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Abstract 

Laser-induced breakdown spectroscopy (LIBS) represents a powerful tool for qualitative 

analysis and can achieve quantitative results with acceptable accuracy and precision. 

Nevertheless, due to the high laser pulse energies used in LIBS, sample damage 

represents a drawback for some applications. In recent years, novel techniques, such as 

Double Pulse LIBS (DP-LIBS), have been developed to overcome main LIBS drawbacks. 

In order to diminish sample damage, this dissertation studies the use of signals from 

orthogonal DP-LIBS obtained at low ablative energies for quantitative analysis by a self-

calibrated method called Calibration Free (CF)-LIBS. Before testing DP-LIBS with CF-

LIBS, this dissertation presents the implementation of conventional single pulse LIBS 

(LIBS or SP-LIBS) as well as orthogonal DP-LIBS approaches. For optimal implementation 

of quantitative analysis, two problems are solved by different techniques (calibration 

curves and CF-LIBS). In the first case, a series of experiments, based on calibration 

curves technique, were conducted to quantify the Active Pharmaceutical Ingredient 

(API) in commercial pellets by estimating their Cl content. Results from LIBS were 

compared and validated with those obtained by High Performance Liquid 

Chromatography (HPLC). In the second problem, CF-LIBS is presented as a technique 

capable of determining the chemical composition of multi-elemental samples. Fe, Cr, 

Mn, and V elements from a steel sample were successfully quantified. Results obtained 

by CF-LIBS satisfactorily agree with microprobe technique results and certified 

elemental values in the sample. After successful DP-LIBS and CF-LIBS implementation 

we demonstrated, for the first time to the best of our knowledge, that CF-LIBS can be 

successfully applied to spectral lines obtained from orthogonal DP-LIBS configuration. 

The great improvement in atomic emission, signal-to-noise ratio (SNR), signal-to-

background ratio (SBR) and reproducibility offered by DP-LIBS has been tested in CF-

LIBS in order to reduce the use of high energies. As a consequence, when DP-LIBS is 

applied to CF-LIBS instead of conventional SP-LIBS, the mass removed by laser ablation 

is reduced by a factor of 13 without losing signal intensity. This is a remarkable finding 
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that can be exploited in critical applications where sample damage represents a 

drawback. 

Motivation 

Conventional approaches for elemental analysis offer excellent detection limits –

nowadays detection of parts per trillion (ppt) for trace components are not unusual– 

however, they are destructive techniques and require sample preparation and 

analytical time-consuming steps making those techniques unpractical for many real-life 

problems. Moreover, conventional methods rely on the use of dangerous solvents 

producing chemical reactions polluting the environment. 

Consider the hypothetical case where the only way to determine the provenance of an 

archeological and historical important gemstone is by the determination of its 

elemental chemical composition. The use of conventional techniques, e.g. inductively 

coupled plasma mass spectrometry (ICP-MS) would give excellent analytical results. 

However, ICP-MS would destroy a portion of the gemstone because it requires sample 

digestion and laborious sample pretreatment; so, the need of an alternative technique 

with features as minimal sample preparation and destructiveness, real time and in-situ 

analysis becomes evident. For this one and other specific cases, conventional 

approaches are not an option. In contrast to conventional techniques, all-optical 

techniques represent a more effective and feasible option. 

The invention of the laser with its special properties has opened up new possibilities in 

analytical spectroscopy allowing the development of laser based techniques such as 
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LIBS. The development of LIBS has progressed to the point that the technique 

represents a powerful tool for qualitative analysis and can achieve quantitative results 

with acceptable precision and accuracy in many situations. Current precision and 

accuracy of the LIBS technique is good enough for monitoring and controlling 

production processes and for the use in on-site environmental and industrial 

applications. However, LIBS still presents some drawbacks in order to be accepted as a 

universal analytical technique in elemental analysis and quality control processes. The 

limit of detection for solid samples is already acceptable particularly in alloys and 

metallic samples. However, for general applications, best results depend on calibration 

curves and other auxiliary conventional techniques. Furthermore, sample damage 

represents a drawback in some circumstances but it can still be diminished without 

losing sensitivity. 
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Objective 

In recent years CF-LIBS has become increasingly popular for quantitative analysis. 

Compared with traditional quantitative methods, CF-LIBS represents a faster and more 

practical way to determine the chemical composition of an unknown sample. As a 

drawback, the approach is not mature yet and its applications are restricted to some 

specific fields, besides, its use depends strongly on good signal emission yielding to high 

sample damage because of the use of high laser pulse energies. 

On the other hand, different LIBS-based approaches have been developed in order to 

decrease sample damage. It would be interesting if quantitative analysis can be done 

by minimizing sample damage without losing sensitivity. Keeping this idea in mind, the 

main objective of this dissertation is to analyze the effects of orthogonal double pulse 

(DP) LIBS approach on the Calibration Free (CF) LIBS technique looking for quantitative 

analysis with minimal sample destruction by means of low ablative energies. 

 Before achieving the main objective, specific tasks had to be completed. The first task 

was the implementation of the LIBS technique. Experimental details about the 

technique implementation are discussed in chapter 3. Besides the experimental set up, 

we developed software capable of analyzing experimental signals, processing data and 
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performing quantitative analysis. Details of the software called AtomicSpectra are 

presented in Appendix A. After the experimental set up and software implementation, 

the LIBS approach was tested by solving two specific problems dealing with 

quantitative techniques. Those problems are described in chapter 4. Chapter 5 presents 

details of the quantitative analysis by CF-LIBS and DP-LIBS using minimal energy in 

order to produce minimal sample damage. 
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1. Introduction 

 

 

Laser-Induced Breakdown Spectroscopy (LIBS) has been proven to be a versatile and 

practical technique for elemental analysis in a wide number of applications and materials. 

Many advantages such as simple or non-sample preparation, simultaneous multi-element 

analysis, rapid, non-contact, and in situ analysis position LIBS as a highly competitive 

technique compared with conventional techniques. Unfortunately, LIBS also presents 

some limitations. For example, Single Pulse LIBS (LIBS or SP-LIBS), the most commonly 

configuration used for LIBS, involves a plasma ignition process which is inherently a violent 

and destructive event. As a consequence, good precision is compromised and, in cases 

where sample damage is important, LIBS is considered a destructive technique. Moreover, 

LIBS sensitivity is compromised because analyte signal is masked by an intense 

background signal produced from both, bremsstrahlung and electron–ion recombination 

processes. Increasing the laser pulse energy in this approach would increase the sensitivity 

up to certain limit, but unfortunately also it would increase the ablated material. In recent 

years, novel techniques improving LIBS features have emerged. This chapter reviews two 

of the most appealing techniques with great potential to improve LIBS features, the so-

called double pulse (DP)-LIBS and Calibration Free (CF)-LIBS approaches. The focus of this 

review will be on the development of both techniques and their applications highlighting 

the use of relatively high pulse energy used in the reported experiments. 
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1.1. Review of DP-LIBS literature 

 

One of the most appealing approaches to improve LIBS sensitivity is the DP-LIBS 

configuration. With DP-LIBS it is possible to increase the signal intensity without increasing 

the ablated material and keeping LIBS features. DP-LIBS relies on the addition of a second 

laser pulse to the traditional SP-LIBS enhancing atomic emissions. Though the full 

comprehension of the enhancement  is not well understood, intensive work has been 

carried out using collinear and orthogonal configurations trying to understand physical 

effects related with the enhancement such as inter pulse delay times, pulse energies, 

wavelength dependence, sample properties, and so on. Since Cremers reported the use of 

two consecutive laser pulses (in the same direction) to improve the limits of detection in 

aqueous solutions over 30 years ago [1], researchers keep interest mainly in DP-LIBS 

collinear configuration and most papers report the use of this geometry [2-9]. 

Nevertheless, because we are looking for minimal sample damage, this section will 

emphasize a configuration where only the first laser pulse hits the sample, while the 

second pulse is used as a probe pulse, that is, orthogonal reheating configuration. Review 

in pre-ablative and collinear configurations also will be mentioned. Figure 1.1 shows a 

schematic representation of the three main DP-LIBS configurations; i.e. collinear, 

orthogonal pre-ablative and orthogonal reheating configurations.  
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Figure 1.1. Main Double Pulse LIBS configurations, orthogonal reheating, orthogonal pre-ablative and 

collinear configurations. In all configurations, second pulse is temporally delayed with respect to the first 

pulse a certain time (inter-pulse delay time). 

 

In 1991, Uebbing published an interesting effect of reheating laser-produced plasmas by 

adding a second pulse [10]. In the reported experiment by Uebbing, a 13 mJ at 1064nm 

laser pulse was used as ablative pulse directed perpendicularly to the sample. The second 

laser pulse (115 mJ at 1064 nm) was directed parallel to the sample surface and hit the 

plasma produced by the first pulse 1.5mm above the sample surface. The impact of the 

second pulse on the plasma raises its temperature from 6000K to 10000K approximately. 

With the reported experimental conditions (Ar atmosphere at reduced pressure), the 

increase in temperature increases more than ten times the signal intensity of Zn and Cu 

from a brass sample without increasing the amount of ablated material by adding the 

second pulse. Stratis et al. developed the so called pre-ablative DP-LIBS scheme in 2000 
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[11]. In this configuration the first pulse is focused above the sample surface and the 

second pulse hit the sample in order to produce the plasma (Figure 1.1). Besides Uebbing 

and Stratis publications there was no active interest in the orthogonal geometries until 

very recently. In particular for the reheating scheme, Gautier et al. published in 2004 a 

comparison between LIBS and DP-LIBS features by analyzing aluminum samples at 

atmospheric pressure [12]. Gautier et al. analyzed the influence of the delay time between 

two laser pulses. Laser pulses at 532 nm (110 mJ) were used to ablate the samples and 

1064 nm (110 mJ) laser pulses were used to reheat the plasma. This work concluded that 

more ionic emission lines are present in DP-LIBS than in LIBS set up when the same total 

energy is used. Moreover, they established a correlation between the increase in line 

intensities and their excitation energy levels. In the following year, Gautier et al. published 

another work reporting intensity enhancement comparison between both, reheating and 

pre-ablation configurations [13]. Comparison was performed under same total energies 

(110 mJ + 110 mJ) but longer optimum inter-pulse delays were determined for pre-

ablative (15 µs) than in reheating scheme (200 ns) due to the different physical 

mechanisms involved in each case. In this work, Gautier et al. confirmed the correlation 

between the increase in line intensity and its excitation energy level in both schemes. 

They concluded that the reheating scheme improves LIBS sensitivity more than pre-

ablative scheme under the same energy and wavelength parameters. The same group 

tested collinear DP-LIBS approach in different materials (synthetic glasses, rocks, steels) 

[6]. On that work, authors used 55 mJ per pulse from two synchronized Nd:YAG lasers (at 
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532 nm). Authors proved that the enhancement factor is related with energy levels in 

collinear geometry. 

On the other hand, pre-ablative scheme has been more extensively analyzed by several 

groups than reheating scheme. Most of the publications tend to explain the mechanisms 

involved in the signal enhancement [11, 14-17]. Suliyanti et al. reported the use of low 

ablative energies [17]. They performed the experiments in He ambient gas using an 

ablative energy of 2.5mJ. With those experimental conditions they produced crater 

diameters on the order of 10 µm. This remarkable finding suggests that LIBS can be used 

for practically non-destructive quantitative analysis. Using calibration curves technique, 

authors estimated a Cl limit of detection (LOD) of 80 ppm in alumina samples. 

Nevertheless, pre-ablative scheme requires the use of two different lasers due to the large 

inter-pulse delay (usually in the µs scale) and vacuum chamber to control atmospheric 

pressure and He flux. Those requirements increase set up costs and limit LIBS applications 

in atmospheric conditions. 

When collinear geometry is applied in quantitative analysis, the use of relatively high 

energies is also reported. Burakov et al. analyzed the presence of heavy toxic metals (Pb) 

in environmental samples and the content of S in coal samples [7]. Authors reported 

energies on the range 50 – 120 mJ per pulse. Quantitative analysis was performed with 

auxiliary calibration curves technique. Kwak and co-workers quantified As traces in mine 

tailing soils from Korea using pulse energies of 90 mJ [8]. Using DP-LIBS, authors show an 

improvement in signal-to-noise ratio and in standard deviation parameters with respect to 

SP-LIBS. They used internal standardization and calibration curves for quantitative 
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analysis. Brai et al. reported the use of DP-LIBS in the field of cultural heritages [9]. In this 

work, reported energies were in the range of 50 – 120 mJ per pulse. Standard materials 

were analyzed by X-ray fluorescence as a reference in quantitative analysis. Double and 

multiple laser pulses in collinear geometry have been already applied to online monitoring 

in industrial processes, especially in steel industry [18-20]. Sturm et al. used three laser 

pulses using a Q-switch system. The burst energy amounts to 300 mJ on the reported 

experimental set up [18]. Blazer et al. measured online the thickness and depth profiling 

of Zn [19] and Al [20] coatings in galvanized steel sheets. In this case, the total energy 

employed ranged between 0.2 and 3 mJ in order to achieve controlled ablation depths in 

the coating. Estimated thickness resolution with DP-LIBS is comparable with standard XRF 

gauges.  

As can be read in this section, DP-LIBS has a great potential in the near future for online, 

in-situ and real time applications. Most of the reported studies have been devoted to 

analyze DP-LIBS effects at relatively high energies trying to achieve better sensitivities and 

better enhancement factors. For the reported studies the micro-sized sample damage has 

not been an important issue. Nevertheless, the use of low ablative energies still remains 

for an extensive analysis and its use becomes increasingly important when critical 

applications, such as the analysis of art works, archeological artifacts, jewelry, etc., are 

considered. 
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1.2. Review of  CF-LIBS literature 

 

The use of DP-LIBS in quantitative analysis has been increasing in recent years [6-9, 21-22]. 

In general, for quantitative analysis DP-LIBS requires calibration reference standards, 

internal standards, calibration curves, etc. In many situations (on-line in-situ 

measurements, process monitoring, hostile environments, etc.), time and preparation 

steps required in calibration techniques limit quickness and versatility of LIBS. 

