision space (b) with k-PCA and 100 eigenvectors 
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Figure 31 and Figure 32 show the evolution of the classifier performance when fewer 

eigenvectors are considered, i.e. leaving the first, 3 and 1 eigenvectors respectively 

because in the experiment, the threshold of  the value of the valid eigenvectors was 

changed in order to sweep the behavior of the classifier with different number of 

them. This sweep allows to select all eigenvectors (all information) with small 

threshold and only the largest ones (less information but more significant) with a big 

threshold of the eigenvalues. The result with 3 eigenvectors has been represented 

because is the shortest number of eigenvectors which ensure a good performance. 

The distance between clusters increases until there are 3 eigenvectors (Figure 31) 

but, at the same time, errors begin to rise because the data points are more 

scattered, leading to a useless classifier with 1 eigenvector (Figure 32). This is the 

expected behavior because important discriminant information has been removed, 

and the algorithm does not have enough data to perform the classification. The 

optimal number of eigenvectors is the one which yields the maximum distance 

between data clusters and the minimum scatter within the cluster points. 

The results indicate that the classifier needs at least 3 eigenvectors to work properly. 

This represents a huge reduction in the data passed to the SVM classifier, thus 

allowing a real-time operation without significant loss in its performance to 

automatically detect residues of the protective layer.  

 

Figure 31: Classifier result (a) and decision space (b) with k-PCA and 3 eigenvectors 
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Figure 32: Classifier result with k-PCA and 1 eigenvector 

 

These results demonstrate that SVM’s is a feasible technique for the classification of 

industrial steels allowing the detection of impurities which are not desirable for 

welding purposes. This is a difficult process without any tool, and SVM’s classifier 

provides an automatic tool which can detect the impurities simultaneously that this 

layer of impurities is removed. 

3. Particle Swarm Optimization: An approach for 

quantitative LIBS. 

LIBS is a useful tool for a fast qualitative chemical analysis. Different research lines 

have tried to provide an accurate quantitative analysis and these efforts have 

obtained ways for this analysis such as calibration-free algorithm [1, 30]. Despite this 

fact, the accuracy of LIBS quantitative analysis is already far from other 

spectrochemical techniques such as Inductively Coupled Plasma-Atomic Emission 

Spectrometry (ICP-AES), Electrothermal Atomization-Atomic Absorption 

Spectrometry (ETA-AAS) and Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS). Quantitative analysis for LIBS can provide a relatively good accuracy for the 

main elements which compose the sample, but the performance is worse for trace 

elements. 

For that reason, it has been exposed in previous chapters that efforts to improve 

LIBS quantitative analysis should be accomplished. The main advantages of LIBS, 
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fast analysis, no sample preparation and in situ analysis, together with a quantitative 

analysis could be the key to an enhancement of LIBS as a whole tool for chemical 

analysis. This work presents a new approach to achieve a semi-quantitative analysis 

by means of an autonomous algorithm. The user should introduce the spectra, and 

the algorithm will detect the peaks and associate them with the corresponding 

species via the NIST Atomic Spectra Database. A synthetic spectrum will be 

generated by adding the contributions from the different species and an algorithm 

based in Particle swarm optimization (PSO) will calculate an approximate ratio of 

each element present in the sample, without any calibration curve or calculus of 

temperature and electronic density. This algorithm is a preliminary stage of a more 

refined algorithm which can achieve a new tool for quantitative analysis. 

3.1 PSO algorithm for LIBS quantitative analysis. 

The proposed algorithm was initially designed for its use within the framework of 

welding diagnostics [31], in an attempt, not only to detect defects in real-time, but 

also to gain a better understanding of the process dynamics, for example on which 

species are most Discriminant for specific weld flaws [32]. The main idea of the 

proposed solution can be summarized as follows: 

1. The spectra captured during an experiment, initially a welding process, are 

analyzed and the main species contributing to the plasma (e.g. Ar II, Fe I, Mg I) 

are identified by the model. 

2. A synthetic spectrum (for each sample under analysis) associated with each 

species is formed by searching in a local database with the required 

spectroscopic information. 

3. The global synthetic spectrum, one for every spectral (i.e. spatial/temporal) 

sample, is calculated as the sum of all the considered species. 

4. Using an optimization algorithm the model tries to determine the participation 

index for each species, thus generating an output profile based on the 

evolution of these signal with time, which is expected to show a good 

correlation to the quality events on the seams, i.e. to be able to detect the 
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appearance of defect such as porosities, lack of penetration or fusion, 

contamination of the seam, etc. 

The automatic identification of the emission lines is a key stage to perform a suitable 

analysis of a given sample, being nowadays an active area of research with 

proposals based on the use of linear correlation methods [33, 34] and inspired by 

text retrieval techniques [35]. In the proposed model the identification is performed 

by means of a simple approach: only two spectroscopic parameters, i.e. the 

emission line central wavelength and its associated relative intensity are employed in 

this step. If the peak under analysis is close to a given NIST central wavelength, then 

the probability of an identification associated with that species increases. In the 

same way, a higher relative intensity implies a higher probability. Both variables are 

weighted between 0 and 1 depending on aspects such as the spectrometer 

resolution and spectral range. Although this simple approach could be refined by 

including for instance a negative exponential weighting factor as the studied and 

theoretical wavelengths departed, or a correction in terms of the lines to be found in 

the spectral range under analysis, as suggested in [35]; it offers reasonable results 

even when the a priori knowledge on the sample composition is not provided to the 

model. To limit the effect of possible wavelength calibration issues with the CCD-

spectrometer, a third parameter, defined as Search Window, allows to control the 

spectral band around the detected peak where the identification process takes place. 

Each individual species spectrum is generated by adding those emission lines with 

relative intensity in the chosen spectroscopic database, i.e. the NIST Atomic Spectra 

Database [36]. The intensity of each synthetic emission line will be the one offered 

by the database, which gives rise to some considerations. On the one hand it is 

known that these relative intensities try to depict the strength of their associated lines 

as they would appear in an emission spectrum. However, these lines are not 

normalized, what implies that these values should be taken mainly as qualitative 

[36]. On the other hand the validity of these intensities, in terms of comparison of the 

strengths of the spectral lines, decreases as the considered spectral band increases. 

This difficulty was already noticed in [31], where the Ar II species, the one with 

higher contribution in the spectral range under analysis, exhibited a poorer 

performance in terms of welding defect detection than other less significant species. 
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A possible solution to this lies in the employment of spectral windows that allow 

reducing the wavelength range for the generation of the synthetic spectra, what will 

be discussed in the following section. 

Once the synthetic spectrum has been created, an optimization stage takes place in 

order to try to match it with the real spectra acquired during the LIBS experiments. 

The optimization process is n-dimensional, where n is the number of species 

contributing to the global synthetic spectrum. The output of this process is the 

already defined participation, which can be considered as a qualitative estimation of 

the relative concentration of the species contributing to the plasma. In the original 

model, a controlled random search implementation, the CRS6, was considered. 

However, in an attempt to improve the computational performance of the solution, a 

different alternative based on the PSO (Particle Swarm Optimization) algorithm was 

chosen. PSO, originally proposed in 1995 [37] and inspired in the social behavior of 

bird flocking and fish schooling, has been widely used in several applications, from 

image and video analysis [38-40] to the design of various systems [41, 42]. 

Basically, PSO is an algorithm that tries to find the optimal solution for a problem by 

iteratively trying to improve a candidate by following the best candidates within the 

search space that have to achieve a given optimal solution with a concrete 

measurement of error. PSO optimizes a problem by having a random population of 

candidate solutions, called particles, and moving these particles around in the 

search-space following a movement fixed by a mathematical expression over the 

particle's position and velocity. Each particle's movement is influenced by its local 

best known position and is also guided toward the best known positions in the 

search-space, which are updated as better positions are found by other particles. 

This is expected to move the swarm toward the best solutions. 

For LIBS, PSO works as follows. The first step is to define the search space. This 

space is a n-dimensional space where n is defined by the number of species 

detected during the previous step of the algorithm and the range of each of them is 

between 0 and 100 where 0 denotes the absence of this specie and 100 implies that 

all the sample is composed by it. Once the search space is formed, the next step lies 

in the generation of the particles. These particles are n-dimensional and they do not 
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represent spectra. Each particle is a set of ratios of each species and the number of 

particles is related to the convergence speed. These particles are placed randomly 

and they represent a set of multipliers for each species; if the multiplier is 0, the 

species will not participate in the sample, for this reason these multipliers represent 

the ratio of each species. The algorithm multiplies each species of the initial 

synthetic spectra for each particle (the set of multipliers) and compares each result 

with the real LIBS spectra applying the error metrics. If some particle satisfies this 

criterion, this result will be valid and the selected particle will represent the ratio of 

each species. If the particle swarm do not satisfy the established error, the algorithm 

will apply the movement to the swarm with the new calculated velocities, and it will 

proceed to move the particles for the next iteration taking into account the historic 

best result of each particle, as well as the overall best result within the swarm. 

3.2 Results for LIBS analysis. 

Different kind of materials has been employed to test the feasibility of this algorithm. 

The first set of samples is composed by four different calibrated brass samples 

provided by Stanley Michael Angel's Research Group (Department of Chemistry and 

Biochemistry, University of South Carolina, USA)) and this set has been introduced 

to the model to analyze the ratios obtained for the two main elements: Cu and Zn. 

Other set of aluminum-magnesium alloys have been also included in this study to 

extend the validity of the analysis. In this case the main interest lies in the ability of 

the model to establish a correct ratio between Al and Mg, the two most significant 

elements in the considered alloys. To complete this experimental feasibility study, a 

sample of Nordic Gold was also taken into consideration. Figure 33 shows the 

composition of the whole sets of alloys employed in this work. 
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Figure 33: Different groups of samples employed to test the algorithm: a) calibrated 

brass samples, b) samples of Nordic gold and Brass provided by Sertesa and c) group 

of aluminum-magnesium alloys 

 

Figure 34 shows the results of the identification stage for spectral samples of these 

materials. In this figure two different identification analyses have been performed: the 

so-called guided-identification where the elements to be found are introduced to the 

model, which tries to match each emission line with one of those species. In the 

blind-identification mode, all the species considered in the local spectroscopic 

database can be associated with the considered emission lines. In this regard it is 

worth noting that the employed database includes information of elements typically 

found in stainless-steel, aluminum, Inconel, titanium and brass alloys. Once the 

plasma spectrum species have been correctly identified, those elements with a 

significant contribution will be considered for the generation of the synthetic 

spectrum. 
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Figure 34: Spectra associated with different materials: a) Nordic Gold sample (guided 

identification); b) Nordic Gold sample (blind identification); c) aluminium alloy (5186) 

sample (guided identification); d) aluminium alloy (5186) sample (blind identification); 

e) Brass sample (guided identification); f) Brass sample (blind identification). 

 

The PSO algorithm is the next step of the process. Once the species are identified 

for each set of samples, PSO will calculate the ratio of each species for each 

sample. The results are divided in different groups, one for each set of samples. 

3.2.1 Brass alloys 

The nominal composition of the samples, expressed in percentage by weight, is 

shown in Figure 34. As can be observed, the concentrations of both Zn and Cu vary, 

what can be used for an experimental validation of the proposed model. Figure 35 

depicts the spectrum associated with the sample Brass #1, obtained after an 

averaging of several captures acquired during LIBS tests. Six main emission lines 

appear in the spectrum, three of them, in lower wavelengths, associated with Zn, and 

those in the spectral range between 510 and 523 nm with Cu. In addition, the Cu I 
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line at λ≈465 nm has also been considered in some scenarios. Table 2 includes the 

spectral information regarding these lines. 

