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Chemometrics as the Swiss Army Knife of LIBS 

– –

–

a) Corresponding author: Ludovic.duponchel@univ-lille.fr

methods (PCA, …) means,…)
…)

ALS, ICA, MNF,…)

of ‘spectral purity’ 
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Extraction of chemical features from complex LIBS matrices 
  

Z. Gajarska1,a), H. Lohninger1, E. Képeš2, P. Pořízka2, J. Kaiser2, A. Limbeck1 
 

1 TU Wien, Institute of Chemical Technologies and Analytics, Getreidemarkt 9/164, 1060 Vienna, 
Austria 

2 Central European Institute of Technology, Brno University of Technology, Purkyňova 656/123, CZ-
61200 Brno, Czech Republic 

 
 

a) Corresponding author: zuzana.gajarska@tuwien.ac.at 
 

Although modern LIBS instruments allow for a rapid mapping of complex data matrices, a universal approach to 
the retrieval of element-specific information from the resulting data seems to be still lacking. The deep learning methods 
show a great potential [1], nevertheless, these tools are not accessible to many LIBS practitioners heavily relying on 
manual data processing. Combining the LIBS expertise, long-term experience in data processing, and modern statistical 
and information-retrieval tools [2], we aim to fill this gap by providing the community with a feature-extraction 
algorithm (Fig. 1) enabling rapid extraction of element-specific information from the LIBS spectra as a pre-step to 
common analytical tasks such as classification, quantification, and imaging.  

The talk will outline the algorithm’s nuts and bolts, the challenges faced during its development, as well as its 
current state of the art demonstrated on various use-case scenarios and data matrices (geological samples, 
technological materials, biological tissues) collected within the LIBS community. 

 

 
Fig 1. Use of comb algorithm to retrieve element-specific information from LIBS spectrum. 
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Study of matrix effects at micrometer scale 

D. L’Hermite

a) Corresponding author: nicolas.quintin@lasalys.com
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LIBS classification and regression techniques for waste sorting 
  

S. Van den Eynde1,2,a), D. J. Díaz-Romero1,2,3, A. Eckert4, I. Zaplana5, J. Peeters1,2 
 

1 Department of Mechanical Engineering, KU Leuven, Celestijnenlaan 300, Leuven, 3001, Belgium. 
2 Flanders Make@KU Leuven. 

3 PSI-EAVISE, KU Leuven, Jan Pieter de Nayerlaan 5, Sint-Katelijne-Waver, 2860, Belgium. 
4 Redwave, Wolfgang Binder Str. 4, 8200 Eggersdorf bei Graz, Austria 

5 Institute of Industrial and Control Engineering (IOC), Universitat Politècnica de Catalunya, 
BarcelonaTech (UPC), Diagonal, 647, 08028 Barcelona, Spain 

 
a) Corresponding author: simon.vandeneynde@kuleuven.be 

 
In recent years, the development of Laser-Induced Breakdown Spectroscopy (LIBS) applications for waste 

characterization and sorting has accelerated. The advantages of LIBS are its potential for rapid material identification, 
high classification accuracy and ability to characterize materials that are problematic for more traditional sorting 
methods. The presented work summarizes the results that have been achieved in the EU-funded AUSOM project 
(Automatic Sorting of mixed scrap Metals: https://www.ausomproject.eu). In this project, several methodologies have 
been investigated to use LIBS for sorting post-consumer aluminum scrap. 

Firstly, a Deep Learning classifier was developed to sort mixed aluminum scrap into three alloy groups: one class 
of cast alloys and two classes of wrought alloys [1]. Proving that wrought alloys can be separated from a mix of aluminum 
scrap in a real-time industrial system was of high relevance, because it is a critical step towards enabling more wrought-
to-wrought aluminum recycling. Currently, a downcycling approach is dominant for aluminum post-consumer scrap. 

Secondly, a Deep Learning regression method was developed for quantitative LIBS analysis [2]. It was 
demonstrated that the method is able to estimate the alloying element concentrations of aluminum scrap samples with 
a Mean Average Error (MAE) of just 100 ppm. By integrating this method in a sorting system, the operator can choose 
and adapt the definition of the output classes by selecting thresholds on the alloying element concentrations for each 
class. This allows more flexible sorting strategies. 

Thirdly, the possibility was investigated to classify aluminum scrap samples based only on the acoustic waves 
generated during Laser-Induced Breakdown. The experiments demonstrated that the acoustic signal can indeed be used 
to some extent for the classification between cast and wrought alloys, albeit with a lower accuracy than the usual LIBS 
approach or computer vision techniques that are especially developed to make this distinction. 

Currently, the authors are exploring how similar LIBS methods can be developed to classify polymers in Waste of 
Electrical and Electronic Equipment (WEEE) in the context of the Horizon Europe INCREACE project (https://increace-
project.eu). The goals are to distinguish between different polymer types and to estimate the concentrations of 
potentially hazardous additives such as bromine.  
 
ACKNOWLEDGEMENTS  
 
This activity has received funding from the European Institute of Innovation and Technology (EIT), a body of the 
European Union, under Horizon 2020, the EU Framework Programmes for Research and Innovation (project name: 
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This activity has received funding from the European Institute of Innovation and Technology (EIT), a body of the 
European Union, under Horizon Europe, the EU Framework Programmes for Research and Innovation (project name: 
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SESSION 2 – FUNDAMENTALS

Laser induced high-density plasma evolution and optical 
emission efficiency

Marcella Dell’Aglio

 –

a) Corresponding author: alessandro.degiacomo@uniba.it

Fig. 1. Sketch of high-density plasma evolution. 