Paradoxically, for the use of calibration reference standards, sample composition need to 

be known a priori, but in some applications the information is not available. In other 

cases, e.g. archeological applications, reference standards simply do not exist. An 

alternative approach for quantitative analysis is the called Calibration Free LIBS (CF-LIBS) 

proposed by Palleschi´s group at the end of the 90´s [23]. In a brief graphical 

representation, each spectral line is represented by a point in the Boltzmann plane where 

the X coordinate represents the energy of the upper level of the radiative transition and 

the Y coordinate is related to the line intensity. Lines for a single element, i.e. Fe I lines, 

can be fitted by a linear regression in the Boltzmann plot, where the slope of the line is 

related with the plasma temperature and the intercept value from the linear regression 

can be related to the concentration of each element. Figure 1.2 shows a Boltzmann plot 

example where Fe and Cr information is plotted as numbers (black and blue numbers 

respectively). 
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Figure 1.2. Calibration Free LIBS is based on Boltzmann plot analysis. In Boltzmann plot analysis each spectral 

line is represented by a point where the X coordinate represents the energy of the upper level of the 

radiative transition and the Y coordinate is related to the line intensity. In this example, Fe I and Cr I lines are 

fitted by a linear regression and the slope of the (red) lines are related with the plasma temperature and the 

intercept value from the linear regression can be related to the concentration of each element. 

 

 When CF-LIBS is applied, typically it is assumed that plasma is in ideal conditions, that is, 

spatially homogeneous plasma in Local Thermodynamic Equilibrium (LTE) and emission 

lines involved in the analysis are optically thin (not involving self-absorption effects), 

nevertheless, care should be taken when dealing with those assumptions. 
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The Boltzmann plot method has been used commonly to determine the temperature in 

plasmas [24-26]. Yalcin et al. proposed the so-called Saha-Boltzmann plots [27]. In this 

method, Saha–Boltzmann plot is obtained using spectral lines from neutral and ionized 

stages, and, similarly as Boltzmann plots, temperature is calculated using the slope of a 

linear fit. Aguilera and Aragón used Saha-Boltzmann plot method to spatially characterize 

laser induced plasmas in nickel-iron alloys [28]. They showed that Saha-Boltzmann plots 

constructed from local emissivity lines predict local temperatures compatible with LTE 

conditions. On the other hand, when Saha-Boltzmann plots are constructed from spatially-

integrated line intensities, two apparent temperatures are obtained (one from neutral and 

other from ionized species). However, the difference was not considerably high. The same 

Group of Aguilera, proposed a multi-element Saha-Boltzmann equation applicable to 

emissivities from neutral and ionized lines [29]. Plots obtained from 58 lines (from neutral 

and ionized Fe, Ni and Mn) showed linear shape supporting LTE conditions. They used 

laser pulses from an Nd:YAG system (100 mJ pulse energy at 1064 nm and pulse width of 

4.5 ns). In the case of optically thin plasmas, typically lines involving self-absorption effects 

are avoided; however, some papers deal with self-absorption correction in order to use 

those lines [30-32]. Sun and Yu proposed a recursive algorithm for correcting the self-

absorption effect in order to use strong lines from major elements in CF-LIBS analysis [32]. 

Other groups deal with improvements and correctness of CF-LIBS. Tognoni et al. analyzed 

effects of experimental irregularities, inaccuracy on theoretical parameters and plasma 

non-ideality conditions on the accuracy and reproducibility of quantitative results [33]. 

Authors remark that the problem regarding the calculation of partition functions for all 
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elements is still open. Moreover, discrepancies in the listed partition function values in the 

literature and uncertainties in electron density calculations are not as significant as 

initially believed; nevertheless their effect is more evident in trace element quantification 

and cool plasmas.  

Other groups have been focused in CF-LIBS applications. Since the first CF-LIBS publication 

in 1999, the approach has been applied satisfactorily to solid materials such as aluminum, 

cooper, and steel alloys, jewelry, archeological artifacts, glasses, etc. Tognoni et al. 

summarize CF-LIBS applications after its first decade in a review [34]. In this review, most 

of the summarized analyses were carried out in ambient conditions and a few number of 

papers reported on CF-LIBS simulating other atmospheres such as those found in Mars. 

Tognoni reported a wide range of values for experimental settings (wavelength, pulse 

energy, covered spectral range, timing, etc.). Typically, fundamental and harmonic-

generated wavelengths from Nd:YAG lasers are employed for CF-LIBS applications. In the 

first ten years since the introduction of CF-LIBS, ns-laser pulse regime and pulse energies 

varying from 10 mJ to more than 100 mJ are common parameters. The following 

discussion will be mainly focused on CF-LIBS applications emphasizing on the energy used 

in the reported experiments.  

Shah et al. published recently the quantitative analysis of a steel sample using CF-LIBS 

[35]. Authors reported the use of 70 mJ of energy in pulses from the second harmonic of 

an Nd:YAG laser (7 ns FWHM pulse duration) and determined Fe, Cr, Ni, Mn, and Si with 

relative uncertainties lower than 5% according to the concentration certified values in the 

steel. Pandhija et al. combined CF-LIBS and calibration curves (based on LIBS signals) to 
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quantify toxic heavy metals in environmental samples [36]. This work reported that line 

emission and background signals are linearly dependent with the pulse energy. Authors 

used 532 nm laser pulses at 34 mJ for optimum signal-to-background ratio. De Giacomo et 

al. classify meteorites by CF-LIBS using 7 ns laser pulses at 532 nm with energies up to 400 

mJ  and removing about 50-100 ng of mass [37]. Even for the high energies employed 

authors called a non-destructive analysis of meteorites compared with 1 g used in the 

referenced method. Besides fast meteor classification, authors proposed selection criteria 

to select spectral lines that can be used for optical emission diagnostics of meteors 

crossing the atmosphere. Palleschi group reported CF-LIBS for the determination of 

chemical composition of precious alloys using the third harmonic emission of an Nd:YAG 

delivering pulses of 150 mJ and 7 ns [38]. Compared with traditional cupellation method in 

the jewelry industry, CF-LIBS analysis is considered non-destructive by the authors. In all 

mentioned CF-LIBS applications, relative high pulse energies are reported by authors. 

However, in most cases the analysis is considered as non-destructive if compared with 

reference methods. The use of high energies is required for a better signal-to-noise ratio 

(SNR) and higher line intensities. Mainly for those reasons, the use of low energies in CF-

LIBS analysis has not been a subject of interest. Table 1.1 summarizes applications 

discussed above where sample damage can be considered important and the use of 

relative high energy is employed. 
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Table 1.1. Examples of quantitative analysis based on CF-LIBS. The use of relatively high energy is employed 

in SP-LIBS configuration for all cases. 

Target Energy 
Number of 

shots 
LIBS 

configuration 
Year of 

publication 
Reference 

Steel 70 mJ 120 SP-LIBS 2012 [35] 

Environmental 34 mJ N. R. SP-LIBS 2010 [36] 

Meteorites + 400mJ  SP-LIBS 2007 [37] 

Metallic alloys 150 mJ 60 SP-LIBS 2001 [38] 

Coral skeletons 45 mJ 50 SP-LIBS 2009 [39] 

Pigments N. R. 20 SP-LIBS 2000 [40] 

N. R. – Not reported 

Nevertheless, to the best of our knowledge, the use of DP-LIBS together with CF-LIBS has 

not been reported yet. The great improvement in atomic emission, SNR, signal-to-

background ratio (SBR) and reproducibility offered by DP-LIBS could be tested in CF-LIBS 

instead of high energies. Moreover, DP-LIBS could be tested on CF-LIBS in terms of 

improving accuracy levels and sensitivity, especially in the case of trace detection. Further 

use of low ablative energies could expand CF-LIBS applicability on critical cases where 

sample damage is considered an important issue. Our interest is focused on the use of DP-

LIBS for quantitative analysis by the self-calibrated CF-LIBS approach. In the last chapter of 

the thesis, the effects of the ablative pulse energy on the signal enhancement using the 

orthogonal reheating configuration are discussed. Additionally, we compared the effects 

of DP-LIBS and SP-LIBS on CF-LIBS technique when the signal intensity of the spectral lines 

is comparable. This thesis stands on the analytical context and emphasizes on the use of 

DP-LIBS at low ablative energies for quantitative analysis reducing sample damage. 
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2. Laser Induced Breakdown Spectroscopy 

 

This chapter contains a general overview of the LIBS theory for the understanding of the 

work presented in this thesis. Fundamentals of LIBS technique, a novel quantitative self-

calibrated method based on LIBS, and novel techniques focused on enhancing LIBS 

features are described in the next sections. 

 

 

2.1. Fundamentals of LIBS 

 

Atomic Emission Spectroscopy (AES) can be used to determine the identity, the structure 

and the environment of atoms by analyzing the radiation emitted by them. If we know the 

characteristic lines emitted by an atom, then their appearance in a spectrum establishes 

the presence of that element in the source. In conventional AES methods e.g. Inductive 

Coupled Plasma Mass Spectrometry (ICP-MS), X-Ray Fluorescence (XRF), etc., the specific 

procedures and instrumentation are determined by the characteristics of the sample and 

by the type of required analysis (i.e. qualitative or quantitative) but generally those 

methods demand expensive equipment and results typically involve complex sample 

preparation and time consuming steps. 
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In a relatively new AES technique called Laser Induced Breakdown Spectroscopy (LIBS), 

vaporization and excitation of the source is produced by light (e.g. a laser pulse). In LIBS, a 

laser pulse is focused on/in a sample in order to produce laser ablation. Laser ablation 

produces plasma from which qualitative and quantitative information of the sample can 

be obtained. LIBS has many advantages compared with conventional AES-based analytical 

methods. Advantages such as simplicity, real-time analysis, no sample preparation, etc., 

position LIBS as a unique method of elemental analysis to interrogate any material – in 

solid, liquid or gas phase – for in-situ and real time in many real-life situations. Figure 2.1 

summarizes graphically the fundamental processes of LIBS that will be discussed in this 

section. That is: a) Laser – matter interaction, b) plasma formation, c) emitted light, and d) 

superficial damage of a solid sample. 

 

Figure 2.1. A schematic representation of the physical processes involved in LIBS: a) Laser – matter 

interaction, b) Plasma formation, c) Light emitted by the plasma, and d) crater formation.   
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a) Light-matter interaction 

As mentioned before, in LIBS a laser pulse is focused on a surface sample to produce laser 

ablation. Laser ablation means using emitted laser energy to remove a portion of a sample 

by melting, fusion, sublimation, ionization and/or explosion [1]. Processes involved in laser 

ablation are complicated and depend on many laser pulse and material properties and 

involve many nonlinear effects. The following text describes the main parameters that 

influence laser-matter interaction. 

A key parameter in laser ablation is the temporal width of the laser pulse. For example, for 

picosecond (ps) – femtosecond (fs) regimes, the laser energy is predominantly coupled 

into the material causing a fast transition from solid state to vapor phase prior to plasma 

formation. Coulomb explosion is the main bond breaking mechanism for those temporal 

regimes. In semiconductors and wide bandgap dielectrics, fs pulses produces electron-

hole pairs by nonlinear processes such as multiphoton absorption, tunneling and 

avalanche ionization. For nanosecond (ns) laser pulses, thermal conductivity is the 

dominant mechanism that induces thermal vaporization (phase transitions occur from 

solid to liquid, liquid to vapor, vapor to plasma). The work presented in this thesis is based 

on the analysis of solid samples using ns-pulse width regime. For this reason, we are 

mainly interested in discussing processes and effects produced on ns temporal regime. 

Sub-nanosecond (ps or fs) pulse widths effects will be mentioned only for comparison 

purposes with the nanosecond regime if necessary. 
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Laser wavelength influences plasma formation, plasma development, and its properties. 

Shorter wavelengths, for instance, break down bonds easier than longer wavelengths and 

ionize atoms because of their higher photon energies. For example, a UV photon of 193 

nm has a related energy of 6.4 eV. The bond energy of many elements are below the 

energy of a 193 nm photon and photoionization and non-thermal mechanisms may play a 

significant role in ablation and vaporization processes. Laser wavelengths also have a large 

influence in mass ablation rate, for shorter wavelengths are associated to higher mass 

ablation rates mainly because shorter wavelengths couple better into most of materials 

compared with longer wavelengths [1]. Nevertheless optimal wavelength coupling 

depends on the material properties, for example, IR wavelengths are highly reflected by 

metal targets, however, IR wavelengths couples better than UV wavelengths in aqueous 

solutions. On the other hand, longer wavelengths (IR) are associated with lower threshold 

fluences for laser-induced plasma as reported by Cabalín and Laserna [2]. For IR 

wavelengths, photon energies ionize atoms by inverse bremsstrahlung process; that is, 

photon energy of the pulse is transferred to continuously increase the kinetic energy of 

electrons in the generated vapor by sample breakdown. 

Another key feature that strongly affects the laser – matter interaction is the phase of the 

sample. As discussed in Pasquini´s review [3], the way the plasma is initiated varies for 

different media. For solid targets the mechanisms of plasma initiation depends on the 

conductive nature of the sample. For metallic samples, ionization will start with 

absorption of laser photons by electrons on the conduction band. Those electrons will 

transfer its energy by collisions with the media (thermal conductivity).  In semiconductor 
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and dielectric samples the creation of electron–hole pairs by multiphoton absorption is 

considered the main mechanism of vaporization. If the target is a gas, seed electrons will 

be generated by multiphoton absorption or cascade ionization. Tunnel effect can 

contribute at high irradiances (above 1012W cm-2).  For liquid targets, the mechanism of 

breakdown is not well known. The liquid is treated as an amorphous solid but formation of 

initial seed electrons is described by cascade ionization and multiphoton absorption as 

well. Irradiance threshold needed for laser ablation depends on sample features, but 

typical values are in the range 108 – 1010 W/cm2.  

 

b) Laser-induced Plasmas 

According to a conventional definition, Plasma is a physical state of high electrical 

conductivity and mostly gaseous mechanical properties at high temperature [4]. In other 

words, plasma can be seen as a highly ionized gas. But, where exactly a weakly ionized gas 

ends and where plasma starts may be easily misunderstood. Two fundamental 

characteristics of plasmas should be introduced for a more formal definition [5]. The 

Debye length    should be much smaller than the plasma size.  

   (
    

    
)
 
 ⁄

    Eq. (2.1) 

Where Te and ne represent electron temperature and electron density respectively (   is 

the permittivity in the vacuum and e stands for electron charge value). Physically,    

represents a separation distance between two opposite charges over which their field is 
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shielded out. The second fundamental characteristic of plasmas is the number of particles 

that should be inside a Debye sphere with volume given by     ⁄    
 . This number 

should be large enough to guarantee statistical Debye treatment (i.e. 1000 particles). 

Typical T and ne values for laser induced plasmas fulfill Debye requirements. However, the 

acronym LIBS does not include the term “plasma” because LIBS is not always characterized 

by plasma formation. Sometimes, the Debye conditions are observed in LIBS experiments. 