 

Figure 35: Spectra associated with brass sample #1 

 

 

Table 2: Emission lines of brass alloys 

 

Results obtained with the different samples have been summarized in Table 3, 

where the participation provided by the model for Zn I and Cu I has been calculated 

using a spectra formed by 50 captures of each alloy. In this way, the random effect 

included by PSO can be compensated, and, therefore, participation for each species 

is determined as the average of the 50 calculated values. To illustrate the 

performance of the model, it is worth mentioning that the participation standard 

deviation lies in the range between 2.2 and 1.3 (for participations between 0 and 

99%). 
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Table 3: Participation results for brass alloys 

 

On the one hand, it can be observed that the participation results obtained for both 

species exhibit a certain correlation with the real composition (RC) of the samples. 

There are some cases, in particular for Zn I and Cu I (Brass #2), where the expected 

value shows the opposite behavior: for example in Brass #2 the Zn I participation 

was supposed to be lower than in Brass #2. A detailed study of the plasma spectra 

was performed to study this effect. On the one hand the ratio of the intensities of two 

Cu I and Zn I emission lines versus their associated weight in the samples have 

been depicted in Figure 36, where the experimental values of the intensity ratios are 

close to the theoretical ones (1.75 for Cu I and 1.5 for Zn I, respectively) [43] . The 

linear fit for Cu gives rise to a R2 higher than 0.9, while the one for Zn decreases to 

R2 = 0.474 due to the first point of the series, associated with the lowest Zn weight 

≈10 %. On the other hand, the evolution of the emission line intensities has been 

also depicted in Figure 36 c) and d); and in Figure 37, being correlated with the 

results displayed in Table 3. Although the difficulties inherent to LIBS to obtain 

accurate quantitative results are different [43], two causes may play a major role in 

this regard. First, the quantity of mass ablated in each laser shot may vary, thus 

affecting the stoichiometric composition and even making the plasma optically thick 

[44]. Secondly, elemental fractionation, i.e. the variation of the composition of the 

plasma in terms of the original sample, especially affects copper-based alloys [45-

47], and it is one of the most likely issues to affect the obtained plasma spectra.  
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Figure 36: Calibration plot for: a) Cu I (521.8 / 515.3 nm) and b) Zn I (481.05 / 472.2) 

versus weight (%). Evolution of emission line intensities for: a)Cu I lines and b) Zn I lines 

 

Figure 37: Evolution of: a) 481.053 nm (Zn I) emission line and b) 521.820 nm (Cu I) line 

associated with Brass alloys #1 to #5 
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To extend the analysis of brass samples, another brass alloy was studied with a 

completely different experimental setup. The averaged spectrum used for the 

concentration estimation is displayed in Figure 38, where it can be appreciated that 

there are significant differences between this spectrum and the one obtained for the 

previously discussed Brass alloys. Given that the original composition of this sample 

was unknown, an initial composition analysis was performed via X-ray fluorescence 

(XRF) [43, 44] by the Research Scientific-Technical Services of the University of 

Cantabria. These results, that are quantitative, indicated a 64.27% weight for Cu and 

a 34.77% for Zn. The estimation obtained with the proposed model is shown in Table 

4. In this regard, given the complexity of the associated spectrum in terms of the 

number of emission lines, a study on the influence of the spectral range considered 

has been carried out. This parameter determines which wavelengths will be taken 

into consideration for the optimization process, i.e. will be considered for the 

estimation of the stopping condition: 

|𝑓∗ − 𝑓(𝑥�∗)| ≤ 𝜖                                                     (15) 

Where 𝑓(𝑥) is the function to minimize (in this case the difference between the real 

(experimental) and synthetic spectra), 𝑓∗ the minimum, 𝑥∗ the value to be found in 

the optimization process and 𝑥�∗ an approximation to 𝑥∗. Four spectral windows were 

defined, in addition to the whole spectral range under analysis (from 304 to 581 nm). 

The values displayed in Table 4 show a reasonable good agreement with the real 

concentration of the sample, especially for Windows #2 and #3, being the Zn I 

participation slightly lower than the expected (in terms of a semi-quantitative 

analysis). 

 

Table 4: Participation results for unknown Brass alloy 
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Figure 38: Averaged spectrum associated with the Brass sample 

 

3.2.2 Aluminum alloys 

Aluminum-magnesium alloys have been also included in this study to extend the 

validity of the analysis. In this case the main interest lies in the ability of the model to 

establish a correct ratio between Al and Mg, the two most significant elements in the 

considered alloys: Al5754, Al5186 and Al5182. The chemical composition of the 

former indicates a contribution of Mg between 2.6 and 3.2, in comparison to 4.7 and 

from 4 to 5 of the two latter, respectively. In this case it is also interesting to test if the 

model is able to correctly discriminate among subtle variations in composition, in the 

range of 1 and 2%. The spectra captured for the different Al samples are quite 

similar to the one presented in Figure 34, given their similar composition. Four 

different craters have been analyzed for each sample, being calculated as the 

average of 10 spectra (generated as the accumulation of 20 spectra), and two 

different spectral windows have also been considered, from 354.5 to 631 nm 

(Window #0, equal to the whole spectral range of the spectrometer) and from 368 to 

409 nm (Window #1, covering the two Al I emission lines at 394.40 and 396.15 nm 

and one Mg I line at 383.23 nm). Table 5 contains the data provided by the 

algorithm. On the one hand, it can be observed that the ratio between the 

concentrations of Al and Mg are very close to the expected results, although the 

participation of Al slightly exceeds its real value. On the other hand, the relation 

between the weight of Mg in the three different Al alloys is correctly offered by the 

model when the Window #1 is used, as the averaged values of Mg participation for 

craters #1 to #4 are 3.65 for Al5754, 4.375 for Al5186 and 4.103 for 5182, which are 
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in a reasonably good agreement with their chemical compositions. It should be 

mentioned that the previously discussed results were obtained without taking into 

consideration the spectral response of the experimental system, i.e. the 

spectrometer+ICCD+optics. In this regard new data were gathered to analyze the 

effect of the acquisition system response on the overall performance of the model. 

Participation values for Al and Mg on the previously analyzed samples are again 

presented in Table 6. It can be observed that a subtle variation in comparison to data 

displayed in Table 5 can be appreciated, in particular the participation values 

obtained in this case are slightly higher than those calculated without correcting the 

intensity of the spectral lines under analysis. 

 

Table 5: Participation results for Mg-based Al alloys 

 

 

Table 6: Participation results for Mg-based Al alloys: considering the acquisition system 

response 

 

3.2.3 Nordic gold 

To complete this experimental feasibility study, a sample of Nordic Gold was also 

taken into consideration. Its chemical composition is composed of Cu (89%), Al 

(5%), Zn (5%) and Pb (1%), and the spectra acquired were already presented in 

Figure 34. Again, the study was carried out using a spectrum generated by an 

average of 10 spectral captures, formed as the accumulation of 20 spectra. The 

results in this case show a very good agreement for Cu and Zn, as the participation 

results indicate a weight for Cu of 96.94 and 6.1 for Zn (97.84 and 6.86) if a spectral 
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window from 308.43 to 330.39 nm is employed (the total spectral range goes from 

302 to 334 nm). In this case the algorithm does not detect de Al lines, as their signal 

to noise ratio (i.e., the relation between their intensity and their associated continuum 

radiation) is too low. If the associated parameter is modified to allow these lines to be 

considered, the results for Al in this case are higher than expected: 61.53 (total 

spectral range) and 42.94. A possibility to solve this problem could lie in the internal 

normalization of each individual species spectrum, as suggested by Amato et al. 

[35]. 

4. Conclusions  

The post-processing of raw LIBS spectra is of paramount importance to obtain 

significant and reliable results on each specific LIBS application. These spectra can 

be employed in a “blind” mode, without any qualitative or quantitative analysis. The 

spectral signature can be used to distinguish between different materials using a 

suitable algorithm. Furthermore, these algorithms can be employed as an extra tool 

in order to complete a whole chemical analysis obtaining new information about the 

samples under study. Besides, a new approach to quantitative analysis based on 

LIBS has been exposed in order to extend the number of tools for this purpose. 

The two first applications shown in this chapter are examples of this point of view. A 

PCA algorithm has been employed in order to complement a stylistic and chemical 

analysis, giving useful information that can help to date a set of bronze statues. This 

dating is obtained easier using PCA than with a quantitative or qualitative analysis, 

and PCA allows working directly and automatically with the raw LIBS spectra without 

any difficult process. Secondly, a whole classification algorithm based on SVM’s has 

been used in a real industrial application. This algorithm allows the detection of 

impurities on steels in real time and with the raw LIBS spectra. The use of this 

algorithm with an appropriate set of internal parameters achieves an accurate 

detection without any information of quantitative analysis working in a real “blind 

mode”. 

Finally, a new approach for semi-quantitative analysis via LIBS has been proposed 

in the last part of this chapter. It is based on the generation of synthetic spectra and 
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optimization algorithms to generate the so-called participation index that can be 

directly related to the weight of the different elements in the samples. Different 

samples (Brass, aluminum-magnesium alloys and Nordic gold) have been analyzed 

providing results in reasonable good agreement with the known concentrations, 

always in terms of a semi-quantitative analysis. In particular, the estimated ratios 

between the main elements exhibit a good correlation, although in some cases some 

issues inherent to LIBS have prevented the model to provide the expected results. 

On the other hand, a method totally independent of the relative intensities might be 

investigated, using an initial estimation of the electronic temperature to establish the 

ratios between different pairs of lines of various species, thus being able to build the 

synthetic spectra by using those known ratios. It is worth mentioning that the 

proposed solution does not need the use of calibration curves or any previous 

spectroscopic parameter estimation, for example the plasma electronic temperature 

or density, as it occurs with other methods. In addition, it may work in a completely 

autonomous mode, although some aspects regarding the emission lines 

identification should be revised. It has been discussed above the importance of an 

accurate quantitative chemical analysis based on LIBS, and new improvements can 

achieve a new tool for quantitative analysis. 
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Experimental contributions: LIBS for real 

applications 

Different LIBS works have been shown in previous chapters. These works are 

related to the induced shockwave detection, different algorithms for sample 

classification or quantitative analysis based on LIBS measurements.  

This chapter is devoted to LIBS applications for two different fields. The first of them 

is the industrial environment, specifically LIBS will be used to detect precious metal 

alloys on the control of recovery and recycling procedure of scraps and wastes of 

industrial processes. In particular, the possibility of obtaining sensitivity and trueness 

comparable to the current systems used in industrial environment will be explored. 

This kind of industrial waste can be recycled and the detection of these metals can 

increase the performance of this process due to the increase of waste value. 

Secondly, the other part of this chapter will show some applications of LIBS for 

archaeological purposes. LIBS provides a fast and in situ chemical analysis without 

sample preparation and with a minimum damage in the sample. These features are 

interesting for archaeological applications due to the nature of archaeological sites 

and samples. 

The first work related with archaeology uses LIBS as a tool for a whole chemical 

analysis of a vase attributed to the I century C.E. The joint use of infrared 

spectroscopic analysis and laser techniques, as well as pyrolysis-gas 

chromatography coupled with mass spectrometry and thermoluminescence, allowed 

a characterization of the vase material and its content. The chemical data were 

Chapter 6           
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combined with morphological and stylistic examinations of the object and helped in 

defining its actual geographical and chronological pertinence. 