REFERENCES

A. B. Author, Thesis Title (Ph.D. Thesis, A University 1998).
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Non analytical Applications of Laser Induced Breakdown 
Spectrometry

e mail: timurla@laser.chem.msu.ru

of Stark parameters due to the relatively straightforward operations with LIP. Generating a long plasma (“long spark”) 
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MULTIPLE IONIC PEAK ANALYSIS OF LASER INDUCED PLASMA OF 
RUBY TARGET USING LANGMUIR PROBE 

M.Arumugam1, S.L. Hegde 1, S. Kumari2 and A. Khare1, a) 

 
1Department of Physics, IIT, Guwahati, India 

2Alumnus, Department of Physics, IIT, Guwahati 
a) Corresponding author: alika@iitg.ac.in 

 
Irradiance of a material via a high intensity pulsed laser produces a high temperature and high-density transient plasma 
plume termed as laser induced plasma (LIP) which expands in the surrounding medium. In order to understand the 
dynamics of such rapid LIP, various diagnostics probes  viz; optical emission spectroscopy, Faraday cup, Langmuir probe 
(Lp) etc. have been explored successfully by various research groups. Langmuir probe technique [1] is one of the simplest 
plasma diagnostic tools. It is widely used in the determination of plasma temperature, ion velocities, electron and ion 
densities. In the present paper, multiple peak structure in LIP of Ruby via Lp has been studied. The electron and ion 
densities were estimated by analysing the time of flight (TOF) signals. The LIP of Ruby was produced by launching a 
focused beam of high power Q switched Nd:YAG laser on to a solid Ruby pellet. The dynamics of LIP of Ruby was 
monitored via a Langmuir probe placed perpendicular to the direction of plume expansion. The detailed experimental 
arrangement is described elsewhere [2]. The TOF signals at a distance of 4 cm from the target are shown in Figure 1. 
Both ion as well as electron signals show multiple peak behaviour. The I-V characteristics obtained from TOF signals is 
shown in Figure 2 and temporal evolution of ion density is shown in Figure 3. The deconvoluted velocity distribution of 
various ionic peaks are displayed in Figure 4. The details will be presented during the conference. 
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Importance of Spectral Resolution for Accurate Plasma 
Diagnostics with Implications for Calibration-Free LIBS 

a) igor.gornushkin@bam.de

Fig. 1. Distortion of the triangular signal (green) by piecewise integration over detector pixels (grey) for three 
different pixel positions relative to the signal center. The red dots are the per-pixel integrated signal values, and 
the red profiles are the distorted signals. Neither the height of the peak of the original triangle, nor its width, nor 
even the position of the line center can be determined from the distorted signal. 

REFERENCES
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Laser induced Fluorescence and Thomson Scattering for 
Spatially Resolved Plasma Diagnostics

a) Corresponding author: ale zakuskin@laser.chem.msu.ru
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In-situ LIBS study of temperature induced processes in material 
analysis

4 TU Wien, Institute of Applied Synthetic Chemistry, Getreidemarkt 9/163, 1060 Vienna, Austria.

a) Corresponding author: birgit.achleitner@tuwien.ac.at
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The Tortuous Issues of Imaging Rocks by LIBS

 Cetim, Illkirch-Graffenstaden, France.
 LASIRE, CNRS UMR 8516, Université de Lille, 59655, Villeneuve d'Ascq, France

a) Corresponding author: vincent.motto-ros@univ-lyon1.fr

 

Fig. 1. Example of LIBS imaging of rocks: distribution of Germanium in sphalerite (blue) and quartz (red).

REFERENCES
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Rock classification utilizing correlative imaging of large-scale 
geological samples using LIBS and EDX

Pavel Pořízka 

Central European Institute of Technology, Brno University of Technology (CEITEC BUT), Purkyňova 

Department of Geological Sciences, Faculty of Science, Masaryk University, Kotlářská 2, Brno, 

Lightigo s.r.o., Renneská třída 329/13, 639 00 Brno, Czech Republic

a) Corresponding author: Buday@vutbr.cz

TAČR TREND

REFERENCES

[1] A. Limbeck et al., “Methodology and applications of elemental mapping by laser induced breakdown 
spectroscopy,” Analytica Chimica Acta, vol. 1147. pp. 72–98, 2021.

[2] D. Prochazka et al., “Joint utilization of double-pulse laser-induced breakdown spectroscopy and X-ray computed 
tomography for volumetric information of geological samples,” J. Anal. At. Spectrom., vol. 33, no. 11, pp. 1993–
1999, 2018.

[3] T. Hrstka, P. Gottlieb, R. Skála, K. Breiter, and D. Motl, “Automated mineralogy and petrology – applications of 
TESCAN integrated mineral analyzer (TIMA),” Journal of Geosciences (Czech Republic), vol. 63, no. 1. pp. 47–63, 
2018.
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LIBS imaging for high throughput screening in thin-film materials 

a) Corresponding author: bruno.bousquet@u-bordeaux.fr

at mapping composition, structure, thickness, … and functional properties of the sample set

Fig. 1. Square-shaped layers of Lithium phosphate thin-films deposited on a silicon wafer.

 



Fig. 2. LIBS map of lithium (323nm) related to samples prepared as in Fig.1; yellow: strong signal; dark: low signal. 
The half-left series corresponds to 6-hour deposition and the half-right one to 2-hour.

REFERENCES
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Characterization of lithium isotopes in innovative materials for 
energy-related applications using elemental mapping based on 

LIBS analysis 
  

D. Gallot--Duval1,a), T. Meyer2, T.Gutel2, C. Quéré1, A. Gossard3, E. De Vito2, and 
J.-B. Sirven1 

 
1 Université Paris-Saclay, CEA, Service de Physico-Chimie, 91191, Gif-sur-Yvette, France 

2 Univ. Grenoble Alpes, CEA, LITEN, F-38000 Grenoble, France 
3 CEA, DES, ISEC, DMRC, Univ Montpellier, Marcoule, France  

 
a) Corresponding author: doriane.gallot-duval@cea.fr 

 
Lithium is an element of interest in various fields such as geochemistry, archaeology, biochemistry and energy [1]. 