Therefore, the use of the acronym LIPS (P stand for “plasma”) is not recommended [6]. For 

simplicity, in LIBS, laser-induced plasmas (LIP) can be treated as a local assembly of atoms, 

ions, electrons and other particles in which charged species acts collectively remaining 

electrically neutral as assembly. The key parameters defining LIP are electron density and 

temperature and optical techniques already developed for diagnostics (Thomson 

scattering, plasma spectroscopy, interferometric techniques, etc.) of astrophysical 

plasmas can be successfully applied to characterize LIP. One of the most popular (and 

practical) techniques for electron density determination is the Stark broadening 

measurement. Stark broadening allows the determination of Ne of almost any chemical 

element. Stark broadening is usually appreciable for dense plasmas with      
       

emitting lines from only neutral and singled ionized species (for multiple ionized atoms 

Doppler effect tends to override Stark broadening). Therefore, the FWHM of spectral lines 

can be estimated for neutral atoms by: 

   
 ⁄
   (

  

    
)      (

  

    
)
 
 ⁄

[  
 

 
  

 
 ⁄ ] (

  

    
)  Eq. (2.2) 
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In this equation, the first term represents the electronic contribution and the second term 

represents a correction for ion contribution. Coefficients    , and    are slowly varying 

functions of the temperature T. Chapter 5 discusses the use of Stark broadening method 

for Ne estimation in a steel sample. 

Strict thermodynamic equilibrium requires unbounded, spatially and temporally 

homogeneous plasma. In the laboratory, plasma spectroscopy deals with thermal 

equilibrium relations for level populations, particle velocity distributions and radiation 

fields less strict than in a blackbody radiator. For practical purposes in plasma 

spectroscopy Local Thermodynamic Equilibrium (LTE) is enough to describe the system 

through Boltzmann/Maxwell distributions. Among the various methods for temperature 

estimation, relative line intensity measurement is the most used technique in LIP.  

According to Boltzmann-Maxwell distributions, only two emission lines are necessary to 

obtain the temperature in the plasma, provided there is sufficient difference between 

their upper energy levels.  

  

  
 
      

 

      
    [ 

     

  
]    Eq. (2.3) 

Where    and    represents excitation energy levels from lines involved in the 

measurement, and              represent intensity, wavelength statistical weight and 

oscillator strength of involved lines, respectively. However, Boltzmann plot technique uses 

several emission lines for specific specie achieving more accurate temperature estimation 

(More information about Boltzmann plots is presented in the next section). Saha-

Boltzmann method may be used to increase the reliability on temperature calculation 
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using neutral and ionic lines improving the statistics; nevertheless lines with different 

ionization stages should appear in the spectrum and spectral information must be 

available for ionized lines (partition functions, transition probabilities, etc.). For detailed 

information about LIP characterization a topical review of Amoruso et al. can be consulted 

[7]. 

  

c) Laser induced plasma formation 

Laser-induced plasma formation is a complicated event where heating, vaporization and 

plasma expansion occur simultaneously. Nevertheless, decoupling of the processes 

involved in plasma formation is carried out in order to simplify numerical models. As 

mentioned previously, when a high-power laser pulse hits a solid surface, a vapor over the 

surface is produced. The evaporated material will expand in a background gas or in 

vacuum. In the first case, vaporized material may interact with background gas (Helium, 

argon, air, etc.). For nanosecond laser pulses, the last part of the laser pulse may be 

absorbed by the expanded vapor forming plasma shielding. Plasma shielding influence 

how much material is ablated from the surface. In the plasma shielding process, the vapor 

absorbs laser energy and a higher ionization degree needed for plasma formation is 

achieved. The main mechanisms of laser absorption in laser-produced plasmas are inverse 

Bremsstrahlung and photoionization [8]. After the laser pulse ends, the plasma continues 

its expansion compressing the surrounding media and generating shockwaves. This 

interaction slows and limits the expansion of the plasma. The surrounding media will 
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influence the final plasma size, the speed of the expansion and the emission properties of 

the plasma. 

 

d) Light emission of laser-induced plasmas 

After plasma formation and continuum emission, ions and neutral atoms will emit discrete 

lines. Those spectral lines are characterized by its wavelength, shape and intensity. An 

electronic transition in any atom (neutral or ionized) from an upper energy level    to a 

lower energy level    determines the frequency (wavelength) of its emitted line. The 

frequency of the spectral line from the transition is given by: 

              Eq. (2.4) 

Spectral line profiles and shifts are determined by broadening mechanisms. Doppler effect 

is a common broadening mechanism that produces Gaussian line profiles. Other common 

broadening mechanism is produced by the presence of intense electric fields in the 

plasma leading to symmetric Lorentz profiles. The presence of electric and magnetic fields 

by fast moving charges around emitting atoms inside the plasma modifies the atomic 

stationary states which results in shape broadening of emitted lines. This broadening 

mechanism is the so called Stark effect and it is responsible of shifting and splitting the 

energy levels of the emitting atoms. The Stark effect can be explained in terms of fast 

moving electrons around relatively slow ions and atoms in laser plasma environments. In 
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general, the Stark effect is the dominant broadening mechanism in LIBS plasmas and 

usually atoms emit light according to a Lorentzian profile having the form: 

 ( )    (   ⁄ ) [(    )
  (  ⁄ ) ]⁄    Eq. (2.5) 

Where I0 is the maximum intensity ν0 and γ are the frequency at the line center and 

radiation damping respectively [1]. 

The intensity of a spectral line depends on the atomic population of the initial level as well 

as the transition probability to the final level, but also depends on the atomic 

concentration in the plasma. Spectral lines involving the ground state have larger 

transition probabilities and they are supposed to be more intense than lines that do not 

involve the atomic ground state.  

Recombination between ions and free electrons is involved in the light emission process. 

Generally this process is characterized by a continuum emission due to the kinetic energy 

distribution of the electrons in the plasma. Free – free electronic collisions also 

correspond to a loss of kinetic energy and produce continuum radiation known as 

bremsstrahlung emission meaning “breaking radiation”. It is not easy to distinguish 

between both continuum emissions but in general recombination radiation is related to 

high frequencies and bremsstrahlung is related to lower frequencies. For nanosecond 

laser pulses, the continuum emission lasts several hundreds of nanoseconds. 
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e) Superficial damage 

The laser-induced breakdown in a solid produces a crater in the sample surface. Crater 

size depends mainly on the amount of ablated mass. The amount of ablated mass is 

governed by many laser and material properties. Regarding wavelength, pulse duration, 

pulse energy, laser focused area, sample physical and chemical properties, an estimated 

crater size varies from some tens of µm to some hundreds of µm of diameter. 

Additionally, for nanosecond pulses, there is enough time for thermal wave propagation 

into the target. The thermal wave propagation may cause superficial damage by changing 

physical and chemical properties of the target beyond the produced crater. 

 

 

2.2. Calibration Free LIBS technique 

 

Until now, we have described LIBS as a powerful technique for in situ and real time 

analysis with advantages like simple or no sample preparation. These advantages position 

LIBS as a versatile technique for qualitative analysis, but the situation is different for 

quantitative analysis. In general, emission intensity of spectral lines from the analyte 

depends on the matrix where it is embedded. This matrix dependence leads to the 

necessity of calibration curves or matrix matched standards which in some practical 

situations are simply unavailable. 
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In 1999 a novel procedure, called Calibration Free Laser Induced Breakdown Spectroscopy 

(CF-LIBS), was proposed in order to overcome the mentioned matrix effect [9]. CF-LIBS 

procedure is based on the laser induced plasma physics allowing the possibility to perform 

quantitative analysis without calibration curves or matrix-matched samples. Instead of 

looking the matrix as an independent problem, CF-LIBS analyze matrix together with the 

analyte [8]. Here we describe briefly but concisely the procedure. For detailed information 

on CF-LIBS original publications can be consulted [9 – 11]. CF-LIBS procedure is based on 

considering both experimental and theoretical assumptions that simplify the analysis. 

Tognoni et al. summarized those assumptions and called them 0th approximations [9]: 

i) For stoichiometric analysis, the plasma composition is representative of the 

unperturbed target composition. 

ii) The plasma is in local thermodynamic equilibrium (LTE) in the temporal and 

spatial observation window. 

iii) The plasma can be modeled as a spatially homogeneous source. 

iv) The spectral lines included in the calculation are optically thin. 

v) Measured spectral range includes measurable lines from all elements present 

in the target. 

For locally thin plasmas in LTE conditions, excited levels are populated according to 

Boltzmann distribution and ionization states obey Saha-Boltzmann equilibrium equation. 

For those specific conditions the integrated line intensity involving energy transitions    

and    can be expressed as: 
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 (     ⁄ )

  ( )
    Eq. (2.6) 

Where λ represents the wavelength of the transition, F is an experimental parameter that 

accounts for the optical collection efficiency and plasma density,    is the concentration of 

the emitting atom,     is the transition probability,    is the   level degeneracy,    is the 

Boltzmann constant,   is the plasma temperature, and  ( ) is the partition function of 

the emitting species at plasma temperature. 

Applying the following variable changes: 

    (  
       ⁄ )     Eq. (2.7) 

       
⁄       Eq. (2.8) 

     (     ( )⁄ )     Eq. (2.9) 

Equation (2.6) can be written as a linear equation in a two-dimensional space called the 

Boltzmann plane: 

             Eq. (2.10) 

Similar equations can be written for all species contained in the plasma. In LTE, all species 

have the same temperature value. Plasma temperature can be obtained by best linear fit 

of the points graphed in the Boltzmann plane according to equation 2.10.  
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The novelty of CF-LIBS is the use of the parameter qs which is related with the 

concentration of the species CS in the plasma. So, the concentration of all species can be 

calculated using the intersection value qs of the linear regression in the Boltzmann plane: 

   
  ( )

 
         Eq. (2.11) 

The F factor can be determined by normalizing the sum of all species concentration.  

∑    
 

  ∑   ( ) 
         Eq. (2.12) 

Spectroscopic parameters such as Aki, gk, Ek and U(T) can be retrieved from spectral 

databases [12 – 13]. 

 

 

2.3. Enhancing LIBS features 

 

LIBS represents a powerful technique capable of characterizing the elemental chemical 

composition in a real-time, in-situ and non-contact way even for hazardous materials and 

hard-to-reach targets located at long distances from the LIBS set up. However, even all of 

those advantages, conventional LIBS has relatively poor sensitivity and reproducibility 

compared with conventional techniques. In this section we describe some techniques 

capable of enhancing LIBS sensitivity that have been developed in recent years. 
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Double pulse technique 

Some elements are not easy to detect by LIBS such as halogens owing to their high 

excitation energy levels. For this reason LIBS sensitivity is limited in some applications such 

as geological and pharmaceutical ones. Increasing pulse energy generally increases the 

produced signal, but also increases sample damage and in some cases effects like self-

absorption of some lines are more pronounced. One of the most attractive approaches to 

increasing LIBS sensitivity without losing LIBS advantages is the so called Double Pulse (DP) 

LIBS approach [1, 7, 14–15]. In DP-LIBS the addition of a second pulse increases the 

analytical performance of conventional LIBS through a better coupling between the laser 

pulse energy and the ablated matter [16]. Several set up configurations have been 

proposed for DP-LIBS (different geometric beam interaction with matter, combination of 

pulses with different wavelengths, delay times, energies, different collection geometries, 

etc.) and enhancement of the signal has been reported for all configurations. Two main 

geometries have been reported in the literature, collinear [17] and orthogonal [18–20] 

configurations (Figure 1.1). In collinear configuration, first and second pulses are 

propagated in the same path (collinear) and are focused orthogonally to the sample 

surface. In orthogonal configuration first and second laser pulses are propagated 

orthogonally from each other. When the first pulse hits the sample surface orthogonally 

and the second pulse (parallel to the sample surface) hits the plasma after certain delay 

time, the approach is called orthogonal reheating configuration. When the first pulse is 

propagated parallel to the surface sample, generating a spark and rarefying the near 
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atmosphere just above the sample, and a second pulse hits the sample surface in 

orthogonal direction, the approach is called orthogonal pre-ablation DP-LIBS. The 

mechanisms and physics causing the enhancement are not well understood yet and seem 

to be different depending on the set up configuration. For the orthogonal reheating set 

up, the enhancement is related with an increase in plasma temperature due to absorption 

and a better coupling of the second pulse energy with the plasma. For the orthogonal pre-

ablative configuration, the enhancement is linked to the minimization of the atmospheric 

pressure created by the first pulse, where the plasma produced by the second pulse may 

be expanded easily. Reported results from many groups have been consistent with those 

mechanisms [14–20], however, further studies are necessary for a fully understanding of 

the processes involved in the enhancement for different configurations. 

 

Resonance enhanced LIBS 

Last decade Cheung’s group demonstrated significant enhancement of LIBS sensitivity 

using a second resonant wavelength in double pulse configuration [21–22]. In this 

approach called resonance enhanced LIBS (RELIBS) authors showed that enhancement can 

be achieved minimizing continuum background by photo-resonant rekindling using 

resonant wavelengths as a second pulse. In DPLIBS configuration, typically a first laser 

pulse ablates the sample and a second pulse excites the species in the generated plasma 

after an inter pulse delay time. Basically, RELIBS differs from conventional LIBS and DP-

LIBS in that plasmas are formed and heated by photoresonant excitation of the host 
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species in the plume, which means that chaotic explosion and intense continuum 

associated with thermal breakdown are avoided [7]. Additionally, by using an orthogonal 

configuration in conventional DP-LIBS or RELIBS approach, it is possible to minimize the 

superficial damage to a few nanograms (ng) or even less mass per pulse [23–25] making 

practically non-destructive analyses. 

 

Plasma spatial confinement 

Plasma spatial confinement has been reported recently as a cost-effective method for LIBS 

signal enhancement. Shock waves are produced when the laser induced plasma is 

generated in air. If shock waves may be reflected back (i.e. by a cavity) and reach the 

plasma, still in evolution, the reflected shock waves may compress the plasma plume. The 

compressed plasma leads to an increase on density particles, increasing collision rates 

between species. Higher collision rates will contribute to higher energy states in the atoms 

and consequently to an enhancement of the emission intensity. For spatial confinement, 

metal cavities with cylindrical shape, hemispherical shape and parallel walls have been 

proposed by some groups [26–28] reporting enhancement factors up to 12. 

Spatial confinement of plasmas is a potential method for improving LIBS sensitivity and 

can be combined with other enhancing methods such as DP-LIBS approach [28] or 

magnetic confinement [29] without losing simplicity and cost effectiveness advantages. 