The second work is another example of a complementary chemical analysis using 

different spectrochemical techniques. The set of samples is composed by a large 

collection of silver roman republican denarii, encompassing about two centuries of 

history. The joint use of Laser-Induced Breakdown Spectroscopy (LIBS) and X-Ray 

Fluorescence (XRF) spectroscopy allowed an accurate determination of the coins' 

elemental composition; the measurements, performed mostly in situ at the 

'Monetiere' in Florence, revealed a striking connection between the 'quality' of the 

silver alloy and some crucial contemporary events. This finding was used to classify 

a group of denarii whose dating was otherwise impossible.  

The last part of this chapter shows another point of view of LIBS as an 

archaeological tool. Paleonutritional analysis is a powerful tool for the investigation of 

the habits and economy of ancient civilizations. This kind of analysis is usually 

performed searching for trace elements in archaeological bones relying on the fact 

that their relative abundance is related to the diet followed by people, especially in 

the last years of their lives. LIBS allows the detection of chemical elements in a wide 

range of samples, thus encouraging the study of its feasibility for this challenge. 

Thirteen human bones coming from a XVI Century plague mass grave found in an 

island near Venice, in Northern Italy, have been analyzed. Analysis has been 

performed both with (LIBS) and Inductively-Coupled Plasma - Optical Emission 

Spectroscopy (ICP-OES), in order to compare the results of both of them and test 

the feasibility of LIBS as a tool for paleonutritional analysis. 

1. LIBS for archaeological samples: single and 

Multi-technique studies 

It has been explained above that LIBS is a feasible technique for archaeological 

fields. But a whole study for an archaeological sample needs more information than 

LIBS can provide. For instance some kind of organic samples are not adequate for 
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LIBS analysis because LIBS provides elemental information and the molecular 

information could be essential to identify them. 

For that reason LIBS can be one analysis of a whole set of measurements for an 

archaeological analysis. There are better techniques for different purposes, for 

instance Thermoluminescence analysis [1] can be very useful for the authentication 

of a sample but this is a micro destructive technique as LIBS and there are samples 

where this kind of analysis is not possible due to the induced damage on the sample. 

For this kind of samples there are techniques such as X-ray fluorescence [2] that 

does not damage the sample and can provide a more accurate quantitative analysis 

than LIBS. If the molecular information is necessary, techniques as Fourier transform 

infrared (FTIR) spectroscopy [3] can provide this kind of information about the kind of 

molecules which compose the sample. For that reasons, this part shows multi-

technique studies which have been carried out with different samples in order to 

obtain a whole spectrochemical study. Specifically, a ceramic archaeological artifact 

and a set of roman denarii have been analyzed using different spectrochemical 

techniques. 

1.1 Spectrochemical techniques employed for these 

works 

Different spectrochemical techniques have been employed for the analysis of the 

samples. Obviously one of them is LIBS, whose main features have been already 

exposed. Despite this fact, a set of measurements have been carried out with other 

techniques and, a small overview of all of them will be explained here.  

1.1.1 Thermoluminescence spectroscopy 

The best technique to date ceramic samples is thermoluminescence analysis (TL) 

[1]. Its principles are based on the fact that some of the components of clays (quartz 

and feldspars) are thermoluminescent, i.e., they emit light under the effect of high 

temperature (hundreds of degrees Celsius). These materials in fact are able to 

accumulate in stable traps the electrons produced by the environmental natural 

radioactivity. All this energy is emitted when the material is heated at high 

temperatures. At the moment of firing of the clay, the thermoluminescence 
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accumulated during the geological existence is ‘zeroed’. Since that time, it starts to 

rebuild steadily (depending on the environment and on the characteristics of the 

material itself). Therefore, the measurement of the residual thermoluminescence is 

also a measurement of the time elapsed since the last high temperature event in the 

history of the object due to the fact that all the amount of energy is emitted in each 

heating process. The determination of the age of the object can be rather precise 

(±5%) provided both the internal and environmental radiation levels are known. This 

technique needs only a small amount of clay from the sample. For that reason, 

Thermoluminescence is a micro-destructive analysis 

1.1.2 Pyrolysis gas chromatography mass spectrometry (Py-GC/MS) 

spectroscopy 

Py-GC/MS is a spectrochemical method that enables a reproducible characterization 

of the complex and non-volatile molecules found in virtually all materials in the 

natural environment [4, 5]. The sample is rapidly heated in a range of 600-1000 ºC or 

even higher in an inert atmosphere or vacuum to decomposition in order to produce 

smaller molecules that are separated by gas chromatography [6, 7] and detected 

using mass spectrometry [8, 9]. 

Samples such as carbohydrates belong to this group of complex molecules. One of 

the samples under analysis is a ceramic vase, and an analysis of its content has 

been carried out. The compounds which were probably inside include vine or beer, 

and these liquids content a big amount of different kind of carbohydrates. For that 

reason Py/GC/MS could be adequate for this analysis. 

1.1.3 Fourier Transform Infrared (FTIR) spectroscopy  

Infrared spectroscopy [10, 11] exploits the fact that when a sample is irradiated with 

an infrared light, the molecules absorb specific frequencies that are characteristic of 

their structure. These absorptions are resonant frequencies and induce vibrations on 

the molecules or groups, i.e. the frequency of the absorbed radiation matches the 

frequency of the bond or group that vibrates. The energies are determined by the 

shape of the molecular potential energy surfaces, the masses of the atoms, and the 

associated vibronic coupling. 
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Fourier transform infrared (FTIR) spectroscopy is a spectrochemical technique used 

initially for qualitative and quantitative analysis of organic compounds, providing 

specific information on molecular structure, chemical bonding and molecular 

environment [12]. FTIR uses a spectrometer which allows obtaining the spectra of 

the acquired light calculating its Fourier transform. This is a non-destructive 

technique, and for that reason is suitable for archaeological samples whose structure 

should be preserved. 

1.1.4 X-Ray Fluorescence (XRF) spectroscopy 

X-ray fluorescence (XRF) [13] is the emission of characteristic fluorescent light from 

a material that has been excited with high-energy X-rays or gamma rays. 

Theoretically, the lightest element that can be analyzed is beryllium (Z = 4), but due 

to instrumental limitations and low X-ray emission performance for the light 

elements, it is often difficult to quantify elements lighter than sodium (Z = 11), unless 

background corrections and very comprehensive inter-element corrections are 

made. For that reason, XRF is suitable for the analysis of heavy elements or 

compounds such as metals, glass, ceramics and building materials, and for research 

in geochemistry, forensic science and archaeology due to the fact that XRF is a non-

destructive technique. 

The feasibility of XRF for metal analysis and archaeological samples has been 

exploited for the analysis of a set of samples which satisfy these requirements. A set 

of Roman denarii has been analyzed with both LIBS and XRF in order to obtain a 

whole chemical analysis of these samples. 

1.1.5 Inductively Coupled Plasma Optical Emission Spectrometry 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), is an 

analytical technique used for the detection of a big amount of different trace 

elements in a wide range of samples which include gases, liquids and solids (solid 

samples require a complex sample preparation) [14, 15]. It is a type of emission 

spectroscopy that uses the inductively coupled plasma to produce excited atoms and 

ions that emit electromagnetic radiation at wavelengths characteristic of a particular 
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element. The emission intensity indicates the concentration of the element in the 

sample composition. 

The plasma is induced into a chamber by a RF discharge which ionizes a support 

gas, usually argon, in order to induce and stabilize the plasma. When the plasma is 

created, the sample is introduced into the chamber as a gas or a nebulization. The 

sample elements are excited and emit photons with different energies which depend 

of the emitter element. 

Within the optical chamber(s), the light is separated in different wavelengths with a 

diffraction grating and then is detected using different devices such as 

photomultipliers or CCD’s for simultaneous detection of many elements. The 

intensity of each line is then compared with previously measured intensities of known 

concentrations of the elements, and their concentrations are then computed by 

interpolation along the calibration lines providing an accurate quantitative analysis. 

1.2 Multi-technique analysis of a ceramic artifact. 

A multi-technique study of a ceramic vase has been carried out in this work. The 

goal of this work has been to authenticate the vase but its content during its use has 

also been tried to analyze. Figure 39 shows the vase that has been analyzed; it was 

manufactured in black ceramics. It is 192 mm high with an annular foot, with rounded 

external profile (diameter 76 mm, height 8.5 mm), ovoid body (diameter 119 mm) 

and a cylindrical neck 64 mm high with a diameter of 56 mm. The lip is trilobate, the 

frontal lobe is 86 × 33 mm, while the two lateral lobes are 82 × 41 mm both, pointing 

down towards the outside. The handle is rather thick (15 mm), 20 mm wide and is 

attached to the main body of the vase 96 mm from the foot and in correspondence of 

the upper extremity of the neck. Moreover, a handwritten piece of paper is glued to 

the body, carrying some information about the alleged provenience of the vase as a 

gift from the excavations of Herculaneum, destroyed by the Mount Vesuvius eruption 

in 79 C.E. 
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Figure 39: The Vase under study 

 

1.2.1 Results of LIBS and FTIR 

The main feature of the vase is its solid black color, typical of the Bucchero ceramics 

[16]. It has been studied that in the antiquity this color was obtained through firing of 

the clay in reducing atmosphere. These techniques have been used in order to 

detect black pigments (e.g. manganese oxide) in the vase. LIBS can carry out a 

quantitative elemental analysis of the vase clay, and FTIR can provide a molecular 

analysis of it. Both techniques together can demonstrate the absence or presence of 

pigments and this is a preliminary evidence of the authenticity of the vase due to the 

fact that these pigments suggest a manufacturing process dated in other period [17]. 

The FTIR analysis of the clay has been carried out with three micro-samples from 

three points on the foot (1 mg in KBr pellet). The analysis detected the presence of 

silicates, quartz, iron oxides (Fe–O stretching bands at 463 cm−1) and aluminum 

oxides as expected in natural clays [18, 19]. The FTIR spectrum is shown on Figure 

40 . 
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Figure 40: FTIR spectrum of vase clay 

 

LIBS has been used for the determination of the elemental composition of the vase 

material. Figure 41 shows the LIBS spectrum of the vase clay.  

 

Figure 41: LIBS spectrum of vase clay 

 

The qualitative analysis of the spectrum by means the identification of the main 

emission peaks, excludes that natural or artificial black pigments were added to the 

clay in order to obtain the black color. Instead, all the expected elements of natural 
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clay (iron, magnesium, silicon, aluminum, calcium, titanium) are clearly present in the 

sample. Therefore, the absence of pigments demonstrated by LIBS results does not 

disprove the authenticity of the vase. 

To summarize, the black color of the vase is due to the presence of FeO stretching 

bands at 463 cm-1 in the FTIR spectrum, confirmed by the evidence of intense Fe 

lines in LIBS spectrum. For that reason, it is reasonable to conclude that the clay 

composition is coherent with the manufacture of an original Bucchero. 