In this latter field, the increasing demand for lithium induces competition for imports between different countries due 
to its categorization as a critical raw material [2]. Moreover, its electrochemistry is still being studied to develop 
innovative materials for future generation batteries. As one of the most sensitive elements in optical spectrometry, 
lithium is well suited for characterization using LIBS-based techniques. In this work, we introduce the use of this 
technique to characterize Li-containing materials used for the two applications described below related to the energy 
field.  

The first one is part of the research performed on new materials for lithium extraction from brines. In order to 
characterize the mechanisms and extraction efficiency of these materials, LIBS imaging can be successfully used. 
Particularly, localization of the selective adsorption sites of lithium in hierarchical materials by LIBS with a lateral 
resolution of 8 µm will be presented. The results will be compared with other ones obtained by time of flight secondary 
ion mass spectrometry (ToF-SIMS). 

The second application focuses on lithium batteries, particularly on lithium isotopic labelling in hybrid electrolyte 
materials constituted by an ionic conductive ceramic in polymer matrix dedicated to solid-state batteries [3]. Thus, we 
aim at characterizing the mobility of lithium ions and at better understanding its behavior at interfaces in the 
electrochemical system. For that purpose, we developed Laser-Induced Breakdown Self-Reversal Isotopic Spectrometry 
(LIBRIS). Based on the same instrumentation as LIBS, the LIBRIS technique aims to overcome the low spectral shift 
between lines of 6Li and 7Li isotopes using the self-reversal phenomenon. Self-reversal is an extreme case of self-
absorption, i.e. absorption by the outer layers of the plasma of photons emitted by the plasma core, for which an 
absorption dip appears in the center of the emission line. The analytical method is based on the correlation between 
the wavelength of the absorption dip and the isotopic abundance. We will present experiments on LIBRIS analysis in 
model stack electrochemical systems (7Li electrode/electrolyte/6Li electrode). Lithium isotopes analysis is developed in 
depth-profiling mode, and by mapping the lithium isotopic abundance at high lateral resolution over a transverse 
section of the system. This characterization is performed on samples of variable complexity, from pristine material to 
hybrid materials used as solid-state electrolytes in Li-ion batteries. This approach aims at providing insight on transport 
mechanisms of lithium in such materials, with the objective of their optimization to enhance batteries performances. 
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Determination of elemental composition and mapping of plastic 
pellets by LIBS – an interesting tool for plastics recycling
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Fig. 1. Optical image and corresponding elemental LIBS images of plastics pellets.
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Spectral imaging is a promising technology that leverages the use of spatially referenced spectral signatures to 
create informative visual maps of sample surfaces that can go beyond what traditional RGB-visual images can offer. 
Indeed, even distinct spectroscopy modalities may offer distinct information regarding the same sample: for example, 
Laser-Induced Breakdown Spectroscopy (LIBS) imaging[1] can be used to identify the presence of specific elements on 
the surface while Hyperspectral Imaging (HSI) [2] may provide valuable information regarding its molecular contents, 
being both capable to positively impact in multiple industry processes from quality control to material sorting [3,4].

In the path from science to technology, the increasing accessibility to such solutions and the strong market pull 
has open a window of opportunity for innovative multimodal imaging solutions, where information from distinct sources 
is set to be combined in order to enhance the capabilities of the single modality system[5]. Yet, in spite of its theoretical 
potential, the effective harnessing of the power of multimodal spectral imaging is yet to be achieved.

In this presentation, we will overview the current major methodologies utilized for in the context of multimodal 
spectral imaging, dividing the most common approaches into two large groups: i)hyphenated approaches, where one 
technique is utilized as a coarser analyzer, followed by the second technique and ii)data fusion approaches, where data 
from both systems are collected at the same point and combined in complimentary manners. Then, we present an 
innovative approach to multimodal spectral imaging techniques, that tries to explores the combination of two 
techniques to capitalize on their individual strengths. In specific, we propose a knowledge distillation framework, 
utilizing one technique as an autonomous supervisor for the other, leveraging the higher degree of interpretability of 
one of the techniques to increase the performance and transparency of the other. We present some example scenarios 
with LIBS and HSI and Raman spectroscopy and LIBS, discussing the impact of this new approach for scientific and 
technological applications.
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Nowadays there is an increasing global demand for strategic elements, which are required as driving force 

materials of the transition to clean energy sources and technologies [1, 2]. The decarbonization of energy sources and 
electromobility depend on the efficient production of Cu-based materials. A fast and detailed instrumental analysis of 
mineral species in copper rocks is a need in the modern mining industry, but it remains as an analytical challenge. 
However, conventional techniques have 
important limitation, e.g., time-consuming, 
costly, use of toxic reagent, specialized 
infrastructure and technicians [3]. In this research 
we address a detailed mineralogical 
characterization by the combination of micro-
Laser-induced breakdown spectroscopy (µ-LIBS), 
Hyperspectral imaging (HSI) and machine learning 
(ML) in three different Cu-mineralized rocks. 
Based on the complementary information 
obtained by µ-LIBS and HSI we characterized the 
distribution of valuables element such as copper 
(Cu), iron (Fe), sulfur (S), among others; and 
mineral species such as chalcopyrite (CuFeS2), 
bornite (Cu5FeS4), quartz (SiO2) and others. Even, 
in this kind of samples we identified minor 
elements such as gold (Au), silver (Ag), arsenic (As) and antimony (Sb), which bring valuable information for the 
valorization and penalization of the copper concentrate at worldwide. The results demonstrate that the elemental and 
mineralogical characterization of Cu-mineralized rocks can be carried out by the complementary use of both techniques 
and simple chemometric methods. For the first time in those kinds of samples, a detailed mineralogical distribution was 
assessed from elemental imaging.  
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Fig. 1. Elemental and Mineralogical imaging based on        

µ-LIBS@HSI. 
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What can we learn about lithium-ion battery materials from the 
combination of LIBS and Raman?
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Lithium-ion batteries have become the dominant technology for storing electrical energy in recent decades. For 
quality control, development of new materials and recycling it is very important to get information about the initial 
structure and elemental composition but also to understand the processes of aging and degradation of the materials. 
Therefore, a demand for analytical methods for the investigation of those materials arises. Due to the fact that changes 
during aging and degradation can occur very locally[1] chemical imaging methods are preferred over bulk analysis 
methods.
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In this talk we present the combination of Laser Induced Breakdown Spectroscopy (LIBS) and Laser-Ultrasound 

(LUS), two non-contact photonic measurement methods suitable for offline and online quality control of Wire Arc 
Additive Manufacturing (WAAM) components. 