For example, Guo et al. reported an enhancement factor of 168 combining spatial 

confinement and DP-LIBS approaches [28]. A few papers have been published in the 
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literature and most of them rely on the experimental context but results showed that 

confinement is an appealing technique for enhancing signal without losing LIBS versatility. 
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3. Instrumentation and experimental procedures of LIBS 

 

A general overview of LIBS technique was presented in chapter 2. This chapter presents a 

brief description of implemented instrumentation in our experimental set up. After 

experimental set up description for both SP-LIBS and DP-LIBS, we report the sample 

preparation methodology, used in the analysis of pharmaceutical samples and the 

procedure followed for all LIBS signal measurements. 

 

 

3.1. Instrumentation of LIBS 

 

Figure 3.1 illustrates the main components of a conventional LIBS set up. Main 

components include a laser, a focusing lens, a detection system to spectrally resolve the 

collected light and a computer to process the signal and data storage. The specifications of 

each main component depend on LIBS applications. In this section we will give a general 

overview of the three major components and the specific apparatus used in our 

implemented experimental set up. 
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 Figure 3.1. Typical LIBS experimental set up. In the illustration, laser pulses are focused over a sample 

mounted on an X-Y translational stage. Plasma light is collected by a bi-convex lens and focused into the slit 

of a spectrometer for spectra analysis. 

For Raman experiments, a notch filter was placed between collecting lens L2 and the 

entrance slit of the spectrograph in order to filter laser radiation (532 nm). This set up was 

used in the analysis of excipients from pharmaceutical samples. 

 

Laser system 

The most common solid state laser source for LIBS instrumentation is the Q-switched 

Nd:YAG laser system. This flash lamp pumped laser has typical pulse widths in the range 6 

– 15 ns and a fundamental wavelength at 1064 nm which is easily converted onto shorter 

wavelengths (532 nm, 355 nm and 266 nm) using nonlinear crystals via harmonic 
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generation processes. Nd:YAG lasers are commercially available with a relatively high 

output pulse energies (from mJ to J) , broad repetition operation rate (1 – 50 Hz) and in a 

broad range of sizes allowing both robust laboratory and portable LIBS systems. Other ns 

pulse laser systems, such as excimer lasers or CO2 lasers, are also used by some groups 

around the world. Nowadays the use of femtosecond lasers is becoming more frequent in 

LIBS. For SP-LIBS experiments, a pulsed Nd:YAG laser (Quanta-Ray PRO-Series) operating 

at 532 nm with a 6 – 10 ns FWHM pulse duration at 10 Hz repetition rate was used for all 

the experiments. The used pulse energy depends on the experimental configuration, but 

typical values for conventional single pulse LIBS were in the range of 10 – 20 mJ for most 

experiments. For DP-LIBS experiments, we use two different pulses, an ablating pulse and 

a reheating pulse, produced by an Nd:YAG laser and an optical parametric oscillator 

(OPO), respectively, at 10 Hz repetition rate and 10 ns pulse duration. Pulses from the 

frequency doubled output of the Nd:YAG (532nm) were used as ablative pulses in both, 

SP-LIBS and DP-LIBS experiments. The reheating pulses tuned to 506 nm were optically 

delayed by 10 ns (with respect to the ablative pulses) by increasing their optical path 

length and the energy pulse was fixed at 7 mJ for all experiments. For Raman experiments, 

laser pulse energy was minimized in order to avoid laser ablation on the samples. 

 

Sample holder 

One important parameter that affects precision and accuracy in LIBS quantitative analysis 

is the known lens-to-sample distance LTSD. LTSD determines the irradiance on the 
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sample’s surface and small variations affect considerably the ablated mass, the emission 

line intensities, and plasma features such as plasma temperature [1]. In order to avoid or 

minimize LTSD variations a custom-made sample holder was manufactured. Figure 3.2 

shows a schematic representation of the sample holder. The main task for the sample 

holder was to keep constant the LTSD in the analysis of anti-diabetic tables by calibration 

curves technique. For this specific application, many tablets with different thicknesses 

were prepared as described in the next section. The sample should be thicker than the 

aluminum cover in order to press the EVA layer and assure LTSD constant. The sample 

holder was mounted on an X-Y stage allowing several shots at different places on the 

tablet surface. Other flat samples like steel or geological stones can be fixed in the same 

holder using a different (bigger hole in the) aluminum cover. 

 

Figure 3.2. Schematic representation of a custom-made sample holder. Lens to sample distance (LTSD) may 

be constant for samples with different thicknesses.   
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Focusing and light collection system 

In LIBS, laser pulses can be focused by lenses and mirrors. Typically a single lens is enough 

to focus a laser pulse in order to achieve laser ablation. But for some applications, mainly 

when LTSD needs to be adjustable, a more complex focusing system needs to be 

implemented. In our experiments, a single lens with a focal length of 150 mm was used to 

focus laser pulses. All focusing and collecting lenses used are made from BK-7 material 

with 25 mm diameter. 

For light collection lenses, mirrors and fiber optic cables can be used. We used two 

different configurations for different experiments: lens system for SP-LIBS experiments 

and lens-fiber optics cable configuration for DP-LIBS experiments. A lens system consisting 

in two bi-convex lenses was first implemented in LIBS set up for plasma light collection. 

The system collects light efficiently and was used for the analysis of anti-diabetic tablets. 

As a drawback of this system, material ejection from the plasma production processes can 

damage the lenses because plasma is produced close to the lenses due to the short focal 

length of the system. In lens-fiber configuration, a single 100 mm focal length bi-convex 

lens couples light into a circular bundle end of 19 individual fibers. The lens was positioned 

at 2 focal length from both sample and fiber bundle end for an optimized light collection.  

The fiber bundle is configured as a circular array at one end and linear array at the other 

end. The linear array was coupled to the linear entrance slit of the spectrometer.  
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Spectrograph 

The basics of LIBS stands on the time resolved detection of atomic spectra generated by 

the laser produced plasma. Important features of a good spectrometer for LIBS detection 

are: spectral resolution and wide band spectral range. Czerny-Turner spectrometers are 

widely used in order to disperse LIBS signal. Czerny-Turner spectrometers have a good 

spectral resolution but for many applications spectral range is limited to few nanometers 

(~40nm). Sequential measurements in different ranges of the spectrum allow the 

detection on a wider range but this procedure limits LIBS measurements to homogenous 

samples. For inhomogeneous samples, plasmas may be different from one area to 

another, producing shot to shot variations in the analysis. Spectrometers that perform 

simultaneous detection over a wide spectral range are Paschen–Runge and Echelle 

spectrometers. Echelle spectrometer has been used more frequently for LIBS 

measurements. The main advantages of Echelle system is its excellent resolution 

(comparable with best Czerny-Turner spectrometers) and the broad spectral range (200 – 

780 nm). Those advantages make possible simultaneous multi-elemental analysis 

practically in the complete UV-VIS spectral rage avoiding spectral interferences and 

improving the LIBS figures of merit.  

In our experiments, light was collected and focused into a 0.5 meter focal length Czerny-

Turner spectrograph (Spectra Pro 500i Action Research Corp.) and spectrally dispersed by 

a 1200 grooves/mm grating and detected by an ICCD camera (Princeton Instruments, Inc.). 

Depending on the spectral range, light is dispersed with a spectral resolution of 0.04 (UV) 

– 0.3 nm (NIR). 
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Detector 

Detection of light after its dispersion can be achieved using the simplest type of 

photodetectors such as photomultiplier tubes (PMT) or photodiodes (PD) or using 

complex array detectors such as photodiode arrays (PDA) or charge-coupled devices 

(CCD). PMTs or PDs are high speed detectors with the main advantage of having high 

sensitivity in the visible spectral region. As a drawback, for simultaneous detection of 

many lines, one PD should be used for each specific line. On the other hand, array 

detector devices collect light in a wide period of time (typically microseconds) but can 

detect simultaneously broad spectral ranges. Linear and bi-dimensional arrays of several 

sensors in one device such as photodiode arrays (PDA) and charge couple devices (CCD) 

have been intensively used in LIBS set ups. The higher number of sensors in the array, the 

higher the resolution acquired by the detector. Both PDA and CCD detectors may employ 

a sensitizer or intensifier for signal enhancement. Currently, Echelle spectrometers 

combined with intensified charge coupled devices (ICCD) represents the most powerful 

combination for LIBS analysis. 

We used a detector (1024x256 pixel array) that covers a spectral window of 40 nm when 

the central wavelength is in the UV range, and approximately 35 nm when it is in the NIR 

range. For all experiments, laser pulse and detection system were synchronized in order to 

avoid bremsstrahlung and early plasma emission. Figure 3.1 at the beginning of this 

chapter shows the schematic experimental set up implemented. 
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3.2. Sample preparation 

 

One of the advantages of LIBS is the minimal or non-sample preparation (over 

conventional techniques); nevertheless, for quantitative analysis this advantage is not 

always a fact. However, sample pre-treatment in LIBS is simple and generally does not 

require additional hazardous chemical compounds or solvents at all and consequently, the 

analysis remains environmentally friendly. This section describes a typical sample 

preparation step for powder samples such as pharmaceutical tablets. In brief, synthetic 

and commercial anti-diabetic tablets were grinded and mixed with a reference element 

(Br) and mechanically compressed in order to manufacture a solid sample that can be 

mounted in the previously described sample holder. 

All experiments were performed with analytical reagent grade chemicals. Metformin 

hydrochloride (C4H11N5•HCl) and Glyburide (C23H28ClN3O5S) were obtained from Sigma 

Aldrich, USA. Excipients were purchased from Química Meyer Mex. The internal 

standards, KBr and Benzophenone were obtained from PIKE Technologies, USA and Sigma-

Aldrich, USA, respectively; K2HPO4 and H3PO4, were also obtained from PIKE 

Technologies, USA. High purity ethanol (99.5%) was used in sample preparation. HPLC 

grade methanol (Merck, USA) and ultrapure water were used for preparing mobile phase 

solutions. 

Synthetic samples were prepared by grinding the analyte, excipient and internal standard 

altogether in an agate mortar. Samples were prepared starting with quantity A (mg) of 
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analytical standard and mixing with quantity B (mg) of excipient. The quantity A was 

selected according to the desired Cl concentration and the total sum of A and B was 400 

mg for all synthetic samples. As a reference, 100 mg of internal standard (KBr) were added 

to improve quantitative measurements. So as to procure an optimal mixture, the grinding 

step in the agate mortar was performed in ethanolic suspension; this promotes smaller 

particle size and better homogenization. The mixing process was repeated twice until the 

sample was dried. After the mixing process, the sample was compacted under controlled 

pressure. The obtained samples were 8mm diameter circular tablets. 

In addition, four commercial samples for each active agent were prepared as follows: ten 

commercial tablets from the same box were grinded and mixed in order to obtain an 

appropriate sampling process. Then again, 400 mg of grinded pharmaceutical product, and 

100 mg of internal standard were homogenized in ethanolic suspension, as described in 

the previous paragraph. Three replicates were made for all different samples (both 

synthetic and commercial). 

 

3.3. Procedures 

 

This section describes the typical procedure to obtain LIBS signal for qualitative and 

quantitative analysis. Usual delay time, td, and gate time, tg, were on the microsecond 

scale. Those times scales were selected to optimize signal to background ratio (SBR) for 
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each experiment. Figure 3.3 illustrates the temporal evolution of the signal in a typical 

LIBS experiment. 

 

Figure 3.3. Temporal emission evolution of plasma is in the microsecond scale. Delay time and gated time 

for data acquisition depend on energy, sample properties and other parameters. Typical delay time values in 

our experiments are about 200 ns. Gate time values for signal acquisition are between 1 – 10 µs.  

 

 The possible non-uniformities of the laser energy and heterogeneities on the surface 

sample were minimized by averaging 10 spectra acquisitions from 50 different places on 

each tablet surface. For a given sample the average of 500 spectra took less than one 

minute, giving a single spectrum for each analyzed tablet. Repeatability was observed by 

analyzing each sample three times. Typical td values for the best SBR were on the ns scale 

(e.g. 300 ns) and tg on the µs scale (e.g. 2 µs). The rest of background and continuum 



51 
 

emissions were subtracted from the integrated line intensity. Spectral correlation was 

performed using homemade software on the Matlab platform (MATLAB, The MathWorks 

Inc.) via the atomic spectral database from NIST [2]. Data processing and calculations were 

made in OriginPro software (OriginPro 6 1991–2007 OriginLab Corporation). Lorentzian fit 

was performed before the intensity ratio analysis. 
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4. Results and discussion of quantitative analysis 

 

 

The main goal of analytical methods is to provide with high precision and accuracy 

quantitative information for any sample. For quantitative information (concentration of 

constituents in a sample, absolute mass, surface concentration, etc.) an auxiliary 

technique known as calibration curve is usually employed. In calibration curves a linear 

relationship between element response and the mass or concentration of the analyte over 

a certain range is plotted. Most analytical techniques are based on calibration curves to 

obtain quantitative information.  

This chapter presents two examples of quantitative analyses based on LIBS 

measurements; one of them tests the widely used technique of calibration curves and the 

other example tests the promising self-calibrated method known as Calibration Free (CF) – 

LIBS presented in chapter 2. LIBS performance characteristics, such as linearity and limit of 

detection (LOD), will be validated by calibration curves solving the specific problem of 

quantifying an active ingredient in pharmaceutical samples. After LIBS validation using a 

standard calibration method, Calibration Free LIBS technique will be tested for 

quantitative analysis in a stainless steel sample. 
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4.1. Quantitative analysis based on Calibration curves 

 

The aim of this study was to develop a new rapid, accurate, economic and 

environmentally friendly method for industrial analysis of anti-diabetic active 

pharmaceutical ingredients (API) based on LIBS and supported by calibration curves and 

the addition of Internal Standards for improving the analytical performance. A brief 

description of the importance of anti-diabetic tablets as well as the nature of 

pharmaceutical samples is presented first. Then, quantitative results based in calibration 

curves are discussed. All experiments were performed at ambient conditions. Calibration 

curves were obtained by plotting the ratio of analyte signal to internal standard signal as a 

function of analyte concentration. For quantitative analysis eight different commercial 

anti-diabetic brands were tested with calibration curves. Furthermore, excipients such as 

calcium carbonate (CaCO3), lactose (C12H22O11H2O), talc (3MgO*4SiO2*H2O) and starch 

(C6H10O5) were studied by LIBS and Raman spectroscopy to characterize them and to 

select an adequate excipient for synthetic sample preparation. Quantitative results were 

compared and validated with results from a standard method used as reference.  