1.2.2 Thermoluminescence analysis: age of the vase 

The identification of the vase as a Bucchero could imply a doubt about the 

authenticity and the date of the vase. This kind of black terracotta is well 

documented in the Campania region, near Herculaneum, from the beginning of VI 

century BCE to the end of V century CE. However, in 79 CE, at the time of the Mount 

Vesuvius eruption which destroyed Pompeii and Herculaneum, this kind of vase was 

not used anymore [20, 21]. In order to obtain a definite answer on the authenticity of 

the vase, a thermoluminescence study was performed. There is no precise 

information about the placement of the object and this fact implies that the 

radioactivity parameters cannot be determined. For that reason, 

thermoluminescence analysis cannot provide a precise estimation of the age of the 

object, but the date is enough for checking its authenticity. 

The thermoluminescence analysis was carried out by means of the fine-grain 

technique [21]. It was determined that the natural thermoluminiscence (TL) signal 

was quite high, with a broad peak around 300 ◦C. A linear growth as a function of the 

calibration dose was observed, and a total absorbed dose of 16.8 ± 0.7 Gy was 

measured. Assuming the typical radioactivity parameters from the place where 

bucchero was produced and taking into account their possible natural variations (3–6 

ppm 238U; 10–25 ppm 232 Th, 1.0–2.0% K2O), the manufacture of the vase can be 

date between VII century BCE and I century CE. Thus, It demonstrates the 

authenticity of the vase and, although the dating obtained by thermoluminescence is 

marginally compatible with the I century CE, the typological and stylistic analysis 

suggests that the vase is much older. 
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 The shape and the fabrication technique define the vase under study as an 

Oinochoe (vase for serving wine) in heavy bucchero. Oinochoai were present in the 

Campania region since the first quarter of VI century BCE. In particular, the 

Oinochoe under study corresponds to type 13b1 in the Pontecagnano classification 

[22] and is very similar to other vases conserved in the Museo Campano in Capua 

and to other material from Campania necropolis. Thus, on the basis of these 

associations, the present Oinochoe can be likely attributed to the phase IVc of 

Capua, in the first quarter of VI century BCE, probably manufactured by local 

handicrafts. 

1.2.3 Analysis of vase content: FTIR and Py-GC/MS 

Before the authentication of the vase and its identification as an Oinochoe, the 

possibility of the identification of the vase content arose. FTIR can provide molecular 

information and Py-GC/MS is suitable for the analysis of complex molecules. The 

use of an Oinochoe as an alcoholic drink container suggests that these techniques 

can help to discover the kind of drink, due to fact that these drinks have a presence 

of complex molecules such as carbohydrates. 

The most common drinks for this kind of vases in that period are wine and beer. 

Moreover, it is known that in the Mediterranean and Central Europe area a honey 

fermented beverage called hydromel (mead or honey wine) was also consumed [23]. 

This is a drink currently non-existent, thus the hydromel has been fermented in the 

laboratory. FTIR spectrum of the rinsing solution of the content of the vase and the 

spectra of these three drinks are shown on Figure 42.  

The comparison of the FTIR spectra with the vase rinsing solution shows that the 

content of the vase is an alcoholic substance obtained from fermentation. However, 

the results does not allow a clear discrimination between the three drinks, since the 

characteristic peeks of the FTIR spectrum are present in all the samples and their 

relative intensity is not useful for discrimination, due to the probable degradation of 

the vase content. 
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Figure 42: a) FTIR spectrum of wine (black) and hydromel (green) (in red, the FTIR spectrum 

of the vase rinsing solution). b) FTIR spectrum of beer (in red, the FTIR spectrum of the vase 

rinsing solution).  

 

On the other hand, the analysis of particles micro-sampled inside the vase by 

pyrolysis coupled to GC–MS (Figure 43) evidenced the pyrolysis products 

characteristic of polysaccharide materials [24, 25] derived from fruit or vegetables 

fermentation.  

It is known from the Homeric poems that around the VI century BCE the word ‘wine’ 

is related with a wide range of fermented products from grape to fruits [26]. The Py-

GC/MS pattern observed is coherent with the presence of fruit or vegetable matter in 

the alcoholic beverage contained in the vase. It should be noted that, although the 

presence of alcoholic residuals in archaeological vases has been scientifically 
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confirmed in many circumstances [27, 28] (the earliest chemically confirmed 

archaeological beer dates ca. 3400–3000 B.C., while the earliest wine remains date 

back to ca. 5400 B.C. (Early Neolithic Period)), there is no way of knowing, at least 

with the techniques used in this paper, at what time in its long life the beverage was 

actually contained in the vase [28]. 

 

Figure 43: Pyrogram of the base rising solution 

 

1.3 Multi-Analysis of Roman silver Denarii 

Numismatics includes a large number of fields such as Economy, History, 

Archaeology, Art and, last but not least, Metallurgy. The analysis of the metal alloy of 

the coin can be invaluable for understanding the techniques used for its realization, 

as well as the effect that time and the environment produced on it. Furthermore, a 

date of the sample and its origin and location can be achieved indirectly analyzing 

the bulk and surface of the sample. 

A metallurgic analysis of ancient coins could be important for historic and numismatic 

purposes. Nowadays, a non-destructive analysis on coin patina and bulk is a great 

challenge. Different kinds of well assessed non-destructive techniques, such as XRF 

[29, 30] can be used to characterize the surface of the coin, while in depth analysis 

can be carried out using other techniques, such as LIBS [31], despite the fact that 
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LIBS is micro-destructive. The great majority of studies published up to now, 

however, are based on destructive methods that are obviously unacceptable for the 

analysis of numismatics valuable coins. 

A large amount of spectrochemical techniques need the transportation of the sample 

to the lab due to the fact that the equipment is big, heavy or it can suffer 

decalibration due to movements. Moreover, some of these techniques can provide 

an accurate quantitative analysis, but a complex sampling and sample preparation 

are required. A large amount of archaeological samples are subjected to hard 

requirements of conservation, and movement or sampling is not recommended. For 

that reasons, the portable solutions are desirable for some archaeological or artistic 

applications, and XRF and LIBS set-ups satisfy this requirement [32]. In fact, it is well 

known that the presence of surface deterioration layers affects XRF measurements 

and prevents a reliable achievement of the bulk composition [33]. Although LIBS 

measurements of the bulk composition are possible, deeply corroded objects may 

require protract ablation to reach the bulk, which would result in greater damage to 

the piece. Thus it is important to devise a method that would be benefitted by both 

the intrinsic non-destructivity of the XRF technique, and by the capability of LIBS to 

perform true bulk composition measurements even in the presence of heavy surface 

deterioration. This work demonstrates that a proper use of these techniques together 

can achieve valuable information of the sample about aspects as fabrication context 

and technology, and deterioration mechanisms of archaeological and historical 

metals, preserving the state of the samples. 

1.3.1 Material under analysis: Roman Denarii 

The measurements were performed on more than 100 republican denarii, issued in a 

period of two centuries of Roman history. There is still a controversy about the date 

of the first issuing of Roman Denarii [34-36]; accordingly to several authors, the 

issuing of Denarius was introduced in the year 211 B.C., after the sack of Syracuse 

which made a large amount of silver available to the Roman republic. The republican 

denarius was issued from that date to the end of the republic, which is conventionally 

related to the battle of Actium (31 B.C.), which brought the defeat of Mark Antony 

and Cleopatra and the beginning of the Principate of Octavian Augustus. During 
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these years, the weight and value of the republican denarius changed several times; 

however, it is widely accepted that the ratio of silver of Denarius was maintained on 

95% in weight or more, with the exception of the late Mark Antony ‘legionary’ denarii 

which were coined on debased silver flans during the civil war against Octavian. No 

systematic metallurgic studies were performed on a statistically significant number of 

republican denarii for assessing their ‘quality’ in the course of those years. The use 

of portable instrumentation for in situ micro-analysis, in conjunction with the 

availability of a large number of republican coins at the Monetiere in Florence, 

allowed testing a statistically significant sample of coins, determining precisely their 

elemental composition and, for the first time, correlating the silver content of the 

coins with important historical events. The relationship between wars and the issuing 

of Denarius with a lower ratio of silver has allowed dating indirectly some coins 

whose features did not allow their classification with other proceedings. Such an 

example can be given in the case of the Mark Antony ‘legionary’ denarius (Figure 

44). 

 

Figure 44: The Mark Antony‘legionary’ denarius (Legio V), an example of analyzed coins 

 

1.3.2 Results of multi-analysis: LIBS as a checker 

The first step for the analysis of Roman Denarii is to cross-validate the 

measurements of LIBS and XRF, following a process described in previous works 

[32]. However, the corrosion suffered by metallic archaeological samples can modify 

the composition of sample surface, changing it with respect the bulk. In the case of 

silver coins, the use of surface information for deducing bulk composition has led in 
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the past to incorrect deductions, as in the case of roman ‘Antoniniani’ (a special kind 

of coin with an enriched surface of silver and a poorer bulk composition). For that 

reason, the first analysis with roman coins based on XRF surface analysis [37] in the 

seventies, are now being challenged by new, in depth analysis [38]. 

A limited –although significant – set of coins has been selected to carry out the LIBS 

analysis in order to validate the results of XRF for the analysis of bulk composition. 

The coins were selected to be representative of the different conservation status and 

colors of the patina of the whole set of denarii. The LIBS experimental parameters 

have been selected to assure a readable LIBS spectrum with the minimum crater to 

avoid large damages in the surface of the coins. It turned out that three double 

pulses with an energy of 50 mJ each were able to pass through the surface patina 

with very limited damage to the surface of the coin. The diameter of the laser-

induced microcrater on the coin surface was around 200 µm and the depth, 

estimated from optical microscopy, was around 4 µm. A typical spectrum of a 

republican denarius is shown on Figure 45 

 

Figure 45: LIBS spectrum of a republican denarius 
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Figure 46 shows the comparison of the line intensities of the main elements of the 

alloy (normalized to the background) measured by XRF with those obtained with 

LIBS for the same elements. In order to minimize enrichment, patina and geometry 

effects, XRF data were obtained by averaging two measurements obtained on the 

most worn out areas of each side of the coin. 

 

Figure 46: Correlation between XRF and LIBS measurements floor copper (left) and lead 

(right) 

 

A high correlation has been founded between the XRF and LIBS results (R=0.96 for 

Cu and R=0.98 for Pb), obtained despite of the different spot sizes (200 µm for LIBS 

vs. 2 mm for XRF) and penetration lengths (the LIBS analysis is performed between 

3 and 4 µm under the surface, while the maximum XRF signal comes from the 

sample surface, down to about 10 µm under it) and not considering possible self-

absorption effects in LIBS analysis. This correlation suggests the feasibility of an 

XRF set-up for the analysis of the bulk composition, avoiding the damage induced by 

a LIBS measurement. Roman denarii are valuable samples and even the small 

damage induced by LIBS can be a problem for the sample quality. Even for this kind 

of analysis, LIBS is useful. A LIBS analysis can be carried out in a reduced set of 

samples as a checker tool, in order to assure the feasibility of other non-destructive 

techniques without deep analysis capability.  

Once the feasibility of XRF analysis has been tested with LIBS, the whole set of 

samples was analyzed with XRF. The silver content of the coins can be determined 

by difference (%Ag ≈ 100% - %Cu, due to the fact that silver and copper are the 

main components of the republican denarii (with lead as a trace); this determination 
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is more precise than the direct measurement of the silver content, since the silver 

concentration is always larger than 90% in weight and the experimental error in the 

silver determination (around 10%) is of the same order than the variations to be 

measured. The results are shown on Figure 47. 