In 1925 a novel technology named Wire and Arc Additive Manufacturing (WAAM) was introduced. WAAM also 
known as Shape Metal Deposition (SMD), Shape Welding (SW) and Shape Melting (SM) belongs to Directed Energy 
Deposition (DED) based methods in ASTM F2792-12a. It uses arc welding technologies, such as Gas Metal Arc Welding 
(GMAW), Gas Tungsten Arc Welding (GTAW) and Plasma Arc Welding (PAW), and wire materials to manufacture near 
net shape metallic components via a layer-by-layer deposition approach. The difference between WAAM and welding 
are the geometry of the component and resultant effects on the temperature distribution. Due to large progresses in 
computer aided design (CAD), automated and robotized welding, rather complex components can be produced by 
WAAM. This is assumed to be one of the most promising additive manufacturing techniques in various branches, such 
as the aerospace, space and marine industries, owing to its demand for manufacturing complex and large components, 
high deposition rate and reduced waste material and lead time to reduce costs. 

Laser-Ultrasound (LUS) is a contactless method which can be used to detect internal defects and material 
properties. A short intense pulse of an excitation laser is used to heat up a small spot or even ablate a thin layer of the 
sample surface. Due to the thermal expansion and/or the rebound effect an ultrasound wave is generated which 
propagates through the material. At a defect or a delamination, the wave is reflected back to the surface. A laser 
vibrometer is used to pick up the echos reaching the surface again, which allows us to detect defects and their position. 

When we ablate thin layers of the surface for strong LUS-signals as mentioned above, the generated plasma can 
be used to measure the chemical composition of the material by common LIBS analysis. 

Combining both methods simultaneously, shortly after the deposition process, leads to early detectability of 
various inconsistences like pores, cracks, change in chemical composition due to erroneous gasses or gas flows and 
changes in the wire alloy. This provides the possibility to quickly adapt process parameters or even trigger a stop. 
Additionally, the combination of both methods can be used offline in the lab for a more precise quality control of the 
produced WAAM parts. 

       

 
Fig. 1. Combined LIBS-LUS-setup 
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Laser-Induced Breakdown Spectroscopy (LIBS) is a well-established online elemental detection technique that 

highly benefits from minimal requirement for sample preparation, applicability to solid, liquid, and gaseous samples, 
and robust experimental arrangement [1]. Due to the substantial broadening of the atomic emission lines in the dense 
and hot plasma, the isotopic shifts in atomic emission lines cannot typically be resolved. Laser Ablation Molecular 
Isotopic Spectrometry (LAMIS) utilizes the isotopic shift in the molecular emission observed in the cooling laser-induced 
plasma plume [2]. However, as the plasma plume expands and cools down rapidly in the ambient atmospheric 
conditions, the time window for detection of the molecular emission in the laser-induced plasma is short and/or high 
energy ablating pulse is required, thus, limiting the sensitivity and/or applicability of the method. 

In this work, microwave radiation is used to extend the plasma emission lifetime and, consequently, extend the 
time window to observe the molecular emission. The experimental arrangement is shown in Fig. 1a. Microwave-Assisted 
LIBS (MW-LIBS) [3] can extend the plasma emission lifetime from the typical ~20 µs in conventional LIBS to several 
milliseconds in MW-LIBS. The plasma conditions in the microwave-maintained plasma plume are similar to the late 
conventional plasma plume with temperature of ~5000 K and electron density of ~1016 cm-3 creating suitable 
environment for the formation of molecules in the excited electronic states. The MW-LIBS approach is utilized for the 
detection of 11B/10B fraction. Emission from diatomic and triatomic molecules, namely 10BO, 11BO, 10BO2 and 11BO2 have 
been observed. The isotopic detection is based on the isotopic shift recorded in the molecular emission from BO and 
BO2 molecules. Fig. 1b shows the spectra of 11BO and 10BO B2S+-X2S+ system’s (0-2) band at 255.2 nm and at 255.9 nm, 
respectively. The spectra are obtained from separate solid boric acid samples containing 11B and 10B isotopes. Similarly, 
the Fig. 1c demonstrates the isotopic shift in BO2 A2Πu - X2Πg transition’s (200-000) band. 

 
Fig. 1: a) The experimental arrangement, b) an example spectrum from 11BO and 10BO, and c) the isotopic shift in BO2 
200-000 band obtained with MW-LIBS. The gate delay from the ablation laser pulse is 10 ms and the gate width is 
900 ms. Laser ablation energy is 12 mJ and microwave power is 540 W. 
 