 

General overview 

Control of the API content and a uniform distribution of lubricants and other components 

in commercial products are important to guarantee the quality of pharmaceuticals 
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worldwide. HPLC is by far the primary technique used to provide quantitative information 

of pharmaceutical samples. Nevertheless, the technique is time-consuming, expensive, 

and cannot be applied for on-line and real time monitoring production processes. In 

contrast, LIBS can detect the presence of elements in a sample in a more versatile way as 

stated in chapter 2. Besides, LIBS requires no additional chemical compounds or solvents 

at all, consequently, the analysis becomes environmentally friendly. 

Pharmaceutical analysis presented in this section is performed on anti-diabetic samples. 

Diabetes represents one of the main chronic diseases around the world. Nowadays more 

than 340 million people worldwide have diabetes and World Health Organization (WHO) 

projects that diabetes deaths will increase by two thirds between 2008 and 2030 [1]. 

Besides the increase of diabetes, the production of both counterfeit and low quality drugs 

is increasing and this fact also affects human health and generates profit losses to 

pharmaceutical industries [2]. Type 2 diabetes is characterized by high glucose 

concentration in the blood, which is caused by both low pancreas secretion and reduced 

sensitivity of insulin. Currently, there is a wide variety of oral agents clinically available to 

help regulate glucose levels in blood such as sulfonylureas, meglitinides, biguanides, and 

thiazolidinediones [3, 4]. Sulfonylureas, such as glyburide or glybenclamide (Gly), glipizide, 

and glimepiride interact with sulfonylurea receptors on pancreatic β-cells to enhance 

insulin secretion and decrease blood-glucose levels. On the other hand, metformin (Met), 

the most common biguanide clinically available, decreases hepatic glucose production and 

increases the sensitivity of peripheral tissues to insulin [5]. At present, the blend of 
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Gly/Met is the oral drug combination of choice in clinical practice [6]. Quantitative analysis 

in this section is based on those most common anti-diabetic oral drugs, i.e. Met and Gly. 

 

Results and discussion 

An optical fingerprint of biguanides and sulfonylureas can be obtained by measuring the 

spectral emission of certain elements such as Cl. Halogen atoms, e.g. Cl, are characteristic 

in active ingredients but they are not contained in other components of the 

pharmaceutical sample (lubricant, coating, etc.). Figure 4.1 shows the molecular 

structures of Metformin and Glyburide. Met contains mostly C, N and H atoms, but every 

Met molecule contains also a single Cl atom. In the case of Gly, also a single Cl atom is 

present for each molecule. Thus, quantifying Cl atoms is possible to quantify Met and Gly 

in pharmaceutical tablets.  

  

Figure 4.1. a) Metformin and b) Glyburide molecular structures. Halogen atoms, like Cl, are present in Active 

Pharmaceutical Ingredients (APIs). 
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For quantitative analysis, synthetic samples were prepared by varying its Cl concentration 

in order to perform calibration curves. The intensity of the Cl signal in the LIBS spectrum is 

linearly proportional to its content in the sample. To determine the Cl concentration, the 

integrated line intensity (peak area) from one Cl line of LIBS spectrum is plotted versus its 

concentration. If the concentration increases, the integrated line increases. The integrated 

line intensity can be improved by using the signal of an internal standard as specific 

reference, e.g., Br. After the addition of the internal standard, integrated line intensities 

from both elements (Cl and Br) will be affected equally by shot-to-shot pulse variation; 

this fact minimizes the error caused by possible energy variation during the experiment 

and any other variable instrumental response e.g. instrumental line broadening. In the 

following text ‘‘Cl–Br ratio’’ means the integrated line intensity ratio from analyte (Cl) 

peak and the internal standard (Br). The symbol (I) is used for first ionized species. 

Synthetic samples may be divided in two sets depending on the target analyte used, that 

is: Met and Gly sets. For each set, an average calibration curve was obtained by using the 

Cl-Br ratio and the Cl concentration. The dynamic range of calibration curves were chosen 

to cover the Cl concentration from commercial samples.  

 

Qualitative analysis 

Frequently, matrix effects are the source of error on the quantitative determination of 

sample concentration in LIBS spectroscopy. Therefore the use of the same excipient for 

the synthetic samples as for the commercial formulations is of special importance. Typical 
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excipients used in the pharmaceutical industry such as calcium carbonate (CaCO3), lactose 

(C12H22O11H2O), talc (3MgO*4SiO2*H2O) and starch (C6H10O5) were characterized using 

LIBS and Raman spectroscopy. 

 

Figure 4.2. Typical excipients used in anti-diabetic tablets show spectral differences between each other 

over the visible-NIR region. As an example, it is shown two spectral windows at (a) 732-769nm and (b) 833-

867nm. Spectral differences can be used as particular excipient optical “fingerprints”. Lactose and starch 

present only weak N signals. 

 

As can be seen in figure 4.2, LIBS spectra from two different wavelength ranges were 

evaluated from the above mentioned excipients. Particularly Mg and Ca(I) emissions (talc 

and calcium carbonate shown in figure 4.2 (a) and 4.2 (b), respectively) are present in 

those selected spectral windows. In the case of lactose and starch it is more difficult to 

identify its optical fingerprint in air due to their chemical composition (C, O, and H). 

Nevertheless, it is possible to identify excipients by Raman spectroscopy using the same 
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experimental set up as for LIBS. We performed Raman spectroscopy by adding a notch 

filter and changing some experimental parameters in order to avoid laser ablation (lens to 

sample distance, laser energy and time acquisition parameters td and tg). In the case of 

Met, it is not possible to identify the excipient because all significant Raman emission 

bands correspond to the Metformin molecule due to its high concentration contents in all 

commercial samples (around 90%). For the Gly set, Raman spectroscopy identifies lactose 

as the excipient for all the commercial formulations as shown in figure 4.3. In this figure, 

the reference 1 represents a lactose reference spectrum from a Raman database, 

reference 2 represents the spectrum of analytic grade lactose and numbers 1-4 represents 

spectra for all four commercial samples. Therefore lactose was used as excipient for both 

Met and Gly sets of synthetic samples for LIBS experiments. 

 

Figure 4.3. Raman spectra (200-1200cm-1) from two references of lactose and four commercial samples 

containing Gly as API and lactose as excipient. 
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Quantitative analysis 

Internal standard 

The fundamental principle of internal standard in chemical analysis is based on the 

addition of a component that has similar physicochemical properties than the analyte 

(depending on the pretreatment procedure). The internal standard should present 

chemical stability under experimental conditions; no spectral interactions between the 

internal standard and the analyte, nor with other sample components. It should be soluble 

in the assay medium and should not be a natural component of the sample. In this work, 

potassium bromide (KBr) was chosen as internal standard because Br and Cl have similar 

spectral and chemical characteristics, e.g. both elements have high and comparable first 

potential ionization values (13.01 and 11.84 eV for Cl and Br respectively) remaining 

mostly neutral if laser energy fluctuations occur throughout the experiment. Spectral 

databases show that the strongest single emission lines from Br and Cl (827.44 and 837.59 

nm respectively) are sufficiently close to be detected simultaneously in the same spectral 

window for the Czerny-Turner spectrograph. Furthermore, there are no interference 

signals from K in the spectral window of interest [7]. In addition to the spectral 

characteristics, KBr is highly soluble in ethanol, so the homogenization in the sample 

preparation process was enhanced. Resolved individual signals from Br and Cl at 827.24 

and 837.59 nm, respectively, were used for the Cl-Br ratio in the quantitative analysis. 

Figure 4.4 (a) shows the spectrum of the commercial sample of Met with 10% (weight 
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percent) of Cl concentration and the internal standard between 812 and 847 nm. The 

spectrum shows the emission of neutral and ionic species from Met such as N, N(I) and Cl 

and the emission of Br from the internal standard. It should be pointed out that the 

emission of N, N(I) and O from the API could not be discriminated from emissions of the 

same species present in atmospheric air. Nevertheless, air signals do not interfere with 

the Cl and Br lines of interest. On the other hand, Figure 4.4 (b) shows a LIBS spectrum of 

a commercial sample of Gly with a Cl concentration of 0.19% (weight percent). With the 

purpose of resolving the Cl emission at 837.59 nm, higher energy than that used for Met 

was employed. Thus, the emission of N, N(I) and Cl was enhanced compared with Met 

signal. Notice that the O signal is not spectrally resolved because of the broadening of the 

N(I) line at 845nm due to the use of higher pulse energy. Therefore, same spectral range 

but different energy and time parameters were used for the analysis of each active agent. 

 

Figure 4.4. Emitted spectra from (a) metformin and (b) glyburide commercial samples mixed with an internal 

standard (KBr). The Cl and Br lines used for the analysis are arrow pointed on both graphs. In the case of 

glyburide spectra, an amplified zone illustrates the Cl emission at 837.24nm. 
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Calibration curves and analytical parameters 

The calibration curve is a plot where the instrumental response (LIBS signal) changes over 

a certain range of analyte concentration. In our experiments, the calibration curves were 

obtained for different standard samples containing between 5.73 and 11.43% for Met and 

between 0.09 and 0.72% for Gly.  For each standard sample, three replicates were made 

and analyzed in order to improve analytical precision. Statistical parameters and analytical 

characteristics for the determination of both Met and Gly are summarized in Table 4.1. 

The calibration curves were linear for tested Cl concentrations. A linearity ≥ 99.50% was 

obtained (Table 4.1). It is worth noting that a high linearity was achieved despite the fact 

that halogen elements, such as Cl, are spectrally difficult to detect due to their high 

excitation energies (>10 eV). For the highest and lowest Cl concentration, neither 

saturation nor linear deviations were observed. For this experiment, the optimal temporal 

acquisition parameters were 0.20 μs (td) and 1.00 μs (tg.) producing the optimal signal to 

noise ratio (SNR). Limit of detection (LOD) achieved, under above mentioned conditions, 

are on the order of parts per million. This is a typical LOD value that can be reached in 

conventional LIBS experiments [8]. LOD can be estimated from calibration curves using the 

expression,            ⁄ , where  ,     , and  , represent the slope, the 

background standard deviation and the y-axis intersection of the calibration curve [9]. LOD 

and limit of quantification (         ) values are reported in table 4.1. 
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Table 4.1. Statistical parameters for LIBS determination of Met and Gly  

 Met Gly 

Equation (Cl/Br)r = 0.036(%Cl) – 0.034 (Cl/Br)r = 0.042(%Cl) – 0.010 
r

2 0.9903 0.9993 
Dynamic Range (%Cl) 5.73 – 11.43 0.099 – 0.723 
Linearity (%) 99.50 99.59 
Slope Standard Error 12.8x10-3 -2.97 x10-4 
Intercept Standard Error 1.46x10-3 3.27 x 10-2 
LOD(% Cl) 3.50 x10-2 1.10 x10-2 
LOQ(% Cl) 11.2x10-2 3.65 x10-2 
 

Despite the high energies necessary for excitation of Cl atoms, the Gly samples have 

relatively low Cl concentration. It is shown by other authors that the sensitivity in the case 

of halogen elements and signal to noise ratio can be both enhanced by producing the 

induced breakdown in a noble gas atmosphere [10–12]. St-Onge et al reported an 

improved factor of 7.3 on signal detection when they analyzed the emitted Cl line at 

837.59 nm using a helium flow over pharmaceutical samples [13]. Nevertheless, in our 

work, an easy and practical method is proposed, where all experiments were performed 

under standard conditions with satisfactory determination of both analytes. Besides, the 

Cl concentration in pharmaceutical samples was sufficiently high to be detected by the 

proposed method according to the lowest concentration detected for this element under 

atmospheric conditions (around ~0.035% using the same line at 837.59 nm) [12, 14]. In 

order to quantify the lowest content of Cl in Gly samples (~0.1 %), the pulse energy and 

the optimal temporal acquisition parameters were between 16 and 20 mJ per pulse and 

the td was 0.25 μs, in order to minimize the background signal and tg was expanded to 
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2.00 μs in order to collect the analyte signal for a longer period of time. With the 

parameters mentioned above, the achieved linearity for Gly was 99.59%. 

 

Application to pharmaceutical formulations 

After testing the linearity of calibration curves, LIBS Method has been applied to the 

determination of the active ingredients, Met and Gly, by using their Cl content. Figure 

4.5(a) shows the Met calibration curve obtained from synthetic samples (previous section) 

and four different commercial samples, containing 500 mg of Met (according to the 

manufacturer), labeled from 1 to 4. Statistical parameters from calibration curves are 

summarized in Table 4.1. In this work, typical ranges of Cl concentration (weight percent) 

from commercial samples lie between 6-11% and 0.1-0.2% for Met and Gly, respectively. 

 

Figure 4.5 (a) Metformin-containing commercial samples (1-4) are well predicted according to calibration 

curve analysis. Seven synthetic samples at different Cl concentrations were fitted achieving linearity higher 
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than 99%. (b)According to statistical analysis two pharmaceutical brands (2 and 3) presents wider spread 

distributions. The outlier (in brand 1) is present in the analysis. 

 

As can be seen in figure 4.5(a), commercial samples are well fitted to the calibration curve 

taking into account the API concentration labeled on the commercial boxes. According to 

the above results, matrix effects are negligible or not evident because Met represents 

around 90% of the total weight in commercial tablets. Vertical error bars represent the 

standard deviation of the three used replicates. One outlier was observed according to a 

box and whisker analysis as shown in Figure 4.5(b) (small triangle). This outlier from 

sample 1 was not considered in the analysis of the Cl content. In the same figure it can be 

noticed that the Cl concentration shows a Gaussian (normal) distribution in brands 1, 2 

and 3. Furthermore, brands 2 and 3 present considerable spread of data according to its 

box size. Nevertheless, the simple grinding process proposed in this method gives 

satisfactory predictions for Met in commercial samples as it is shown in Table 4.2. 