 

Figure 47: Time evolution of copper content on denarii 

 

XRF analysis of copper-silver ratio on coins can provide interesting information about 

the date of samples and interesting events related with coins composition. A high 

correlation can be noticed between the copper increase (and, thus, the reduction of 

the silver) in the coins with the most critical events in the Roman history of this 

period (the war against Jugurtha, the Social War, the Uprising in Spain with the 

associated problems of silver supply, the War against Pompey and, finally, the Civil 

War between Octavian and Mark Anthony). Moreover, the first 5 denarii considered, 

issued between 180 and 150 B.C. according to Crawford [34] should be placed 

around the year 200 B.C. according to other scholars, at the time of the Second 

Punic War [33]. This dating can be reinforced for the fact that silver content of the 

coins of this period is lower than the average.  
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The results described could sustain the hypothesis that in time of crisis, the silver 

content of the denarii would be reduced in order to save on the coin value that, at the 

time, coincided with the value of the precious metal in the alloy. 

1.4 LIBS: a feasible tool for paleonutritional analysis 

The goal of the paleonutritional analysis [39-41] is to derive information about the 

dietary habits of people lived in the past. Some trace elements which are present on 

bone composition can provide information about these dietary habits. Bones, in fact, 

act a sort of reservoir for the mineral’s ions taken with food, therefore a trace of 

people’s diet is imprinted in their composition and it can be retrieved back with a 

compositional analysis, even hundreds of years after the death of the person.  

The most important requirement that must be satisfied is that the concentrations of 

analyzed elements are the same as ante mortem. In fact, some elements which 

compose the bone can suffer variations in its concentration due to the elemental 

interchange between the surrounding media and the bone. These post-mortem 

alterations of chemical constituents are usually known as diagenetic effects [42, 43] 

and they represent a serious drawback in the case that the absolute concentration of 

the elements is the main goal of the research. This effect induces changes in bone 

composition due to the grave ground composition for people with the same dietary 

habits in different places. Concerning this latter point, it has been demonstrated that 

bones originating from different places can be safely compared with each other by 

taking into account the ratio of the elements’ concentration with the one of calcium. 

Element/calcium ratio, in fact, implies that calcium increasing or decreasing reflects 

in a similar increasing/decreasing in the other elements. However, this ratio can be 

distorted due to the fact that calcium is a diagenetic elements and some of the 

elements employed for paleonutritional analysis are non-diagenetic. 

The main feature of analyzed elements for paleonutritional analysis is that the 

concentration of the element has to be related with only one kind of food. The trace 

elements that are mainly studied for a paleonutritional analysis are strontium, barium 

and magnesium, as indicators of a vegetarian diet [44], and zinc as marker of a diet 

rich of proteins [38]. Strontium and barium are particularly abundant in vegetables, 
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which absorb them from the ground by the roots. Moreover, strontium is present with 

high concentrations in small fishes and in shellfishes too [39]. Magnesium also is 

related to a high consumption of vegetables and cereals; in particular, it is quite 

abundant in bran, millet, soy, walnuts and nuts. On the other hand, high 

concentration of zinc can be found in red meat, milk, cheese and legumes, thus 

indicating a different dietary habit, with a higher contribution of proteins. 

There are a large amount of parameters which should be taken into account in order 

to obtain a useful paleonutritional analysis. That is the reason why most of the works 

devoted to this kind of analysis use laboratory techniques, such as Atomic 

Absorption Spectrometry (AAS) [45, 46] or ICP-OES, whose sensibility is very high, 

up to parts per billion (ppb) and the uncertainty very low. The problems associated 

with these techniques are the sample preparation, the non-availability of in-situ 

analysis and the price of equipment. In addition, these techniques need a big amount 

of material to carry out the analysis and sometimes the value of the samples forbids 

this kind of damages on them. For these reasons, a technique like LIBS that 

preserves the integrity of the sample and is fast and relatively not expensive would 

be very welcome in this field. 

The main goal of this work is to compare LIBS with ICP-OES in the analysis of 

archaeological bones. LIBS, in fact, has some advantages with respect to ICP-OES; 

LIBS allows the possibility to operate directly in situ, the relatively low cost of the 

instrumentation, fastness of the analysis, etc... For this reason, the use of LIBS in 

paleonutritional analysis could be a viable alternative to the aforementioned 

techniques, especially in those cases where the fastness of the analysis is of 

paramount importance. 

1.4.1 Bones under analysis 

Thirteen samples from the thick bones of people found in a XVI century plague mass 

grave have been analyzed. Actually, in order to perform a correct and meaningful 

paleonutritional analysis, it is necessary to have a sampling of the place surrounding 

the grave, just to evaluate the possible contaminations from the environment. 

Unfortunately, these samples have not been supplied and a meaningful quantitative 

analysis is not possible. For that reason, this work intends to compare the trend of 
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the ratios for the paleonutritional elements of all the bones with both techniques, 

LIBS and ICP-OES in order to test the feasibility of a paleonutritional analysis using 

LIBS. 

The set of spectra from bones alloys was acquired with the same device described in 

Chapter 5, The MODÌ [47], coupled to a compact Czerny-Turner  CCD spectrometer. 

The problem with bones is related to their inhomogeneity so, in order to overcome 

this drawback, 4 different points have been sampled; in every spot, 5 cleaning shots 

and 150 spectra were acquired. The average of 100 spectra for each bone was then 

analyzed, i.e., and only 25 spectra were considered as ’good’ from every spot, from 

6th to 30th. All the other acquired spectra have been exploited for the stratigraphic 

analysis that will be discussed in section 1.4.3. In all the cases, the errors reported 

for LIBS results were calculated as the half-difference between the higher and lower 

value of the four points. The usual approach of the standard deviation has not been 

used because of the reduced number of variables. 

Determination of the concentrations was performed with Varian 720 ES for ICP_OES 

analysis. About 0.5 g from every sample were weighted and placed in PTFE holder, 

where 8ml of HNO3 69 and 2 ml of H2O2 were added. Samples were let to react at 

ambient temperature for around 40 hours. Then, they were treated in a microwave 

digester (Start D, Milestone Italy) with thermal cycle up to 200 degrees. Once cooled 

down, the solutions were moved to 50 ml flasks and adjusted in volume with 

ultrapure H2O2. The detected elements were Ba, Mg, Sr and Zn. 

1.4.2 Results: ICP-OES vs. LIBS for bones 

The composition of the bones was measured with ICP-OES. On the other hand, the 

amount of spectra obtained with LIBS analysis was huge and only the peak 

intensities of the interesting elements were analyzed instead the whole spectrum in 

order to reduce the flow of information. For this reason, a quantitative analysis based 

on LIBS information was not calculated. Instead of this analysis, the peak intensity 

for each element was compared for both techniques due to the fact that the 

concentration of the element is proportional to its peak intensity. This comparison 

can demonstrate the feasibility of LIBS for paleonutritional analysis because a high 

correlation between both techniques validates the results obtained with LIBS. 
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Five elements have been analyzed for paleonutritional analysis, strontium (Sr II @ 

407.771 nm), barium (Ba II @ 455.403 nm), magnesium (Mg I @ 280.970 nm), zinc 

(Zn I @ 636.234 nm) and calcium (Ca I @ 634.907 nm and Ca II @ 370.706 nm). As 

explained in the introduction, Sr, Ba and Mg are indicators of a vegetarian diet, so 

their behavior is expected to be, more or less, the same. Contrarily, Zn is an 

indicator of a proteic diet, and its ratio with Sr can provide information about the 

amount of proteic food in the dietary habits of each person [48]. 

In Figure 48, the trend of the zinc over strontium ratio is reported for ICP-OES (black 

squares), and for LIBS (open squares). As it can be seen, LIBS results are in quite 

good agreement with ICP-OES, at least within the LIBS error bar. The 

inhomogeneity of bone 5 can induce the difference between both results for this 

sample. 

The comparison between LIBS and ICP-OES for the trend of barium and magnesium 

is reported in Figure 49 and Figure 50, respectively. The results are even closer for 

these elements than the previous one. 

 

Figure 48: ratio between Zn and Sr for all bones 
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Figure 49: Emission intensity for Ba 

 

 

Figure 50: Emission intensity for Mg 

 

In Figure 51, the ratios of both strontium and barium related with calcium are shown. 

The reason is that barium is an indicator of a vegetarian diet, so its behavior is 

expected to be very similar to strontium, being their nature very similar from the point 

of view of the biological purification of calcium. This premise is demonstrated on 

Figure 51, where the trends of Sr and Ba related with Ca are similar. This is a very 
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good point for LIBS measurements, because it means that they are perfectly 

consistent among themselves. 

 

Figure 51: Ratios between Sr and Ba with Ca 

 

From the figures above, we can infer some information about the diet of those 

people. In fact, from Figure 48, both LIBS and ICP-OES results seem to agree that 

sample 12 has a high zinc over strontium ratio. This result implies that this person 

followed a proteic diet and indicates that he belonged to a high social class 

considering that at that time the consumption of meat was mainly prerogative of high 

social classes. On the other hand, samples 5 and 8 show the lower values of the 

ratio, thus indicating the possibility of a vegetarian diet and, as a consequence, their 

belonging to a lower social class. The other figures confirm these results. In Figure 

49 and Figure 50, in fact, the higher values of barium and magnesium are relative to 

sample 5 and 8, i.e., they show a similar behavior as the zinc over strontium ratio in 

Figure 48. The differences between barium and magnesium are due to the fact that 

the concentration of barium and strontium are strictly related with a vegetarian diet, 

whereas the concentration of magnesium is determined by other kind of diets, such 

as the presence of crustaceans and fishes. For this reason, their trends are expected 

not to be exactly the same. 
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1.4.3 Stratigraphic analysis of bones 

As explained in the previous sections, bones are expected to be contaminated by the 

surrounding environment where they have been lying for 400 years; contamination 

that can result in the leaking out of some elements, such as calcium or strontium, 

from the bone’s surface or vice versa (the so called diagenetic effect). LIBS can 

provide an in-depth analysis (stratigraphic analysis) unlike other techniques. With 

ICP-OES, instead, that is not possible, because a big amount of sample has to be 

dissolved to obtain the composition and it is difficult to separate the bulk and the 

surface of the bone. ICP-OES provides an average of bones composition in all the 

depth and surface analyzed but LIBS can analyze different parts of them. 

In order to evaluate the changing in concentration of some elements due to the 

diagenetic effects, a LIBS in-depth analysis has been carried out.  The evolution of 

peak intensity for the elements explained above has been analyzed for the whole 

sequence of pulses of each crater as  I(element)-I(Background)]/I(element), where 

I(Background) was the intensity of the background measured in a point close to the 

line under study. Results of this calculation for one of the bones using strontium as 

test-case are shown in Figure 52. 

 

Figure 52: Evolution of Sr intensity with number of pulses 
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The real measurements are represented in black, and the interpolated trend in red. 

The figure shows that strontium signal decreases as the laser pulses ablate the 

sample and penetrate into it. However, this can be due to two different effects; for 

the change in element concentration for diagenetic effect or problems associated 

with laser focalization in the induced crater at different depths. The answer to this 

question could be found by analyzing the bulk directly. A small piece of each bone 

was removed in order to analyze different points of bone bulk. In this way, the first 

laser shot was already measuring the bulk. 100 spectra from 3 different points from 

every bone were acquired for this second campaign of measurements. In this case 

also, a decreasing of the signal whose limiting value was zero was found and the 

initial intensity in all points of the bulk was the same. Therefore this is a clear 

demonstration that the observed decreasing shown in Figure 52 is not related to the 

decreasing of the concentration, but rather to laser defocusing caused by the soft 

bone’s matrix that creates a deep hole in which the laser ablation efficiency get 

worse and worse as the deepness increases. In order to assure this theory, the trend 

of the temperature has been calculated. Actually the ”true” temperature has not been 

obtained with the Saha-Boltzmann plot, but the ratio of a ionized and a neutral peak 

of calcium, times the electron density (calculated from Balmer H  line of hydrogen) 

has been plotted. The trend of these ratios is shown on Figure 53.  