Use of MW-LIBS reduced substantially the need of averaging over laser pulses and required lower ablation energy 
than previously demonstrated with LAMIS technique enabling future development of more compact and cost-efficient 
isotope detection arrangements for online applications. The applicability of the method is further studied for different 
elemental isotope fractions and molecules, such as 35Cl/37Cl fraction using emission from CaCl molecule. 
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Towards universal calibration libraries for LIBS payloads
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LIBS APPLICATIONS OF ONLINE MONITORING AND 2D/3D 
MAPPINGS FOR ADVANCED CONTROL OF INDUSTRIAL 

PROCESSES
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micrometers. In this study, a spatial resolution of 1 μm was achieved by using a laser with a pulse width of 9 ps. This 

with Zn coating around the steel at the μm level, and this LIBS mapping system 
around the steel at the μm level. This result was in good agreement with the SEM

Fig. 1. Experimental setup for remote LP-DP-LIBS.
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Spark optical emission spectroscopy (spark OES) and Laser-induced breakdown spectroscopy (LIBS) are 
advanced element analysis methods that are widely used in the metal industry (spark OES) and in many different 
industry branches (LIBS [1]). While spark OES requires samples that are electrically conductive, LIBS can be 
employed to nearly all kinds of materials. However, LIBS is suffering from the matrix effect, i.e. the sensitivity and 
limits of detection depend on the structure and composition of the sample matrix. We combine electric spark 
discharge and laser ablation for the excitation of analytical plasma and optical emission spectroscopy (Laser 
Ablation Spark Discharge OES, LA-SD-OES). This combination has been shown to overcome the matrix effect for 
high alloyed steel samples [2]. Here, we report on further advancements of the LA-SD-OES method to measure also 
non-conductive samples. A low-to-mid energy laser pulse is applied to the sample inducing a faint plasma that 
triggers an electric spark discharge between two electrodes. The optical emission of the laser-induced/spark 
plasma is measured (Fig. 1).  

 

   
 

Fig. 1. Electrode tips close to an electrically non-conductive sample (left). Photographs of LA-SD-OES 
plasma (center) and LIBS plasma (right). Laser pulse energy 4 mJ and spark discharge energy 50 mJ.  

 
Different technical polymers (PA6, PC, PE-HD, PET, PMMA, POM, PP, PS, PTFE, PVC, UHMWPE, etc.) are 

measured by LIBS and LA-SD-OES aiming to distinguish the materials by distinct spectral features. Molecular 
emission bands of CN and C2 as well as atomic lines of O, N, H, and of some specific elements are measured and 
the correlation of intensities is used for materials discrimination. For polymers containing halogens LA-SD-OES 
outperforms LIBS. Measurements for flame retardant and UV-resistant additives are ongoing. The damage of the 
polymer sample surfaces stays minimal as the electric spark discharge does not contribute to the ablation process.  
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Conversion of an industrial single pulse LIBS system to 
double pulse operation to improve sulfur detection in 

rubber based parts
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30 years of LIBS in civil engineering – A transfer from the 
laboratory to practice
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Advances in LIBS Direct Analysis of Particle Flow: From Plasma 
Characteristics to Practical Applications
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Fig. 1. Overview of advances in LIBS direct analysis of particle flow.
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Opening up industrial applications for inline analysis with LIBS  

a)Corresponding author: reinhard.noll@lsa-systems.de

www.ReVamp-project.eu

SESSION 6 – INDUSTRY EMSLIBS2023 43

20232023



Inline-LIBS for the metal recycling industry  
  

C. Fricke-Begemann1,a), R. Fleige1, M. Dargel2, J. Makowe2, T. Baldi3, N. Jimeno4 
and J. Bartel5 

 
1 Fraunhofer institute for laser technology ILT, Aachen, Germany. 

2 Laser analytical systems and automation GmbH, Aachen, Germany. 
3 Grupal Art S.L., Llica de Vall, Spain. 

4 Exide Technologies SLU, San Esteban de Gormaz, Spain. 
5 ArcelorMittal, Bremen, Germany. 

 
a) Corresponding author: cord.fricke-begemann@ilt.fraunhofer.de 

 
The industrial production of crude metals relies to an increasing degree on recycling. The remelting of scrap is 

reducing the consumption of natural resources such as ore minerals and energy, and thereby also carbon dioxide 
emissions in comparison to primary metal production. The intention to increase the fraction of secondary metal 
production implies the use of an input material feedstock with higher variability. Scrap grades of lower quality due to a 
mix of material composition and contaminations are to be treated by the plant without reduction of output material 
quality. The control of the material feedstock is an important measure for process and quality control. 

In this work, a LIBS sensor was developed for the monitoring of scrap metal feed batches. The sensor is designed 
for retrofitting into existing metal recycling plants and their material handling processes. Individual material batches as 
delivered to the plants or transported internally are analysed to determine their average composition. For this purpose, 
the LIBS system uses a 3D laser beam scanning in order to achieve a full representation of the inspected material. Its 
operation is based on a geometry inspection of the material surface using laser line section technology. In addition to 
plasma excitation on the individual scrap pieces, the single ND:YAG laser beam source is also employed for the removal 
of surface contaminations on the metal.  

The presentation comprises the experience of field trials of the LIBS sensor in different industry installations. Each 
application implies its own challenges, ranging from drill chips with lubricants, material from thermal pre-treatment, 
dirty shredder scrap, and material including metallics and non-metallic chemical compounds. Trials are performed on-
site in plants for aluminium, steel and lead metal recycling. 

 
 

 
Fig. 1. Continuous flow of aluminium metal chips 
inspection by scanning LIBS sensor.  
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The global decarbonization of energy sources depends on the production of raw materials like copper. The 
demand for copper will grow a 20.7% by the year 2030, mainly supported by the transition to green energy sources, 
electromobility, and new electrical networks. Thus, copper production requires overcoming the problems of traditional 
atomic spectroscopy and moving to new online sensors to obtain rapid analytical information. In this sense, “Eleminerals 
SpA” is a new startup born in the Universidad de Concepción-Chile that aims the development of new customized 
analytics for the copper industry based on Laser-Induced Breakdown Spectroscopy (LIBS), Hyperspectral Imaging (HSI), 
Diffuse reflectance spectroscopy (DRS) and 
Machine Learning (ML). In this presentation we 
show new LIBS based developments for online 
elemental and mineralogical determination at 
different stages of the copper production, such as 
exploration and metallurgical processes. In this 
sense, we have developed different setups for 
quantitative determination of valuable elements, 
manly Cu, Mo, Ag, Au, and toxic one like As, Pb, 
Zn, S, Fe, with a simultaneous mineralogical 
determination of species such as chalcopyrite 
(CuFeS2), bornite (Cu5FeS4), covellite (CuS), 
chalcocite (Cu2S), Bornite (Cu5FeS4), pyrite (FeS2), 
enargite (Cu3AsS4), among others [1-2] in samples 
like copper ores, rocks and drilling cores. 
Furthermore, LIBS-based sensors for 
mineralogical 2D mapping in rocks and drilling 
core is presented. Also, stand-off LIBS for monitoring of Cu, O and S in molten phase along the desulfurization process 
is described [3]. These laser-based sensors present a great potential for improving the analytical assessment in the 
copper production avoiding tedious, contaminant, time consuming and costly analytical classical techniques.   
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Fig. 1. 3D-design for EMMA: Elemental and Mineralogical 