 

Table 4.2. Recoveries obtained with the proposed LIBS method in the analysis from Met and Gly 

pharmaceutical formulations 

 Met  Gly 

Samples Labeled 
weight 

(mg/Tablet) 

Found 
weight 

(mg/Tablet) 

 
% R (RSD) 

Labeled 
weight 

(mg/Tablet) 

Found  
weight 

(mg/Tablet) 

 
% R (RSD) 

 

1 

 

500.00 
 

524.39 
 

104.88 (6.29) 
 

5.00 
 

4.47 
 

89.78 (4.62) 
2 500.00 462.88 92.58 (7.02) 5.00 5.33 106.53 (9.77) 
3 500.00 513.46 102.69 (9.24) 5.00 5.39 107.77 (8.77) 
4 500.00 471.11 94.22 (6.37) 5.00 4.79 95.91 (6.97) 
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For the case of samples containing Gly as the active agent, typical values of Cl 

concentration are about 0.18% of the total mass, which corresponds to 5 mg of API over 

160 mg of the total tablet mass. Figure 4.6(a) shows four commercial samples labeled 

from 1 to 4 and the respective calibration curve. For the sake of clarity only the 4 points 

closer to the commercial samples are shown in the calibration curve covering a Cl weight 

percent between 0.09 and 0.72%. In the case of the Gly LIBS results, no matrix effect is 

expected because both synthetic and commercial samples contain lactose as excipient. 

The four Gly brands show normal distribution and no outliers are present, as can be seen 

in figure 4.6(b).  

 

Fig. 4.6 (a) Glyburide-containing commercial samples (1–4) are well predicted according to their respective 

calibration curve analysis. For the sake of clarity, only a fraction of the curve containing commercial samples 

is shown (0.1–0.7%). Achieved linearity is higher than 99%. (b) According to statistical analysis the two 

pharmaceutical brands (1 and 2) present wider spread distributions. 
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Boxes of brands 1 and 4 are smaller because those brands present smaller standard 

deviations than brands 2 and 3 (Table 5.2). Results based on LIBS and the simple 

preparation steps suggest the use of this method for a rapid on-line/in-situ monitoring of 

APIs due to their elemental composition in the pharmaceutical industry with an 

acceptable level of accuracy. 

Results obtained in this work show that the proposed LIBS method is able to quantify 

pharmaceutical ingredients in solid dosages by monitoring specific elements such as Cl. 

Results can be obtained in just a few minutes with simple sample preparation using small 

amounts of pharmaceutical dosage (grams). Therefore, the proposed methodology can be 

implemented to monitor the pharmaceutical production process in situ in real time and 

qualitative and quantitative analysis could be used for inspection and recognition of 

authenticity. 

 

 

4.2. Quantitative analysis based on Calibration Free-LIBS 

 

In the previous section, quantitative analysis has been performed using calibration curves. 

Synthetic samples with similar or identical chemical composition than tested samples are 
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needed for the calibration curves in order to overcome matrix dependence. Moreover, 

additional sample preparation was needed because of the addition of an internal 

standard. Furthermore, for some specific analytical problems, synthetic samples cannot be 

produced even if sample composition is well known. For those reasons, calibration curves 

cannot be applied as a universal technique in quantitative analysis. 

Calibration Free (CF) LIBS approach was developed to overcome matrix-matched sample 

dependence taking into account the matrix together with the analyte as part of the 

analytical problem [15]. Still a better and more systematic approach needs to be 

developed to promote CF-LIBS universality. Nevertheless, CF-LIBS has been applied in a 

broad number of situations achieving, in most cases, good results and acceptable 

accuracy. CF-LIBS has shown promise in industrial applications due its non-contact multi-

elemental and real time analysis mainly for metallic samples. This section presents the 

quantitative analysis of an industrial steel sample by CF-LIBS. Steel samples represent an 

interesting problem due to its chemical composition and complex emission spectrum to 

evaluate and test our CF-LIBS implementation in a real and challenging application. 

For CF-LIBS analysis relevant spectral information, such as ionization energy values for 

each element, upper and lower level energies or transitions probabilities for each line, was 

taken from the NIST atomic spectra database [7]. In our case, it was not possible to 

measure all the elements present in the steel sample due to instrumental limitations; i.e., 

the strongest C line emits close to 250 nm but the sensitivity of our detector is limited to 

the wavelength range 280-900 nm. Other C lines and S lines are overlapped with stronger 

Fe lines in the Vis-NIR range. Nevertheless, the undetected elements are traces in the 
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analyzed steel matrix and the relative error can be considered as negligible in the 

quantitative analysis. For quantitative analysis, we used a spectral range from 400 to 440 

nm excluding lines involving the ground state. Spectra were processed by AtomicSpectra 

(described in Appendix A). 

  

Results and discussion 

This section deals with detection and quantification of chemical components in a stainless 

steel sample by LIBS and CF-LIBS techniques. The experimental set up and methods for 

data acquisition Light collection system are discussed in detail in chapter 3. For CF-LIBS 

analysis, plasma parameters are determined by spectral line broadening. To minimize 

instrumental effects on line broadening, we use the minimum entrance slit width of the 

spectrometer (10 µm). Experimental parameters were chosen to maximize signal to 

continuum ratio. Spectra used in the analyses were generated by accumulating the signal 

of 30 laser shots. 

 

Spectral analysis 

Because the choice of suitable lines is a crucial step for optimum quantitative analysis in 

CF-LIBS we take special attention on selecting a spectral window for the analysis. 

Fortunately, steel samples emit signal practically in all UV-Vis region. Nevertheless care 

should be taken with resonant lines of any element to minimize errors by self-absorption 
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if it is present in the plasma. Besides, because the density and concentration of species in 

the plasma may vary from laser pulse to pulse, line emissions from all possible elements 

should be detected in the same spectral window in order to achieve good quantitative 

results. Lines with spectral interferences from other elements must be avoided. All those 

steps should improve the precision in the plasma temperature calculation by the 

Boltzmann plot method, and consequently, the quantitative results. 

 

Figure 4.7. Spectral “fingerprint” of a steel sample taken by LIBS technique. Spectral emission of Fe, Cr, Mn 

and V elements are present in the range 400 – 440 nm. 

Figure 4.7 shows 121 emission lines of a steel sample in the range 400 – 440 nm from Fe, 

Cr, Ni and Mn species. From the total 121 lines, only 43 lines can be used for quantitative 
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analysis. The most frequent problem on this range is the spectral superposition between 

lines from different elements.  

 

Optically thin plasma 

The estimation of electron density and temperature using spectral information demands 

optically thin plasmas as light sources to avoid self-absorption effects. Most of the 

literature assumes plasmas as optically thin sources and exclude lines involving ground 

state (resonant lines) in order to avoid under or overestimations in plasma parameters 

due to self-absorption in resonant lines causes a distortion in the line profile resulting in a 

broadened line. Nevertheless some authors have reported theoretical and experimental 

methods for measurement and correction of self-absorption in laser induced plasmas [13].  

To measure self-absorption effects, intensity ratio of two emission lines from the same 

species having the same upper energy level can be used. In the absence of self—

absorption the intensity ratio should be similar to the ratio of their corresponding 

transition probabilities [14].  

Table 4.3. Comparison between the intensity ratio of two non-resonant lines and the ratio of their 

corresponding transition probabilities.  

Wavelength Upper Energy 

level 

Transition 

probability 

Intensity ratio Transition probability 

ratio 

400.52 nm 37521.161 cm
-1

 2.04x10
7
 

3.79 3.74 
407.17 nm 37521.161 cm

-1
 7.64x10

7
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Table 4.3 presents intensity ratio and transition probability ratio between two Fe lines in 

order to evaluate the existence of self-absorption in our experiments. The consistency 

between both ratios supports the assumption of optically thin laser induced plasma when 

analyzing the steel sample under experimental conditions presented in this section. This 

result is expected due to optical thickness is associated with very high dense plasmas but, 

in general, not for laser-induced plasmas. Therefore, self-absorption effects may be 

neglected in the following analysis.  

 

Local Thermodynamic Equilibrium 

Strict thermodynamic equilibrium requires unbounded, spatially and temporally 

homogeneous plasma. In the laboratory, plasma spectroscopy deals with thermal 

equilibrium relations for level populations, particle velocity distributions and radiation 

fields less strict than in a blackbody radiator. For practical purposes in plasma 

spectroscopy Local Thermodynamic Equilibrium (LTE) is enough to describe the system 

through Boltzmann/Maxwell distributions. The validity of LTE is critical to guarantee CF-

LIBS accuracy in quantitative results. To ensure LTE in time-dependent and 

inhomogeneous plasmas with thermal spatial gradients, further conditions need to be 

placed on the electron density [15]. The most popular criterion used in the literature to 

assess the validity of LTE is the McWhirter criterion [15–16]. McWhirter criterion defines 

the minimum electron number density needed for LTE in laboratory plasmas.  

         
     ⁄ (    )

      Eq. (4.1) 
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In the last expression, temperature,  , and energy,  , are expressed in K and eV 

respectively. According to McWhirter criterion, minimal ne values for laser induced 

plasmas stands near 1x1016 cm-3.  

Since spectral line broadening and wavelength shifts are mainly governed by collisions of 

charged species, electron density may be calculated by the FWHM of a Stark-broadened 

line given by the relation: 

   
 ⁄
   (

  

    
)     Eq. (4.2) 

Where    
 ⁄
 represents the FWHM of the spectral line and   is the electron-impact 

parameter (ionic contribution has been neglected). Konjevic et al. reported experimental 

data on Stark widths and shifts for spectral lines and electron-impact parameters W for 

non-hydrogenic atoms in a critical review [17]. The review reported main parameters for 7 

Fe lines. One of those lines correspond to the Fe spectral emission centered in 426.047nm 

with a factor  of 0.11 Å. Measuring the FWHM of the experimental emission of this line 

and using the reported parameter  was calculated by equation 4.2. The calculated    by 

Stark broadening is          ; a value higher than McWhirter´s criterion supporting the 

assumption of LTE. 
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Figure 4.8. FWHM of 426.04nm Fe spectral emission used to calculate the electron density ne from a steel 

sample plasma. Experimental data (black line) fits fairly well with a Lorentzian curve supporting the 

hypothesis of broadening by Stark effect. 

 

Other mechanisms such as Doppler effect, resonance by absorption, and instrumental 

mechanisms may broaden spectral lines. Nevertheless, all those mechanisms are safely 

neglected in the present analyses. Instrumental broadening is minimized by setting the 

entrance slit of the spectrograph to its minimal aperture. Harilal et al. [18] reported a 

linewidth FWHM of 0.02nm caused by the Doppler broadening in laser induced Sn 

plasmas. This broadening represents half of the instrumental resolution and may be 

neglected. Besides Stark-broadened lines exhibits Lorentzian profiles and typical lines in 

our experiments fit fairly well with a Lorentzian profile (r2> 0.983) as shown in Figure 4.6. 
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Correlation coefficient from Lorentzian profile was higher than correlation coefficient 

from Gaussian profile (profile associated with Doppler broadening) according to this 

spectral line. Experimental data was fitted also with a Voigt profile and slightly 

improvement in correlation coefficient was obtained (r2> 0.986), nevertheless FWHM 

does not present a significant change. 

 

Plasma temperature 

According to Boltzmann-Maxwell distributions, only two emission lines are necessary to 

obtain the temperature in the plasma, provided there is sufficient difference between 

their upper energy levels. However, Boltzmann plot technique uses several emission lines 

for a specific species achieving more accurate temperature estimation. Saha-Boltzmann 

method may be used to increase the reliability on temperature calculation using neutral 

and ionic lines improving the statistics; nevertheless lines with different ionization stages 

should appear in the spectrum and spectral information must be available for ionized lines 

(partition functions, transition probabilities, etc.). In the present chapter, the temperature 

was deduced from the Boltzmann plot method. For a plasma in LTE conditions, a plot 

proportional to the line intensity vs. its energy of the upper level should fit to a straight 

line where the slope is related with temperature (see chapter 2) according to: 
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The temperature was estimated using 21 Fe lines for which all necessary information is 

well known and available [7]. The correlation coefficient of the linear fit is better than 0.91 

(fitting obtained from black numbers in Figure 4.9). A good linear fit not only validates the 

plasma temperature estimation with good accuracy, but also serves to support the 

assumption of Maxwellian electron distribution needed for LTE conditions.  

 

Figure 4.9. A family of lines in Boltzmann plot for Fe (21 spectral lines), Cr (8), Mn (4), and V (9) species from 

a steel sample. The slope is the same for all Boltzmann family lines and was calculated by fitting Fe data 

points. This calculated slope from Fe line was fixed for other element lines. 
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When fitting all species shown in Figure 4.7, all fitted curves exhibited similar slopes but 

different intercepts with the axes. The fact that all family Boltzmann lines present similar 

slopes support the assumption of LTE in the laser induced plasma. Nevertheless, the slope 

computed with Fe information was taken as the representative value and this value was 

fixed for all other species in the fitting step in order to determine only one temperature 

value for quantitative analysis (Figure 4.9). 

 

Quantitative results 

After evaluating optical thinness and LTE conditions, it is found that CF-LIBS method can 

be used for quantitative results based on the steel laser induced plasma. The 

concentration of the species can be calculated using the expression (chapter 2): 

   
  ( )

 
        Eq. (4.3) 

Where    represents the concentration of each specie,   ( ) is the partition function 

evaluated at certain plasma temperature,    is the intercept of the fitted line in the 

Boltzmann plot for each specie and   represents an experimental factor that can be 

removed by normalization: 

∑           Eq. (4.4) 

We also used microprobe analysis [19] as a reference method to determine the elemental 

concentration in the steel sample. CF-LIBS and reference results are plotted in Figure 4.10. 

It should be noticed that the reference method identified 6 elements (Fe, Cr, V, Mn, C and 
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S), two more than LIBS approach; however, sample information is needed in the reference 

method for precise and accurate results. 

 

Figure 4.10. Element concentration of Fe, Cr, V, and Mn in a steel sample calculated with CF-LIBS (black bars) 

and Microprobe (red bars) method. Bars are plotted in a logarithmic scale. 

Table 4.1 shows relative uncertainties values between CF-LIBS and microprobe results. 

Shah et. al. reported similar uncertainties in major elements (Fe and Cr) when compared 

CF-LIBS with certified values of a steel sample [22]. In the case of trace elements Shah and 

co-workers obtain better uncertainties than we do. One possible explanation for the 
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uncertainty value of M element is the few lines used in the wt. concentration for trace 

elements in the Boltzmann plot (4 lines for Mn). In the case of V element, the 9 spectral 

emissions used in the linear fit have practically two different upper energy level values 

(     and     ). It should be noted that Shah et.al. used an Echelle-type spectrograph 

in order to analyze a wide wavelength range between 250 to 550 nm. This is a great 

instrument in order to select optimal emission lines in a wide spectral range. 

Table 4.4. Comparison of elemental contents of steel sample determined CF-LIBS and microprobe analysis. 