 

Figure 53: trends of Ca II and Ca I intensities multiplied by electron density. This 

measurement is directly related to plasma temperature 
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This trend is due to the slightly decreasing of the Ca II intensity, whereas the Ca I 

one is more or less constant. These trends are shown on Figure 54: 

 

Figure 54: trends of Ca I and CaII 

 

The above results are from the measurements on just one bone (Bone 4), using Ca I 

@ 643.907 nm and Ca II @ 370.706 nm. This analysis suggests that the decreasing 

of the signal is not due to a lower concentration, but rather to a worsening of the 

laser efficiency (that reflects in a colder plasma). 

These results suggest two different explanations. The first one is an absence of 

diagenetic effect. This alternative is not enough plausible because this process is 

demonstrated in archeological environments of buried samples and it supposes the 

natural evolution of this kind of samples. The second one is a diagenetic evolution of 

the whole bulk of the sample. This option implies that the pollutants within the 

surrounding soil have been leaked out to the whole bone. If this alternative is correct 

it is not possible to carry out an accurate paleonutritional analysis due to the 

variation of the ratios of the diagenetic elements and the induced changes of ratios 

between diagenetic and non-diagenetic elements which are analyzed for these 

measurements without the correction provided by a surrounding soil sample. 
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2. LIBS for precious metal recovery 

The recovering of precious metals from industrial waste is raising due to the increase 

of precious metals prices [49]. The quantity of gold, silver, palladium, platinum, 

rhodium and ruthenium [50] that different recycling process can recover is minimal, 

but the huge amount of waste products such as batteries or circuit boards with 

precious metals inside allows recovering a large amount of precious materials [51]. 

The complexity of the study of waste material is high due to the huge amount of 

industrial waste materials. Most of the instruments used for waste recovering are 

based on Atomic Absorption and/or Inductively Coupled Plasma (ICP) techniques. 

The gold and silver content in the recovered alloy could be also measured using the 

traditional (and complex) method of ‘fire assay’, technically called cupellation [52]. 

The use of these techniques has the definite advantage of requiring relatively low-

cost equipment; on the other hand, the measurement process is long and requires, 

in case of ICP, a sample preparation before the analysis [53] through a process of 

dilution that may introduce errors in the determination of the precious metal content 

in the recovered alloys. 

More recently, several companies have tried to use instrumentation based on X-Ray 

Fluorescence (XRF) technique [2, 13]. The XRF technique has adequate features for 

metal recovering. The concentrations of the elements of interest are typically well 

within the sensitivity of the technique, and the possibility of working without sample 

preparation greatly improves the accuracy of the analytical results. Moreover, the 

time needed for a single analysis is much less than cupellation, Atomic Absorption or 

ICP techniques. On the other hand, the laboratory XRF systems used for the 

analysis of precious alloys are much more expensive than the instrumentation for 

other techniques. Moreover, the prolonged use of X-Rays could be dangerous for the 

operators and this issue might not be neglected [54]. 

The problems of other techniques for metal recovering suggest the use of LIBS 

instrument in substitution of XRF. LIBS should have, for the specific application to 

precious alloys, all the characteristics of the XRF technique (ease of use, operability 

on untreated samples, multi elemental detection, and quickness of the analysis) [55]. 



- 128 - 
 

The effectiveness of LIBS for the analysis of precious alloys has been already 

demonstrated [56-59] and, in particular, of double-pulse LIBS [60]. However, most of 

the previous studies on the application of LIBS to the analysis of precious metals 

were devoted to the determination of gold purity or, more generally, to the 

measurement of the concentration of main elements in the alloy. In contrast, metal 

recovery industry needs the detection of trace elements. Thus, the capability of LIBS 

to fulfill the needs of metal recovery industry should be demonstrated. 

2.1 Materials under study 

The set of spectra from waste materials and precious alloys was acquired with the 

same device described in Chapter 5, The MODI [47], but with an important 

modification. The standard configuration of MODÌ includes an Echelle spectrometer 

coupled to an intensified CCD. The Echelle/iCCD configuration ensures excellent 

performance in terms of sensitivity and signal to noise ratio; however, the cost of the 

spectrometer is comparably high in comparison with XRF equipment. For that 

reason, the couple Echelle spectrometer-iCCD has been replaced for a cheaper 

equipment composed by a compact Czerny-Turner spectrometer coupled to a linear 

CCD. The feasibility of this equipment for metal alloys analysis has been 

demonstrated by Sorrentino et.al. [61]. This spectrometer has both a fixed grating 

and CCD which offer a high reproducibility for LIBS spectra, a desirable feature for 

this application. 

The measurements have been performed adopting the same strategy used by the 

analytical chemists for a typical XRF analysis. A small sample of the recovered 

precious alloy was mixed with copper (in fixed proportions) in order to matrix-

matching the calibration samples of the XRF instrument. This dilution of the sample 

can be harmful for the LIBS measurements due to the fact that LIBS has problems to 

detect some elements even using Dual Pulse configuration [62]. On the other hand, 

it is interesting to test LIBS performance in the same conditions than XRF in order to 

test the real feasibility of LIBS for metal recovering. The set of samples is composed 

by 8 samples, already characterized by XRF, with the following composition (Table 

7). The trueness of the XRF analysis is of the order of +/- 0.1 % in weight.  
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Table 7: Composition of the precious alloys standards. 

2.2 Results 

The first goal of this work is to determine, with reasonable certainty, the possibility of 

detecting all the elements of interest in a complex sample. This is a difficult task due 

to both the high intensity of copper lines related to the interesting elements lines (see 

Figure 55) and the absence of studies about some interesting elements for precious 

metals recovering for LIBS. 

 

Figure 55: LIBS spectrum of a precious alloy 
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It is desirable an objective method in order to determine with certainty the possibility 

of detection of the precious elements of the sample. For this purpose, a method 

described in ref. [63] has been applied. This technique, based on algorithms for text 

retrieval, gives to each element eventually detected in the LIBS spectrum a ‘score’ 

which is related to the probability of actually having the same element in the 

spectrum. The higher the score, the higher the probability of having correctly 

detected the corresponding element in the LIBS spectrum. The sample with the 

spectrum shown on Figure 55 was analyzed with the retrieval algorithm [63] and the 

obtained scores are shown on Table 8. 

 

Table 8: Element scores from the retrieval algorithm 

 

All the elements of interest (including Cu from the matrix and Pb, present as an 

impurity in the alloy) are detected in the first positions in the element ranking. These 

results suggest that the detection of precious metals on waste material is possible 

even with the interference of main materials (copper in this case) 

The next step is to carry out a quantitative analysis. Calibration-Free LIBS (CF-LIBS) 

has been demonstrated to be a promising approach to the quantitative analysis of 

precious alloys [56, 64]. However, the detection of precious metal on waste materials 

requires the detection of traces materials, and this is the worst condition for CF-LIBS 

[65] because the normalization condition induces that small errors in the 

concentrations of main elements can provoke large errors of the concentration of 

traces elements. Moreover, the application of CF-LIBS method requires the 

knowledge of the spectroscopic parameters of the emission lines considered, and 
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the uncertainty in these parameters could be quite high, especially for the minor 

elements in the precious alloy. For that reasons a standard quantitative analysis 

based on calibration curves has been carried out for this work. The lines considered 

for building the calibration curves are shown in Table 9. 

 

Table 9: Emission lines considered for building the calibration curves. The calibration curve 

of Rh is built taking the sum of the intensities of the two lines indicated. 

 

The next five figures show the calibration curves obtained for the five precious 

elements under study: gold, silver, palladium, platinum and rhodium. 

 

Figure 56: Calibration curve for gold 



- 132 - 
 

 

Figure 57: Calibration curve for rhodium 

 

 

Figure 58: Calibration curve for paladium 
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Figure 59: Calibration curve for silver 

 

 

Figure 60: Calibration curve for platinum 

 

Some considerations should be noticed about the figures. Firstly, the LIBS 

calibration curve for Gold is clearly non-linear. However, one has to consider that the 

LIBS signal should be proportional to the number of emitting atoms, which is not 

immediately proportional to the weight % concentration of the corresponding 

elements. Moreover, the other calibration curves can be relatively well approximated 

with a linear function (except one point for silver, all the concentrations of these 
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elements are well below 1.5% of the total weight). The Limits of Detection are of the 

order of 0.2% for all the elements. These results would definitely improve using a 

lower dilution factor in the matrix-matched samples. The calibration curves should 

be, in that case, corrected for the nonlinear dependence of the number of emitters 

(to whom the LIBS signal should be proportional) and the weight percent 

concentration of the element. 

These results suggest that LIBS can be a feasible technique for precious metal 

recovering. The LIBS instrumentation would be cheaper, more suitable and safety 

than XRF for routine laboratory analysis; nevertheless, the trueness of the LIBS 

results should be improved in order to obtain a dependable tool for industrial 

environments. This goal could be achieved by modifying the sampling strategy, 

through the realization of matrix-matched test samples with higher weight 

concentration of the elements of interest. 

3. Conclusions 

This chapter demonstrates the versatility of LIBS for different kinds of environments. 

LIBS is a useful tool for applications related with fields absolutely different such as 

industry or archaeology. Moreover it has been demonstrated that a whole set of 

techniques can analyze a sample from different points of view providing information 

about sample composition, dating or even about the life of the object under analysis. 

LIBS is helpful for archaeology. The first part of this chapter analyzes a vase using 

different spectrochemical techniques to provide different information about it. The 

multi-technique analysis performed in this part, together with the stylistic and 

typological study of the vase, has allowed the authentication of the vase and an 

analysis about its content. The complete analysis provided for the techniques 

employed demonstrates that the vase studied, originally attributed to the I century 

C.E. on the basis only of its label, is authentic but much older (VI century B.C.). The 

reference to the Herculaneum excavations was probably given at the time of the ‘gift’ 

(October 1929, according to the paper label glued on the vase body) to increase its 

value, considering that just a couple of years before the Italian king Vittorio 
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Emanuele III inaugurated the new excavations in Herculaneum, thus bringing the site 

to the popular attention. 

The second work related with archaeology is a different point of view for the use of 

LIBS in this field. The value and the size of the samples, Roman Denarii, do not 

recommend a LIBS chemical analysis due to the induced crater on coin surface. For 

that reason LIBS has been employed as a validation tool for the feasibility of a XRF 

surface study. These kind of metallic samples suffer oxidation and the surface 

composition can change with respect the bulk of the coin. LIBS provides a 

stratigraphic analysis in a small set of coins and the result can be compared with 

XRF composition. This comparison allows the validation of XRF measurements, and 

LIBS has been employed in this way. 

The last work in archaeological fields tries to demonstrate the feasibility of LIBS for 

paleonutritional analysis. This work demonstrates that LIBS can be used as a 

meaningful tool for this kind of purpose. The analysis is fast and clean with LIBS and 

the researcher does not need a sample preparation to carry out the experiment. 

These features are interesting by themselves, but the results are very close to the 

obtained measurements using ICP-OES, a technique which provides an accurate 

quantitative composition of sample but with a difficult and slow sample preparation. 