analyzer based on LIBS@HSI. 
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LIBS In situ Chemical Analysis in Duplex Stainless Steel Welding

a) Lukas.quackatz@bam.de

balanced phase ratio of ferrite (α) and austenite (γ). Many industrial applications 

ratios of α and γ

Fig. 1. Principal sketch of the experimental set-up of the TIG welding and in situ LIBS 
measurement.
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Deployment of LIBS Analyzers in the Aluminum Industry

a) Corresponding author: kristjan.leosson@dte.ai

metal analyzers in the aluminum industry. DTE’s 

Fig. 1. Automated LIBS analyzer for liquid metal.
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In-situ Chemical Composition Analysis of Molten Aluminum 
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Fig .1. ST LIBS system setup for molten aluminum analysis
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Dedicated LIBS tools for characterizing geomaterials
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When LIBS can help the geologist 

a) Corresponding author: cecile.fabre@univ-lorraine.fr 

(Y, La, Ce …

Fig. 1. µLIBS imaging on rock thin section displaying garnets enriched in 
yttrium and numerous microscopic Y-La-Ce minerals
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LIBS profiles of sedimentary sections: a new tool for 
paleoclimatic and paleoenvironmental reconstructions?

a) Corresponding author: jean-marc.baele@umons.ac.be

Fig. 1. Elemental ratio profiles Cs/K and Li/K measured by LIBS on Le Tillet borehole (Upper Lutetian, Paris Basin).
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Analysis of palladium in rock ore by Laser-Induced Breakdown 
Spectroscopy (LIBS) and characterization of the morphology of 

laser-produced craters

a) Corresponding author: samira.selmani@inrs.ca 
 

 The mining industry is looking for ways to improve the energy efficiency and reducing GHG emission through 
innovative technologies enabling real time analysis in their process. In particular, geologists are interested in the rapid 
characterization and measurement of the concentration of Platinum Group Elements (PGE, which include Pt, Pd, Rh, Ru, 
Ir, Os) in rocks at mine sites. LIBS is an emerging technique in geochemistry that allows rapid in situ analysis of the 
elemental and mineralogical composition as well as the measurement of the concentration of targeted elements [1]. 
This work demonstrates the analytical applicability of LIBS as an analyzer for assessing the palladium content in different 
types of ore. 

 
Fig. 1. (a) Photograph of one fragment of a drill core from the Lac des Îles mine with enhanced contrast before 

laser scanning, (b) SEM images at 300X of craters produced by laser ablation in the plagioclase phases for 
1000 laser shots, and (c) OCT image of the ablation crater for the same phase.
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High-Throughput micro LIBS imaging on geological applications 

a) cesar.alvarez-llamas@univ-lyon1.fr

LIBS has shown the potential to be a "Swiss Army Knife" for elemental 
geological analysis.[1] The development of the technique has allowed 
it to be implemented for geological characterization either inside a 
backpack[2] or on board a rover on the Martian surface. [3] 
Furthermore, the on-laboratory measurements have also 
demonstrated their great practical value. In particular, the significant 
evolution shown by LIBS in imaging applications has provided new 
functionality to this technique. [4] 
Nevertheless, the compromise between resolution (considering the 
distance between 2 sampling zones) and speed of analysis is one of 
the significant challenges to be faced because of the total analysis 
time per sample. In many cases, it can be overcome when the sample 
size is relatively compact; however, this is not always possible. y 
incorporating a kHz-laser [5], it is possible to analyze larger regions 
without compromising image resolution.
We present a compilation of geological applications of interest, 
showing the potential and relevance of LIBS imaging in this field. In 
particular, we have selected a panel of applications for kHz-LIBS 
imaging, including the detection of light elements (e.g., Li, Be), the 
potential LIBS for the detection of elements with potentially high 
economic interest, such as rare earth elements (e.g., Y, La) or 
Polymetallic nodules (mineral concretions on the seabed containing 
valuable metals); and, additionally, imaging of thus elements 
considered as "non-friendly" for LIBS, such as Sulfur.  
Finally, we will present the challenges concerning the data processing 
associated with using kHz-LIBS, as well as a critical perspective on the 
future of kHz-LIBS imaging in the geological field.
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Fig. 1. kHz-LIBS imaging containing 900 000 
spectra, showing presence of light elements 
(Li, Be). 
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Application of laser-based surface analysis techniques in 
magnetically confined nuclear fusion research

a) Corresponding author: s.brezinsek@fz-juelich.de
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Recent advances in developing LIBS as a fuel monitoring tool for 
nuclear fusion applications in Europe 

M. Pisarčík

–

a) Corresponding author: h.j.vandermeiden@gmail.com

     The current state of understanding and an outlook for LIBS application in fusion reactors will be reported. 
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LIBS as diagnostics of analytical chemistry for surface mapping 
of complex mixed samples simulating debris inside the TEPCO's 
Fukushima Daiichi Nuclear Power Plant (FDNPS) reactor cores.