Element 

Concentration (wt. %) 

Relative uncertainty (%) CF-LIBS Reference method 

Fe 88.34 88.11 0.26 

Cr 10.20 10.48 2.67 

V 1.06 0.98 7.55 

Mn 0.39 0.32 17.9 

C - 0.04 - 

S - 0.01 - 

 

The conclusion is that CF-LIBS can be used for monitoring in real time quantitative 

information of the major constituents in a sample (as Fe and Cr in our example) with 

relatively good uncertainties (   ). The relative uncertainties are comparable with 

those reported in the literature on steel samples and metallic alloys [22-24]. For a 

complete quantitative analysis (including good results for trace elements) the 

development of a better and more systematic approach is needed. CF-LIBS may be very 

useful as a real-time, in-situ approach for preliminary analysis without the need of 

calibration curves or reference standards.  
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5. Effects of  DP-LIBS in CF-LIBS approach 

 

 

In previous chapters laser-induced breakdown spectroscopy (LIBS) was stated as a 

versatile and practical technique for elemental analysis for a wide number of materials 

and applications [1-3]. Within conventional methodology single pulse LIBS can achieve 

excellent qualitative information for unknown samples in a practical way and relatively 

good quantitative results using auxiliary techniques such as calibration curves or self-

calibrated methods. However, when sample damage is an important issue, conventional 

LIBS analysis is considered destructive. Sample damage depends on physical and chemical 

properties of the sample as well as laser pulse features such as wavelength and pulse 

energy. Typical craters produced with the laser induced breakdown have diameters of 

hundreds of micrometers. Besides the sample damage, also the intensity of the LIBS signal 

depends critically on the laser pulse energy. Increasing the laser pulse energy will increase 

the ablated material and consequently will increase the intensity of the emission lines. By 

using the orthogonal double pulse (DP) LIBS scheme [4-6], it is possible to increase the 

signal intensity without increasing the amount of ablated material. An important number 

of papers have discussed the use of DP-LIBS configurations and their authors have 

reported the use of pulses with relative high energies in the range of tens to hundreds of 

mJ [7-13]. 
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For quantitative analysis, the use of DP-LIBS generally depends on standards and 

calibration curves [7, 14]. DP-LIBS enhances signal intensities for all elements present in a 

sample, but whether it is possible to use DP-LIBS together with a self-calibrated method 

for quantitative analysis has not yet been proved. In this chapter, we demonstrate that CF-

LIBS [15] can be successfully used to analyze plasmas generated by DP-LIBS by means of 

low ablative energies (~0.25mJ). The use of low ablative energies diminishes the sample 

damage becoming increasingly important for critical applications, such as the analysis of 

art works, archeological artifacts, jewelry, etc. CF-LIBS (theory has been discussed in 

chapter 2 and experimental details in chapter 4) is a multi-element quantitative analysis 

approach based on the measurement of plasma parameters and line intensities produced 

by traditional LIBS experiments. CF-LIBS has been carried out in several experimental 

conditions. In most cases, spectra have been acquired at atmospheric conditions using 

single nanosecond laser pulses as the generation and excitation source of the plasma. In 

general, laser pulse energies vary from 1mJ to more than 100 mJ [16]. 

 

Results and discussion 

Signal enhancement 

Compared with SP-LIBS, as shown in figure 5.1, neutral and ionic species of the steel 

sample were considerably enhanced by DP-LIBS. For both SP and DP-LIBS cases (figure 

5.1), the ablative energy was the same (0.25 mJ). For this particular ablative energy, SP-

LIBS produced a signal only for the strongest lines of Fe and Cr. However, in the DP 
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configuration, a better signal is produced when the second pulse hits the vapor produced 

by the first pulse. For the sake of clarity, SP signal is multiplied by a factor of 10 in figure 

5.1. 

 

 

Figure 5.1. LIBS emission spectra of a stainless steel sample under SP and DP plasma generation. Lines of Fe, 

Cr, and Cr(I) are clearly enhanced by DP configuration. 

We define the enhancement factor as the ratio between the maximum intensity value for 

a single peak produced by DP-LIBS and the maximum intensity value for the same peak 

produced by SP-LIBS using the same ablative energy. Figure 5.2 shows the dependence of 

the signal enhancement of Fe, Cr, and Cr(I) with respect to the ablative energy. Each 
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symbol in the graph (square, circle or triangle) represents the average enhancement 

factor of 17, 3, and 7 emission lines for Fe, Cr, and Cr(I) respectively. 

 

Figure 5.2. Enhancement of Fe, Cr, and Cr(I) lines at different ablative pulse energies. Symbols represent the 

average of 17, 3, and 7 lines for Fe, Cr, and Cr(I) species respectively. Maximum enhancement for all lines 

can be achieved at low ablative energies. 

The enhancement at the lowest ablative energy (0.25 mJ) is not presented in the graph 

since it cannot be calculated because at this particular energy, SP-LIBS does not produce 

adequate signal (only the strongest Fe and Cr lines). The highest enhancement showed in 

figure 5.2 is for an ablative energy of 0.50 mJ. Gautier et al. reported that lines with 

relatively high excitation energy levels exhibit higher enhancement compared with lines of 

lower excitation energy levels [11]. In our experiments we could not corroborate the 
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correlation reported by Gautier because the range of the excitation energy levels of the 

lines we used (~3 – 13eV) was narrower than Gautier’s range (~3 – 22eV). Nevertheless, 

we found that all neutral lines exhibit similar enhancement values (12) for Fe and Cr, but 

Cr(I) ionic lines, with relatively high excitation energy levels, exhibited three times more 

enhancement than neutral lines (34). This result is consistent with Gautier’s correlation. 

The enhancement for the three species decreased when the ablative energy is increased. 

When the first and second pulses have similar energies (~7 mJ), the enhancement factor is 

about two. This result suggests that, for the reheating scheme, interpulse delay is related 

directly to the ablative pulse energy. That is, for higher energies, higher interpulse delay 

times should be used. This relationship can be observed in other works related to 

orthogonal reheating scheme [4, 11, 12]. In our experiments the maximum enhancement 

factor is achieved with ablative energies in the range of hundreds of micro joules for an 

inter-pulse delay time of 10ns. 

 

Quantitative analysis 

The algorithm we implemented in the CF-LIBS approach is briefly described in chapter 2 

and it has been described in detail elsewhere [15, 16]. Relevant spectral information was 

taken from the NIST atomic spectra database [17].  

 To test the feasibility of DP-LIBS in combination with CF-LIBS, we compared SP and DP 

spectra with similar intensities and their effects on plasma temperature (T) and electron 

number density (ne). In our experimental conditions, similar line intensities can be reached 
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when the ablative energy in SP-LIBS is twice the ablative energy in DP-LIBS (Figure 6.3); 

i.e., 0.50mJ for SP-LIBS and 0.25mJ for DP-LIBS.  

 

Figure 5.3. SP and DP spectra with similar line intensities. This condition can be achieved when energy of the 

ablative pulse in SP (0.50mJ) is twice the energy of the ablative pulse in DP (0.25mJ) configuration. 

To confirm CF-LIBS results, we evaluated CF-LIBS at three different energies (for both SP 

and DP configurations) with practically the same quantitative results but different plasma 

parameters (T and ne). 

Table 5.1. Plasma parameters from SP-LIBS and DP-LIBS 

Experiment Plasma 

temperature (K) 

Electron 

density (cm-3) 

SP-LIBS 8500 ± 640 7.4x1016 

DP-LIBS 8850 ± 630 6.9x1016 

 



89 
 

We calculated the plasma parameters from Fe lines because its high content in the steel 

alloy. Besides, Fe atoms emit many lines. Table 5.1 shows T and ne for SP- LIBS (0.50 mJ) 

and DP-LIBS (0.25 mJ) experiments. Plasma temperature is practically the same for SP and 

DP according to the Boltzmann plot analysis. Gautier et al. [11, 18] found similar results 

with different materials and different experimental parameters (energy pulses and inter-

pulse delay time). The increase in total energy (first pulse plus second pulse) increases the 

intensity of the lines but not the plasma temperature and the distribution of excited states 

over different excitation energy levels does not change. The ne is slightly higher for the 

plasma formed by SP-LIBS than by DP-LIBS. Nevertheless the McWhirter criterion [19] was 

fulfilled and Local Thermodynamic equilibrium (LTE) was assumed in both cases. The ne 

value is calculated from the Stark broadening of the Fe I line at 426.05 nm using a 

Lorentzian line shape fit of the experimental data, as reported in a previous work [20]. 

Figure 5.4 shows the Lorentzian line shape (red line) obtained by fitting experimental 

emission (black) line at 406.05nm of both a) SP-LIBS and b) DP-LIBS.  

 

Figure 5.4. (a) SP-LIBS and (b) DP-LIBS Lorentzian fitted curves from experimental Fe emission line at 

426.05nm. 
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Fitted peaks, from both experimental data, have a correlation higher than 0.98 with the 

Lorentzian profiles. Based on the calculated T and ne, the quantitative analysis is 

practically the same for both cases, i.e. SP-LIBS at 0.5mJ and DP-LIBS (0.25 mJ + 7 mJ). The 

results in our comparison, summarized in Table 5.2, show a similar prediction on the 

elemental concentration. The relative error of SP and DP experiments lies between 0.25% 

(Fe) and 10% (Mn).  

Table 5.2 Concentration elements in a steel sample obtained by Microprobe analysis, Calibration-Free LIBS 

based on SP-LIBS and Calibration-Free LIBS based on DP-LIBS 

Element Concentration 

based on micro-

probe analysis 

(%) 

Concentration based on CF-

LIBS (%) 

SP analysis DP analysis 

Fe 88.11 88.34 88.12 

Cr 10.48 10.20 10.50 

Mn 0.32 0.38 0.34 

V 0.98 1.06 1.03 

C 0.04 - - 

S 0.01 - - 

 

Table 5.2 also shows the concentration calculated with microprobe analysis as a reference 

method [21]. A comparison between SP and DP results shown in Table 6.2 can be seen 

graphically in Figure 5.5. 
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Figure 5.5. Elemental concentration of Fe, Cr, V, and Mn in a steel sample calculated with SP-LIBS (black 

bars) and DP-LIBS (blue bars) and CF-LIBS approach. Bars are plotted in a logarithmic scale. 

 

Sample damage 

To quantify the sample damage, superficial and volumetric damage is presented first. 

Then, calculations of removed mass will be reported. A comparison between craters 

formed by SP LIBS (5mJ) and DPLIBS (2.5mJ) will be discussed. Those craters are produced 

in the analysis of SP-LIBS and DP-LIBS in combination with CF-LIBS presented in this 

chapter.  
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Figure 5.6 shows a typical crater produced by laser induced breakdown. For this particular 

crater 30 laser pulses of 5mJ each were accumulated. As can be seen in the Figure 5.6, 

crater size is similar to a circular shape with approximately 100µm of diameter. Above in 

the Figure, a crater profile was inserted in order to show the laser damage depth (black 

profile). Besides crater formation, thermal effects produce damage around the crater. 

Considering thermal effects as part of the superficial sample destruction, the sample 

damage extends over a circular region of approximately 600 µm of diameter. 

 

Figure 5.6. Reflection microscopic image of a crater produced by 30 accumulated laser shots with single 

energy of 5mJ in conventional LIBS set up. Above in the figure a crater profile is shown for reference size. 
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Assuming a volumetric damage with symmetrical conical shape with radius of 50µm and 

high of 12.6 µm, steel removed mass is about 250 ng.  

In the case of DP-LIBS experiment, ablative pulses of 2.5mJ produced similar crater shape 

than crater discussed above but with smaller dimensions. As in SP-LIBS experiment, figure 

5.7 shows a crater produced by 30 laser pulse accumulations. Compared with crater 

shown in figure 5.6, DP-LIBS ablative pulses produced smaller superficial and volumetric 

sample damage. Figure 5.7 shows a superficial crater with approximately circular shape 

with less than 50 µm of diameter. 

 

Figure 5.7. Reflection microscopic image of a crater produced by 30 accumulated laser shots with single 

ablative energy of 2.5mJ in orthogonal DP-LIBS configuration. Above in the figure a crater profile is shown 

for reference size. 
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The crater profile (black plot above in the figure) shows a penetration depth of 6.2 µm in 

the stainless steel sample. Considering the thermal effects, superficial damage can be 

extended at a circular zone with approximately 300 µm of diameter. Using the same 

assumptions as in the case of SPLIBS but with parameters from the crater produced by 

DPLIBS (              ), steel removed mass is about 20 ng. Comparing both 

analyzed cases, sample damage can be diminished a factor of 13 using DP-LIBS instead of 

conventional SP in the CF-LIBS approach. 

In summary, we have demonstrated that both techniques, CF-LIBS together with DP-LIBS, 

can be used for quantitative analysis. DP-LIBS, combined with CF-LIBS, can achieve same 

results than traditional CF-LIBS (with single pulse) but sample damage can be diminished 

by a factor of 13. The use of low ablative energies becomes increasingly important for 

critical applications such as art works analyses, archeological artifacts characterization, 

jewelry, etc. Additionally, the use of low ablative energies together with CF-LIBS opens up 

the possibility to perform rapid quantitative micro-analysis without standards or matrix-

matched samples using LIBS-based lower power portable systems. 
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6. General conclusions 

 

For successful LIBS implementation, it has been proved that time-resolved and spectral-

resolved optical emissions of pharmaceutical samples can be used to characterize their 

atomic composition and quantify an analyte in a faster and more practical way than 

conventional methods. Additionally, the use of Internal Standards has improved the 

analytical performance of the developed method by keeping relatively easy sample 

preparation step of the samples. Moreover CF-LIBS, a self-calibrated method, has been 

successfully implemented and it has been proved in the quantitative analysis of industrial 

steel samples. According to our results, CF-LIBS can be used for monitoring in real time 

quantitative information of the major constituents in metallic samples with relatively good 

uncertainties (   ). The relative uncertainties are comparable with those reported in 

the literature on steel samples and metallic alloys. Our findings corroborate the potential 

use of CF-LIBS as a real-time, in-situ approach for preliminary analysis without the need of 

calibration curves or reference standards as stated in LIBS literature. 

As our results demonstrate for the first time, orthogonal DP-LIBS at low ablative energies 

can be used in CF-LIBS approach for quantitative analysis. This finding means that, under 

our experimental conditions or similar, required energy for ablation can be diminished by 

a factor of two due to the analyte signal enhancement achieved by the second pulse. The 

reduction on the ablative energy allows a reduction in removed mass by a factor of 13. 