The ratios between different elements which act as a diet marker or the amount of 

them separately are similar for LIBS and ICP-OES which allows supposing the 

feasibility of LIBS for this kind of analysis. Moreover, LIBS can provide a stratigraphic 

analysis of the bone, providing useful information for the analysis of diagenetic 

processes. These results could be improved with the correction of elements 

concentrations with samples of surrounding soil, avoiding the problems of diagenetic 

effects. 

The last work of this chapter is related with industrial environment. The results of this 

last study demonstrate that LIBS is a feasible technique for the analysis of alloys 

obtained from the recovery of precious metals from industrial wastes. LIBS 

instrumentation is cheaper than XRF systems, and the analysis is safer for a 

continuous laboratory analysis; However the accuracy and reliability of the LIBS 

results should be improved. This goal could be achieved by modifying the sampling 
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strategy, through the realization of matrix-matched test samples with higher weight 

concentration of the elements of interest. 



 

 

Part III 
Conclusions and open future lines 

 

 

 

 

 

 

This part is devoted to summarize the conclusions of this thesis work and to show 

the open research lines. 
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Summary & Conclusions 

The previous chapters of this work have described the works carried out during this 

PhD, reviewing the obtained results and discussing them. Present chapter is devoted 

to summarize the results obtained and to emphasize the main conclusions. 

It must be noticed that after the review of the state of the art, three main objectives 

were formulated:  

1. To design and develop new sensors based on Optical Fiber. These sensors 

measure the shockwave induced by the plasma plume using different 

approaches, like Fiber Bragg Gratings or speckle analysis at the end of the 

optical fiber.  

2. To apply different algorithms for LIBS spectra processing and analysis. A 

first group of algorithms use the raw spectra obtained with LIBS set-ups in 

order to distinguish between different materials, while a second group of 

algorithms represents a new approach to quantitative analysis, and are based 

on synthetic spectra generation and optimization algorithms to obtain 

quantitative values for the chemical composition. 

3. To apply LIBS to real applications in different fields in order to demonstrate 

the versatility of LIBS for a wide range of fields both in research lines and in 

commercial applications.  

New optical fiber sensors have been designed and demonstrated. The first of them 

has employed FBG for shockwave detection. FBG’s allow the detection and 

quantification of different effects which induce strain, deformation or temperature 
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changes on their structure. The induced shockwave is a pressure wave, and this 

wave can hit the FBG and induce this deformation. The works associated with this 

line demonstrate the feasibility of this kind of sensor. The FBG transducer can detect 

and quantify the intensity of the shockwave and its features are close to a standard 

microphone, a device widely employed for shockwave detection. Even its 

performance is surpassed in terms of linearity for the estimation of laser energy. The 

capability of FBG transducer for the detection of small changes in the laser 

irradiance has been employed for the detection of errors in laser focalization with a 

satisfactory result. This kind of transducer can open a new approach for shockwave 

detection, allowing the stand-off measurement of plasma shockwave with a device 

immune to electromagnetic fields. Moreover, this measurement of shockwave energy 

could be employed for spectral normalization, and the measurement carried out for 

FBG transducer can be useful for this purpose in order to improve a quantitative 

chemical analysis. 

The second proposed Optical fiber sensor is based on optical fiber speckle 

transducers. Speckle interferometry allows the detection of vibrations, strains and 

deformations on the optical fiber, and this feature has been employed in the same 

way than the FBG transducer for shockwave detection. The speckle transducer has 

been developed using a plastic optical fiber, and the works associated to this 

research line demonstrate the feasibility of this kind of transducer for shockwave 

detection or quantification and even for optical emission normalization. Moreover, a 

new and interesting device has been developed related with this line. A speckle 

transducer based on coiled plastic optical fiber allows the simultaneous detection of 

both the shockwave and the optical emission. This device allows a complete stand-

off detection system, allowing the detection of the spectrum and the measurement of 

the shockwave intensity, an interesting parameter for the normalization of the optical 

emission for improving a quantitative analysis. 

There are open research lines which try to design and develop new hardware for 

LIBS devices to improve the sensibility or accuracy of LIBS analysis. However, this 

thesis works are focused to improve the software to process the big amount of 

information that is provided by a LIBS spectrum. Three groups of algorithms have 

been checked. 
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The first group works with the raw spectra obtained with a LIBS set-up. The goal of 

these algorithms is to classify different samples with different criteria without a 

complex quantitative or qualitative chemical analysis. These algorithms work with all 

the information that a LIBS spectra provide, but an identification of the elements 

which compose the sample is not necessary to use them. The first group of works 

related to this line is based on SVM’s classifiers with the goal of the detection of an 

aluminum-silicon coating on industrial steels. One approach to this problem could be 

to carry out a qualitative analysis in order to detect the aluminum or silicon lines on 

LIBS spectra, but this approach needs a calibration of the set-up or a filtering of the 

spectra for the detection of the part of spectra with the interesting lines. The 

approach proposed in this work uses a classifier to detect these impurities on real 

time when the steel is being treated to remove the coating. This algorithm is feeded 

with the raw spectra and in a short period of time is able to detect the impurities. This 

algorithm based on SVM’s needs to be trained, but a quantitative analysis or even 

the spectral range of the spectra is not necessary. For that reason a complex 

calibration is not necessary. This classifier has been tested with industrial steels, but 

a wide range of applications could be solved using the classification of different kind 

of materials based on these algorithms. Only a spectral range with changes between 

the different materials is necessary for the classification. 

The other work included in this group of algorithms in based on PCA. This algorithm 

allows projecting a group of correlated spectra (with a big amount of redundant or 

common information for all the spectra of the different kind of samples) in a new 

uncorrelated basis. This new space has not redundant or common information and 

only the discriminating information is maintained, allowing an easier and faster 

classification. This algorithm has been employed with archaeological samples, 

specifically a set of bronze statues. The application of the PCA algorithm to the LIBS 

spectrum of each sample allowed a dating which is consistent with the dating 

provided by the stylistic and typological analysis. A complex quantitative or 

qualitative chemical analysis was not necessary for this dating, and the algorithm 

shown its capability to work in a “blind” mode with the raw spectra, avoiding 

consumption of time and resources to the researchers. 
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The second algorithm for LIBS spectra processing is a new approach to quantitative 

analysis. It is based on the automatic generation of synthetic spectra and PSO, an 

optimization algorithm, to calculate the so-called participation index that can be 

directly related to the weight of the different elements in the samples. A wide set of 

samples has been analyzed to test the capability of the algorithm, including 

calibrated brass samples, aluminum samples or Nordic gold. The results have a 

good correlation with the real concentrations, although in some cases some issues 

inherent to LIBS have prevented the model to provide the expected results. This 

algorithm should be improved with new approaches based on a model independent 

of relative line intensities but it is an interesting option for a semi quantitative 

analysis. These new approaches should provide a new tool for a real quantitative 

analysis.  

The feasibility for using LIBS for chemical analysis in different fields was also 

investigated. Specifically, LIBS has been used in two different areas. In archaeology, 

it has been used in combination with other spectrochemical techniques to provide a 

complete chemical analysis of different archaeological samples. In industrial 

environment, it has been investigated for recovering precious metals from industrial 

waste.  

The first couple of works on archaeology are an example of multi-technique analysis. 

The first work analyzes a vase using different spectrochemical techniques to provide, 

together with the stylistic and typological study of the vase, the authentication of the 

vase and an analysis about its content. This work demonstrates that a complete set 

of spectrochemical techniques can supply valuable information about archaeological 

samples. The second work of this research line analyzed a set of Roman Denarii, 

coins of high value. The LIBS analysis induces a small crater on sample surface, and 

this damage is not allowed for this kind of coins. However, these kind of metallic 

samples suffer oxidation and the surface composition can change with respect the 

bulk of the coin. For that reason LIBS has been employed as a validation tool for the 

feasibility of a XRF surface study. LIBS provides a stratigraphic analysis in a small 

set of coins and the result can be compared with XRF result. This comparison allows 

the validation of XRF measurements, and LIBS has been employed in this way. 
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The last work in the archaeological field tries to demonstrate the feasibility of LIBS 

for paleonutritional analysis. LIBS can be used as a useful tool for this kind of 

analysis. Unlike other spectrochemical techniques, LIBS analysis is fast and clean 

and the researcher does not need a sample preparation to carry out the experiment. 

These features are interesting by themselves, but the results for paleonutritional 

analysis are in the order of the obtained measurements using ICP-OES, a technique 

which provides an accurate quantitative composition of sample but with a difficult 

and slow sample preparation. The ratios between different elements which act as a 

diet marker or the amount of them separately are similar for LIBS and ICP-OES 

which suggests that LIBS is a feasible technique for paleonutritional analysis. 

Moreover, LIBS can provide an in-depth analysis of the sample and this analysis has 

been carried out, providing useful information for the analysis of the diagenetic 

process. To obtain an accurate quantitative analysis of bone composition, a 

correction of diagenetic effect with samples of surrounding soil has proved to be 

necessary. 

In the industrial manufacturing environment, the obtained results demonstrate that 

LIBS is a feasible technique for the recovery of precious metals from industrial 

wastes. LIBS has been compared with XRF, probably the most common technique 

for this purpose and the results demonstrate the viability of LIBS as a tool for this 

purpose. LIBS can detect all the precious elements which are present in these 

wastes and the instrumentation is cheaper and less dangerous for a continuous 

laboratory analysis than XRF. However, the accuracy and reliability of the LIBS 

results should be improved. This goal could be achieved by modifying the sampling 

strategy, through the realization of matrix-matched test samples with higher weight 

concentration of the elements of interest. 

To summarize, this Thesis work demonstrates that LIBS is a spectrochemical 

technique with a promising future in a wide range of fields. Topics as different as 

algorithms development, optical fiber sensors for plasma shockwave detection or 

spectrochemical analysis of different kinds of samples using LIBS have been carried 

out in this work. This demonstrates that there are a huge amount of things to do 

about LIBS. 
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Open future lines 

This thesis work is the first step of a open research line in the Photonic Engineering 

Group. However, several aspects that should be improved and developed in order to 

apply LIBS in real applications have been identified.  

The first one, and probably the most important, is related to quantitative chemical 

analysis based on LIBS. An accurate quantitative analysis is one of the most 

important goals of LIBS, and the achievement of this objective could multiply 

exponentially the applications based on LIBS. This work has shown a new approach 

to quantitative analysis and different techniques for spectral normalization has been 

tested in order to improve the accuracy of a quantitative analysis of chemical 

composition. Accordingly, new efforts in this line should be accomplished in the 

future, developing new sensors and devices for shockwave detection or new 

algorithms for quantitative analysis. 

Other interesting line researched in this period is related to algorithms for processing 

the LIBS spectra. LIBS cannot still provide an accurate quantitative analysis, but 

there are fields where this is not necessary. This work has shown algorithms based 

on PCA or SVM’s to classify different kind of samples, but there are a huge amount 

of algorithms which can provide new tools for material classification and this is an 

interesting application for the future. 

New developments related to archaeological fields have been carried out during the 

last part of PhD period. LIBS has ideal features for this field, and there are a huge 

variety of archaeological samples which can be analyzed with LIBS. Moreover, these 
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works demonstrate that a multi-technique analysis is a powerful tool for archaeology. 