2 Collaborative Laboratories for Advanced Decommissioning Science, Japan Atomic Energy Agency, 
790-1 Motooka, Tomioka, Fukushima 979-1151, Japan

a) Corresponding author: salvatore.almaviva@ena.it

Fig. 1. LIBS surface maps of different mixed oxides. Red areas identify high concentration zones, blue-violet areas 
identify low concentration zones.
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Laser ablation – laser absorption spectroscopy for isotopic 
analysis 

a) Corresponding author: Philip.martin@manchester.ac.uk

–

Fig. 1. LA-TDLAS measurements of 6Li and 7Li around 
670 nm [1]
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 Depth Analysis of WTa-D/Mo sample by Resonant-Laser 
Induced Breakdown Spectroscopy  
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a) Corresponding author: pavel.veis@fmph.uniba.sk 

 
Laser- Induced Breakdown Spectroscopy has gained widespread popularity due its ability to perform depth 

profiling. Depth profiling is a procedure used to ascertain the interfaces between various materials in a layered sample 
at different depths. This is realised by ablating the material under study using successive laser pulses and capturing the 
Laser-Induced Plasma generated by each laser pulse. The precision of depth analysis is heavily influenced by the depth 
resolution and ablation rate which are the determining factor. The primary factor that affects the resolution of the 
depth profile is the non-uniform distribution of laser pulse energy in the radial direction[1]. This work is dedicated to 
enhancing the depth resolution during depth profiling by implementing Resonance- Laser Induced Breakdown 
Spectroscopy (RLIBS). In this technique, a single tuneable laser is used to ablate the material from the sample based on 
Resonant Laser Ablation (RLA) coupled with Optical Emission Spectroscopy (OES)[2]. In this work Calibration-Free Laser 
Induced Breakdown Spectroscopy (CF-LIBS) along with RLIBS too is used to examine the depth profiles of a WTa-D mixed 
coating. The samples are mainly pertinent to fusion and depth analysis uncovers the fuel retention or 
erosion/deposition in plasma facing components (PFC) in fusion reactors [3]. The coating has a thickness of 5 μm and 
contains varying amounts of Ta and D, up to 20%. To ablate the material, a laser beam from a tuneable ns Optical 
Parametric Oscillator (OPO) (Ekspla NT342C, a tuneable nanosecond laser, 210 - 2200 nm) is utilized. The ablation laser 
wavelength chosen is associated with W excitation levels at 255.135 nm for resonance conditions and 222.75 nm for 
non-resonance conditions. Measurements are performed at atmospheric pressure, with OES signals from 100 
consecutive laser shots recorded by an Echelle spectrometer (Mechelle ME5000, Andor Technology) equipped with an 
iCCD camera (iStar DH734, Andor Technology, and temporal resolution 5 ns. The gate delay is set at varying intervals 
to achieve optimum plasma conditions. In RLIBS, only one laser beam is employed for both ablation and simultaneous 
excitation of the plasma, making it a simpler experimental setup compared to RELIBS. Resonant conditions have been 
found to yield better depth resolution than non-resonant conditions the former results in a slower ablation rate yet 
produces nearly equivalent spectral intensity. The spectra recorded are divided by sensitivity curve, and the peaks are 
assigned according to the data available in NIST and Harvard databases. The signal enhancement in resonant versus 
non-resonant conditions are compared and CF-LIBS analysis is performed. The results are also compared to those 
obtained from TOF-ERDA and GDOES primarily for the quantification of deuterium in sample.  
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Utilization of LIBS for rapid elemental mapping of surrogate 
TRISO particles - an alternative for nuclear fuel 

 
C. Derrick Quarles Jr.1, Benjamin T. Manard2, Hunter B. Andrews3, Veronica C. Bradley2, Peter 
Doyle4, Alex N. Zirakparvar2, Daniel. D. Dunlap2, and Cole. R. Hexel2 
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3. Radioisotope Science and Technology Division, Oak Ridge National Laboratory, USA 
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Laser induced breakdown spectroscopy (LIBS) has become a popular tool for measuring 
and determining elemental distributions within a given sample. Here LIBS was employed to 
characterize coatings on surrogate fuel particles. Tri-structural isotropic (TRISO) particles are a 
proposed nuclear fuel alternative for high temperature reactors. These particles are constructed of 
a central U-bearing fuel kernel, surrounded by a carbon buffer and inner pyrolytic carbon layer. 
An outer carbide layer is then used as a barrier to fission products. These particles are embedded 
within a graphite compact and housed within the fuel core enclosure. Simply put, due to its robust 
nature, performing elemental analysis of these particles poses a challenge.  

Here we perform elemental mapping and depth profiling of surrogate fuel particles 
(ZrO2/C/ZrC layers) utilizing a 193 nm ArF laser in combination with a multi-channel CMOS 
detector. LIBS was successfully used for discerning small (50 µm) carbon layers, detecting the 
location of carbon and oxygen layers, providing fast 2-D mapping (<5 min/particle) and rapid 
depth profiling (10 sec/particle). The laser material interaction with the 193 nm wavelength 
provided ablation rates for the depth profiles that were in the 75-150 nm/pulse range. 

 

Figure 1. Elemental images of a single TRISO particle, displaying O 777 nm, C 247 nm, Zr 414 
nm, Y 490 nm, and a red-green-blue overlay of C, Zr, and O. 
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LIBS for direct and indirect detection of bioindicators
in human clinical samples
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LIBS imaging for medical applications: overview and case studies 
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Screening ovarian cancers using patient plasmas with LIBS and 
Raman: separated and fused data analysis with machine 

learning     
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Early screening of ovarian cancer is critical to enhance the patient survival rate [1]. Conventional detections with 

imagery and antigen test are insufficient in terms of sensitivity and specificity. Laser-induced breakdown spectroscopy 
(LIBS) and Raman spectroscopy applied to blood analysis have shown a great potential as means for rapid, 
minimally-invasive, and cost-effective detection of cancer [2,3]. In this study, we collected a substantial set of 176 
blood plasma samples from female patients within a clinical environment, including 63 ovarian cancer cases, 39 
ovarian cyst cases, and 79 normal controls. The samples were prepared as a thin film coating on a graphite substrate. 
LIBS and then Raman measurements were performed for these samples. Data visualization with a dimension 
reduction algorithm showed merging between the clusters of data with different labels, particularly with the data of 
the intermediate cyst case. Supervised classification models were therefore developed for a ternary classification 
realized with two successive steps of binary classifications using a back-propagation neural network for the LIBS and 
the Raman data respectively. The classification of independent test samples with the LIBS model shows a sensitivity 
and a specificity of 71.4% and 86.5% for cancer diagnosis [4]. These performance metrics become respectively 81.0% 
and 97.3% with the Raman model [5]. A close look on the features important for classification, we find emission lines 
from the elements involved in the body electrolysis, K, Na, Mg, and Ca, for the LIBS model, and molecular vibration 
bands of amino acids and proteins for the Raman model.  