This finding becomes increasingly important for critical applications, such as the analysis 
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of art works, archeological artifacts, jewelry, etc. We hope our findings may contribute to 

the development and maturation of LIBS in a mid-term period of time. One remaining 

question is how other parameters of DP-LIBS configuration (inter-pulse delay time, 

wavelength, etc.) affect in the CF-LIBS results. A complete analysis may play an important 

role in the optimization of the enhancement factor and minimal sample damage. Besides, 

effects of other DP-LIBS configuration in CF-LIBS may be analyzed. 

Universality of LIBS is expected due to further technological improvements are projected 

in the upcoming years; i.e., technological innovations will allow better spectral resolutions 

by better spectrometers; improvement in sampling efficiency by better and faster 

detectors is expected in upcoming years; spectral information will be available in the VUV 

range; compact and more stable lasers may reduce costs and increase the set ups 

flexibility achieving more precise analysis; and so on. Further methodological 

improvements from laboratories around the world are also expected to accelerate the 

maturation of LIBS as a universal technique. The imminent maturation of LIBS position the 

technique as a unique approach for many real-life problems In many fields (mining, 

environmental, on-line quality control in production processes, on-site in-situ applications, 

etc.).  
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7. Appendix 

 

Appendix A: Software implementation 

Friendly and easy-to-use “AtomicSpectra” software was developed in matlab platform for 

data processing and CF-LIBS analysis. Appendix A describes the main implemented steps 

for chemical identification of an unknown sample and its quantitative analysis. Those 

steps include pre-processing data, peak identification, and CF-LIBS algorithm. Besides 

those main steps, the implemented software can achieve minor but important tasks such 

as synthetic spectra plotting of all elements and ions (first and second order of ionization), 

spectra interpolation (spline and cubic methods), and so on. Those minor tasks are not 

discussed. 

 

Data processing 

Background correction in spectroscopy is a common first step in spectra analysis and 

several methods have been widely reported in the literature [1-2]. Over the last years 

numerous algorithms have been developed and successfully applied to solve specific 

problems. However, it has been a challenge to develop algorithms that does not require 

the prior knowledge of the background behavior. The problem of background signal is 

particularly important in LIBS. LIBS spectra have poor reproducibility because of intrinsic 
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violent laser-matter interaction which promotes high fluctuations in the signal. Besides, 

small laser energy fluctuations can cause significant changes in the plasma, affecting 

background and signal emission adding difficultness to background prediction.  

LIBS background may be minimized by resolving temporally the spectra for long time 

delays as discussed in chapter 3. When plasma initiates, a continuum emission dominates 

the signal. This continuum decays and spectral lines appear becoming narrower as the 

time progresses. After certain time, the continuum emission decreases almost to the 

baseline. This is the best delay time that can be used for data acquisition. Nevertheless 

this approach sometimes is not convenient because important information such as ionized 

emission lines may be lost and even at an optimal time delay, small background and 

baseline signals must be subtracted. Atomicspectra implemented a background 

subtraction step based on a polynomial algorithm. The basic idea is to generate individual 

windows that calculate background subtraction in a specific section of the spectrum. The 

smaller the selected window, background subtraction line is closer to the spectrum at 

every wavelength.  

User may decide the parameter value for the best background correction. Figure 7.1 

shows a spectrum using two different parameters. In this figure, blue lines represent the 

experimental spectrum, red lines are the experimental spectrum with subtracted 

background and green lines represent the subtracted background. When peak 

identification is the main task both parameters satisfied it because in the spectra with 

subtracted background there is no change on the wavelength. However, when the main 

task involve other peak parameters such as FWHM or integral area of a certain peak the 
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parameter becomes very important. For this reason it is important to choose an adequate 

background subtraction parameter. 

 

Figure 7.1. Background and baseline subtraction using two different parameters with the same subtraction 

method. 

 

Synthetic spectra 

As discussed in previous chapter, spectral information is taken from the NIST atomic 

spectra database [3]. In the NIST database, wavelength and relative intensities are 

available for most of the lines of all elements and ions. With this information is possible to 

generate a synthetic spectrum of any species at any spectral region by fitting each line to a 

Lorentzian profile (because of broadening produced by collisions as discussed in chapter 

2). Figure 7.2 illustrates Fe synthetic spectra generated by Lorentzian profiles based on 

NIST information (wavelength and line intensities) in the range 370 nm – 380 nm. 

Lorentzian parameters were optimized to obtain best Lorentzian fitting with experimental 

spectra as will be pointed in chapter 5. 
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Figure 7.2. Fe synthetic spectra generated by Lorentzian profiles and NIST information (wavelength and line 

intensities). 

 

Peak identification 

In general, a sample´s spectrum is represented in a plot by the intensity versus the 

wavelength (or another parameter related with energy transitions, i.e. frequency). A 

typical LIBS spectrum contains the characteristic spectral lines from all the elements 

present in the sample. In principle, the spectrum represents a scaled spectral 

superposition of all individual elements. When lines of the spectrum are identified, then 

chemical composition can be estimated. 
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But identification of a given element is not just the simple choice of the nearest 

wavelength when compared with a certified database. Many parameters and phenomena 

are involved in real experiments such as wavelength displacements, superposition of near 

lines from different elements, change of relative intensities of lines from the same 

element, concentration of the specific element in the sample, matrix effects, and so on. 

Any or all of those phenomena may affect the correct identification of the chemical 

composition for a given sample. 

 

Wavelength calibration 

The first step in peak identification is the correct measurement of wavelength. Although 

good signal-to-noise ratio and high dispersion are essential for this purpose, accurate 

wavelength calibration of the spectrometer is fundamental. The correct association of a 

pixel with its correspondent wavelength must exist for a wide spectral range. Typically, 

setting the central pixel by mechanical means and calibrating the rest of the detector by 

reference spectra is enough for some spectroscopic techniques. In general, this method 

can be implemented for broadband spectrometers to calibrate the overall spectral region 

(250nm – 900 nm) minimizing pixel-to-wavelength discrepancy, like in Echelle-type 

spectrometers. Nevertheless, this method presents obvious limitations for other 

spectrometers. Using a typical Czerny-Turner spectrometer and a 1024 pixel array 

detector, at least three reference lines should appear for each spectral window with an 

adequate separation from each other. This requirement is not fulfilled in real situations 
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for all spectral windows. Even for the best reference spectral lamps, there are some 

spectral regions where there are not strong elemental lines. For LIBS applications specific 

spectral window with accurate pixel-wavelength association is needed in order to achieve 

exact peak identification in multi-elemental analysis overall pixel array. Asimellis et.al. [4] 

proposed a high accurate technique to calibrate wavelength based on the grating 

dispersion function in the visible and near-infrared spectral region (NIR). For a typical 

Czerny – Turner spectrometer, the central wavelength is set by rotating the grating to the 

central pixel of the array. The angular dispersion is typically considered as wavelength 

independent and in linear relationship with groove frequency; however, the intrinsic 

problem for those spectrometers is that angular dispersion varies strongly at longer 

wavelengths and large groove densities. Asimellis calibration considers the angular 

dispersion and the inverse angular dispersion of a grating as dependent of the 

wavelength. That is: 

 (       ⁄ )         [      (       ⁄ )   ]     Eq. (3.1) 

In last expression, r and P represent the dispersion function and Pixel size in the array 

respectively. Symbols G, 2x, and F stand for groove density, deviation angle and 

spectrometer focal length parameters, respectively.  In a brief description, the wavelength 

n for any pixel separated from the central pixel (     ) is calculated by:  

 ( )           (     )    Eq. (3.2) 

And the dispersion calculation applies a linear approximation calculated over a series of 

small wavelength windows. Given a central wavelength, linear regression coefficients are 
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calculated based on a curve fitting formulas of the dispersion function of a specific 

spectrometer.  

            Eq. (3.3) 

For detailed information original publication can be consulted in the literature [4]. We 

successfully implemented and tested this wavelength calibration technique using our own 

instrumental parameters. Table 7.1 summarizes instrumental values used in our 

calculations. This technique is useful in the visible and near infrared region (600 nm – 900 

nm) where dispersion is more pronounced. In the range UV-Vis (280 nm – 600nm) 

Asimellis method is not effective and wavelength can be corrected by simply displacing a 

constant shift to all wavelengths. We will refer to this calibration as shifted calibration in 

this chapter. 

Table 7.1. Instrumental values from the Czerny Turner Spectrometer. 

 Name Symbol Units Value 

Grating groove frequency G Lines/mm 1200 

Spectrometer focal length F mm 497.4 

Array pixel size P µm 25 

Spectrometer half – deviation angle X  16.37° 

 

We use the absolute difference between a calibrated wavelength and a reference 

wavelength as the discrepancy, that is,             |                      |. 

Reference lines information is taken from NIST atomic spectra database [3]. For the 

analysis of the spectral window centered at 460 nm we used lines of Cr and Cr I from a 
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stainless steel sample. In the case of the spectral window centered at 830 nm we used 

lines from an anti–diabetic tablet, containing mainly N, as reference. 

Table 7.2. Discrepancies between calibrated and reference lines over two different spectral regions.  

UV – Vis Range Vis – NIR Range 

Reference 

wavelength 
Element 

Discrepancy 
Reference 

wavelength 
Element 

Discrepancy 

shifted 

calibration 

Asimellis 

calibration 

shifted 

calibration 

Asimellis 

calibration 

449.686 Cr 0.039 0.057 818.487 N 0.229 0.009 

452.647 Cr 0.019 0.032 818.802 N 0.058 0.020 

454.596 Cr 0.015 0.024 820.036 N 0.044 0.023 

455.866 Cr I 0.053 0.059 821.072 N 0.041 0.010 

460.075 Cr 0.000 0.000 821.634 N 0.049 0.004 

464.617 Cr 0.001 0.009 822.314 N 0.037 0.010 

469.846 Cr 0.034 0.049 824.239 N 0.029 0.026 

470.727 Cr 0.066 0.050 827.244 Br 0.004 0.000 

471.843 Cr 0.028 0.046 833.47 Br 0.104 0.057 

475.611 Cr 0.071 0.093 844.636 O 0.120 0.011 

 

Table 7.2 shows the discrepancy between lines for calibration methods (shifted and 

Asimellis calibration) and reference lines for two spectral windows, i.e. UV – Vis (440 nm – 

480 nm) and Vis – NIR (810 nm – 850 nm). In UV – Vis range values of shifted calibration 

discrepancies are lower than Asimellis’s calibration. In the case of Vis – NIR region 

Asimellis discrepancy is lower than shifted one for all analyzed lines. Information in Table 

2 can be summarized in figure 7.3. 
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Figure 7.3. Average discrepancy values and standard deviations for shifted and Asimellis calibrations in the 

UV – Vis and Vis – NIR regions. 

Both calibration methods work satisfactorily in the UV – Vis spectral range and average 

discrepancy values stay close to the instrumental resolution (~0.04 nm) for both methods. 

In figure 7.3 average discrepancy values and their standard deviation are plotted as circles 

and error bars respectively for both methods in UV – Vis (left side in the plot) and Vis – 

NIR (right side in the plot) spectral regions. As stated in equation (1), dispersion is more 

pronounced for long wavelengths and shifted calibration fails (>600 nm) but Asimellis 

calibration works satisfactorily and discrepancy values stay lower than the instrumental 

resolution for all analyzed lines. Asimellis has better accuracy in the NIR range; however, 

this method can be used for all UV/Vis/NIR spectral windows. If more accurate calibration 

is needed in the UV – Vis range (280 nm – 600 nm) shifted calibration should be used. 
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Correlation 

Comparing the LIBS experimental spectrum with a reference spectra database is the next 

step after wavelength calibration for chemical composition identification. Different 

techniques have been proposed for line spectral identification [5-9]. Correlation 

coefficient has been the most popular technique and it has been applied successfully to 

quantify the spectral similarity between experimental and reference spectra by many 

groups [5-7]. We implemented correlation coefficient technique in AtomicSpectra 

software. 

As an example, figure 7.4 shows an experimental spectrum (blue spectrum) taken from a 

stainless steel sample and the spectrum generated by the superposition of Fe, Cr, and Cr I 

synthetic lines.  Table at the right side in figure 7.4 shows the individual correlation 

coefficients for Cr2, Fe1, Cr1, Ni1, and Mn1 (1 stands for neutral species and 2 stands for 

single ionized species in the software nomenclature). Species are listed in decreasing 

order according to their correlation coefficient value. AtomicSpectra can calculate 

correlation coefficient from individual and superposition of user-selected species. 

It should be noted that interferences decrease the value of the correlation coefficient 

affecting spectral identification. Interferences can be produced by the presence of 

spectral lines of other elements or inherent noise and background emission. For this 

reason, the correlation coefficient not always indicates the correct element identification 
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in complex spectra. Visual inspection and spectroscopist’s expertise should be 

incorporated after the correlation in the identification process.  

 

Figure 7.4. Graphical User Interface generated by Matlab platform for correlation coefficient calculation 

between experimental and synthetic spectra. In this example, correlation between stainless steel 

experimental spectrum (blue) and synthetic spectra (green) from Fe, Cr and Cr ionized is shown.  

 

 

CF-LIBS algorithm 

Calibration Free (CF) LIBS approach has been described briefly in chapter 2. In this section 

it is described the Graphical User Interface implemented in AtomicSpectra for CF-LIBS 

analysis. Because of robustness, the implemented CF-LIBS algorithm for quantitative 
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analysis is based in the integral of the line over a Lorentzian profile (area) instead of 

spectral intensity value. 

Basically, the algorithm links NIST atomic spectra database information with integrated 

areas for each experimental peak in the analysis. Integrated area is calculated over a fitted 

Lorentzian profile for each experimental peak after processing signal (background 

subtraction and wavelength calibration mainly). The problem of optimizing areas is solved 

by least squares method. The sum of all fitted peaks should be as similar as the 

experimental spectrum. This problem falls into the non-linear least squares category 

where the number of peaks is fixed for a certain spectral range and intensities represent 

independent variables. The problem of optimizing areas is very important, because in CF-

LIBS, the quantitative analysis is very sensitive to the integral area.  

Figure 7.5 illustrates an example of optimizing the sum of 33 calculated individual areas 

(black Lorentzian profiles). The superposition of 33 Lorentzian profiles generates a 

spectrum (green spectrum in the Figure) fitted to the experimental spectrum (blue 

spectrum) by least square algorithm. After the best area fitting, the algorithm stores the 

information and user links it to the corresponding element parameters in order to 

quantify the chemical composition using CF-LIBS approach. 
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Figure 7.5. Spectra from: 33 individual Lorentzian profiles (black lines), superposition of 33 Lorentzian 

profiles (green line), and experimental (blue line). 33 Lorentzian profiles are optimized to best fit the 

superposition profiles with experimental spectrum.   
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