For that reason, new samples should be analyzed with different techniques, LIBS 

set-ups or algorithms in order to improve and intensify the relationship between LIBS 

and artistic and archaeological fields [1]. 
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Part V 

Resumen, objetivos y conclusiones 
Este apartado contiene un resumen del trabajo llevado a cabo en esta Tesis, expone 

los objetivos que se pretenden alcanzar y finalmente muestra las conclusiones que 

se han alcanzado al analizar el trabajo llevado a cabo 
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Resumen y objetivos 

La interacción entre luz y materia puede aportar importante información sobre la 

naturaleza de esta materia. La espectroscopía es la ciencia que analiza el contenido 

espectral de la luz después de dicha interacción, y puede aportar una importante 

información para la caracterización de un amplio rango de materiales diferentes en 

diversos estados. 

Laser Induced Breakdown Spectroscopy (LIBS) es un tipo de espectroscopía laser 

dentro del amplio abanico que abarca este tipo de técnicas. LIBS usa un pulso laser 

de corta duración y alta energía para vaporizar e ionizar una pequeña cantidad de la 

muestra, creando un plasma formado por este material ablacionado. Este gas 

ionizado emite luz durante su periodo de vida y la luz emitida durante el proceso de 

enfriamiento contiene las características espectrales de todos los elementos 

químicos que componen la muestra, permitiendo su identificación. 

LIBS permite trabajar con muestras en cualquier estado (sólidos, líquidos o gases) 

sin preparación de la muestra o con una preparación muy sencilla y la detección de 

todos los elementos químicos es posible, así como su análisis cuantitativo, todo ello 

con un análisis rápido que proporciona incluso la capacidad de análisis in-situ. LIBS 

ablaciona la muestra, pero el cráter generado tiene solo unas pocas micras de 

diámetro, por lo que se considera una técnica microdestructiva con capacidad de 

analizar muestras valiosas sin dañarlas. Estas características y  los desarrollos de 

todos los dispositivos que componen un sistema LIBS explica el creciente interés del 

mundo científico e industrial en LIBS, a pesar de que los componentes del sistema 

son todavía caros y que otras técnicas ofrecen mejores límites de detección y un 

análisis cuantitativo más preciso. 

El presente trabajo no pretende incluir un análisis exhaustivo sobre los procesos 

físicos relacionados con esta técnica espectral. De hecho, este trabajo emplea los 

conocimientos ya adquiridos en LIBS durante su desarrollo para unir este campo 

con otros diferentes, como pueden ser los sensores basados en fibra óptica o los 

algoritmos de clasificación. Además de esta unión entre diferentes campos de 
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investigación, LIBS será empleado en diferentes aplicaciones reales, en ámbitos tan 

diferentes como la clasificación de aceros industriales, la detección de metales 

preciosos en residuos industriales o el análisis de muestras arqueológicas de 

diferente índole. Concretamente, los objetivos de esta tesis son los siguientes. 

1. Diseñar y desarrollar nuevos sensores basados en fibra óptica. Estos 

sensores se emplearán para medir la onda de choque generada por el 

plasma en su proceso de expansión. Estos sensores estarán basados en 

diferentes tecnologías como los Fiber Bragg Gratings (FBG) o emplearán 

efectos como la interferometría speckle en fibra óptica. Además de esto se 

diseñará un sensor híbrido capaz de detectar y cuantificar la energía de la 

onda de choque y capturar la luz del plasma al mismo tiempo. Esta energía 

de la onda de choque aporta información sobre el proceso de expansión del 

plasma y sus características y puede ser útil para normalizar la emisión del 

plasma y mejorar el análisis cuantitativo. Otro sistema que será desarrollado 

pretende medir la distancia entre la lente de focalización del láser y la 

muestra. Este parámetro varía la energía de la onda de choque, y por tanto 

este tipo de sensores puede cuantificar esta distancia y corregir errores de 

focalización. 

2. Aplicar diferentes algoritmos a espectros LIBS. Un grupo de algoritmos serán 

clasificadores que permiten distinguir entre diferentes materiales empleando 

los espectros generados por un sistema LIBS sin requerir ningún tipo de 

análisis ni cualitativo ni cuantitativo de la muestra. Esto permite eliminar la 

indeterminación debida a las imprecisiones de los sistemas LIBS para 

generar análisis cuantitativos de precisión. El segundo grupo de algoritmos 

supone un nuevo avance en el análisis semi-cuantitativo. Un algoritmo 

basado en Particle Swarm Optimization (PSO) será empleado para llevar a 

cabo un análisis semi-cuantitativo de un amplio rango de muestras 

diferentes. 
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3. Emplear LIBS para aplicaciones reales. LIBS será empleado para 

aplicaciones relacionadas con dos campos; la arqueología y la industria. Este 

trabajo expone propuestas para detectar metales preciosos en residuos 

industriales o para analizar diferentes muestras arqueológicas, todo ello 

basado en sistemas LIBS. 
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Conclusiones 

Los capítulos de esta Tesis has descrito los trabajos llevados a cabo durante este 

periodo, revisando los resultados obtenidos y discutiéndolos. Estos trabajos están 

relacionados con los objetivos expuestos anteriormente. 

El primero de estos objetivos se centra en la detección de la onda de choque 

generada por la expansión del plasma empleando dispositivos basados en Fibra 

Óptica. El capítulo 4 de este documento está relacionado con este objetivo. La 

primera parte de este capítulo ha mostrado dispositivos basados en FBG’s para 

llevar  a cabo esta detección. Este transductor ha demostrado su capacidad para 

detectar y cuantificar la energía de esta onda de choque y su rendimiento ha sido 

comparado con el de un micrófono estándar, un dispositivo empleado anteriormente 

para este propósito. Además el dispositivo ha demostrado su utilidad para la 

detección de errores de focalización del láser sobre la superficie de la muestra.  

La segunda parte de este capítulo presenta un transductor basado en fibra óptica de 

plástico enrollada, que emplea interferometría speckle para cuantificar la energía de 

la onda de choque y capturar la emisión luminosa del plasma debido a su forma, 

todo ello al mismo tiempo. La medida de la energía de la onda de choque ha sido 

empleada además para normalizar el espectro luminoso adquirido con el objeto de 

mejorar un posterior análisis cuantitativo. 

El segundo objetivo de esta Tesis, el empleo de algoritmos para el procesado 

automático de espectros LIBS, está desarrollado en el capítulo 5 del presente 

documento. Por una parte un algoritmo basado en Análisis de Componentes 

Principales (PCA), que permite eliminar la información redundante de los espectros 

LIBS, ha sido empleado para datar un conjunto de estatuas de bronce, obteniendo 

una gran correlación con el análisis tipológico y estilístico llevado a cabo 

previamente. Este uso de PCA puede evitar llevar a cabo un análisis cuantitativo y 

cualitativo, ambos más laboriosos y complejos, obteniendo buenos resultados. La 

segunda parte de este capítulo aplica un algoritmo de clasificación basado en 

Máquinas de Vectores Soporte (SVM) para la detección de impurezas en aceros 

industriales. En este caso los aceros industriales analizados son almacenados con 
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una capa protectora antioxidante compuesta de aluminio y silicio que debe ser 

eliminada antes de soldar diferentes láminas para evitar soldaduras frágiles. Este 

clasificador ha permitido la detección de estas impurezas con un rendimiento 

notable, empleando los espectros LIBS directamente y evitando un análisis 

cuantitativo o cualitativo. Esto conlleva que sea una herramienta rápida que permite 

detectar las impurezas en tiempo real, algo importante para este tipo de aplicación. 

 La última parte de este capítulo describe una nueva herramienta para el análisis 

cuantitativo basado en LIBS. El algoritmo presentado está basado en PSO y permite 

un análisis semi-cuantitativo que ha sido probado con diferentes muestras. Todo 

esto es el primer paso para una nueva herramienta con la capacidad para realizar 

un análisis cuantitativo más preciso, lo que siempre ha sido un reto para la 

espectroscopía LIBS. 

Finalmente, el capítulo 6 está imbricado con el tercer objetivo y describe 

aplicaciones reales de LIBS. LIBS ha sido empleado con diversas muestras 

arqueológicas, desde un vaso cerámico a denarios romanos, pasando por huesos 

de fallecidos en Venecia durante la epidemia de peste. En el análisis del vaso 

cerámico, LIBS se ha empleado junto a otras técnicas espectroscópicas permitiendo 

realizar, junto a un análisis tipológico y estilístico siempre necesario para estas 

muestras, la autenticación del mismo y un análisis del contenido de vaso durante su 

periodo de uso. Este tipo de análisis múltiples empleando diversas técnicas pueden 

sumar la fortaleza de cada una para generar una enorme cantidad de información 

útil sobre el objeto bajo análisis. 

En cuanto a los denarios romanos, LIBS se ha empleado desde otro punto de vista. 

La naturaleza de estas muestras no aconseja el uso de LIBS por su carácter 

microdestructivo y otras técnicas como la Fluorescencia de rayos-X (XRF) pueden 

ser más adecuadas. Sin embargo XRF no puede realizar un análisis en profundidad 

de la muestra, y está demostrado que la composición superficial de estas muestras 

metálicas puede variar con respecto a la composición interna por diversos procesos 

de envejecimiento. Por este motivo, un pequeño grupo de monedas ha sido 

analizado en profundidad con LIBS para certificar que la composición superficial no 

altera los resultados del análisis XRF. Una vez LIBS ha certificado que el análisis 
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XRF es válido, las demás muestras pueden ser analizadas con el sistema XRF. Por 

tanto, LIBS se ha empleado como una herramienta de validación para esta 

aplicación en concreto. 

El último conjunto de muestras arqueológicas analizado está compuesto por un 

conjunto de huesos de personas fallecidas durante una epidemia de peste en 

Venecia en el siglo XVI. Los ratios entre diferentes elementos químicos presentes 

en los huesos pueden ser un indicativo de la dieta seguida por el fallecido durante 

su vida, y esta dieta puede aportar información sobre la procedencia y modo de vida 

de dicha persona. Estos huesos han sido analizados con un set-up LIBS para 

analizar los ratios entre estos elementos y los resultados se han comparado con los 

ratios calculados con Inductively Coupled plasma – Optical Emission Spectrometry 

(ICP-OES), una técnica que da unos resultados precisos para estos análisis. Los 

resultados han sido similares, lo que demuestra la viabilidad del empleo de LIBS 

para este propósito. Los resultados aportados por ICP-OES son muy precisos, pero 

la preparación de las muestras es compleja y esta técnica no permite un análisis en 

profundidad, que sí ha sido realizado con LIBS, lo que son ventajas que justifican el 

empleo de LIBS. 

La última aplicación que muestra este capítulo está relacionada con otro campo 

diferente, en este caso con la detección de metales preciosos en residuos 

industriales. Este tipo de análisis se lleva a cabo con XRF, pero la instrumentación 

es cara y el análisis continuo con rayos-X no es seguro en laboratorio para los 

operarios. El trabajo desarrollado demuestra que LIBS puede ser una herramienta 

válida para esta aplicación, y LIBS emplea una instrumentación más económica y es 

inocua para los operarios. 

Para concluir, esta Tesis demuestra que LIBS es una técnica espectroscópica con 

un futuro prometedor en un amplio rango de aplicaciones. Campos tan diferentes 

como los sensores de Fibra Óptica o los algoritmos de clasificación pueden ser 

unidos a los análisis y sistemas LIBS más tradicionales obteniendo nuevas 

herramientas para mejorar las prestaciones de esta técnica espectroscópica. 
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