Fusion of LIBS and Raman spectral data can be realized by spectral channel concatenation (Fig. 1 a) or feature 
combination. In the case of spectral concatenation, a feature selection algorithm selects channels from the both LIBS 
and Raman spectra as shown in Fig. 1 (a), where we can see that the channels of the Raman spectrum are most 
probably selected, while the LIBS spectrum appears sparser. In addition, elemental and molecular features important 
respectively for the separated LIBS and Raman models are included in the features important for the fused 
LIBS-Raman model. And the both types of features received equivalent scores (Fig. 1 b), indicating coherent and 
equilibrium information brought by the both types of the features. A direct ternary classification model was trained. 
The classification of independent test samples shows a sensitivity and a specificity of 95.0% and 94.6% for cancer 
diagnostics, which is significantly improved compared to the performances of the LIBS or Raman separated models.  

 
Fig. 1. (a) Direct spectral concatenation between the LIBS and the Raman spectra of a sample, together with the 
indications of the selected spectral channels; (b) scores of the 500 selected features.   
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Comparative study of human teeth decalcification by LIBS
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teeth’ hardness 

–

wy’s agent, which had a comparable signal to a non

Fig. 1. LIBS elemental maps of Ca II 396.85 nm line for comparison of used decalcifying agents. The Löwy 
agent’s color scale maximum is 10× higher due to high intensities. Scale bars are 2 mm.
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Laser-Induced Breakdown Spectroscopy for the Identification of 
Bacterial Pathogens in Blood and Urine 
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Our group has recently demonstrated the ability to utilize laser-induced breakdown spectroscopy to detect and 
classify bacterial cells in arbitrary fluid specimens using a simple centrifugation device to deposit cells on disposable 
nitrocellulose filters [1]. Bacterial concentrations of approximately 11,000 CFU per laser shot were detectable using 8 
mJ pulses from a 1064 nm, 9 ns Nd:YAG laser with a spot size 75 m in diameter [2].  

A partial least squares discriminant analysis of LIBS spectra obtained from specimens of blood and urine spiked 
with known bacterial pathogens possessed a 98.9% sensitivity and 100% specificity for the detection of bacteria in urine 
and a 96.3% sensitivity and 98.6% specificity for the detection of bacteria in blood. An artificial neural network analysis 
with principle component analysis pre-processing of the LIBS spectrum from 200 nm – 600 nm was used to discriminate 
and classify the bacteria in the clinically-obtained biofluids. Use of an 80:20 split cross-validation resulted in an average 
sensitivity and specificity of 97.2% and 98.6%, respectively, for the discrimination of three species of bacteria in urine. 
External validation performed on 16 filters gave an average sensitivity of 77.5%. Applying PCA-ANN using an 80:20 split 
cross-validation for the discrimination of four species of bacteria in blood resulted in 100% sensitivity and 100 % 
specificity, shown in Fig. 1. External validation of 19 filters of bacteria in blood yielded an average sensitivity of 82.3% 
[3]. These results indicate the potential usefulness of LIBS in the clinical setting.  

 
 

  
 

Fig. 1. A LIBS spectrum of bacteria in blood and the results of the detection of four 
species of bacteria in blood with a PLS-DA analysis utilizing ratios of peak intensities 
and a PCA-ANN classification utilizing the entire LIBS spectrum.  

 
ACKNOWLEDGEMENTS  
 
Work supported by the Natural Sciences and Engineering Research Council (NSERC) of Canada. 
 
REFERENCES 
 
[1] E. J. Blanchette et al., Applied Spectroscopy, 76, pp. 894-904 (2022).  
[2] A. E. Paulick, D. J. Malenfant, S. J. Rehse, Spectrochimica Acta Part B, 157, pp. 68-75 (2019).  
[2] E. J. Blanchette, Detection and Diagnosis of Bacterial Pathogens in Blood and Urine Using Laser-Induced Breakdown 
Spectroscopy (M. Sc. Thesis, University of Windsor 2022).  

SESSION 10 – BIOMEDICAL APPLICATIONS EMSLIBS2023 70

20232023



Laser-induced breakdown spectroscopy for the in vitro 
bioequivalence determination of generic drugs with 

BCS-class II, III and IV active pharmaceutical ingredients 
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Deep-UV laser-induced breakdown spectrometry and laser-
ionization mass spectrometry for astrochemistry studies.
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In-situ LIBS measurements in Utopia Planitia Mars by the 
Zhurong Rover   
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1 School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai, China. 
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On May 15, 2021, the first Chinese Mars exploration mission Tianwen-1 successively landed its Zhurong rover in 
southern Utopia Planitia (Fig. 1), announcing a new era of Mars exploration with the Chinese contribution of a third 
rover currently in activity on Mars [1]. A common feature of these rovers, two American and one Chinese, is their use of 
laser-induced breakdown spectroscopy (LIBS) for detections and analyses of Mars surface geological materials. Such 
specificity becomes the main asset for Zhurong rover, since the LIBS payload represents the unique instrument on board 
capable of material composition analysis. The successive landing of the Chinese mission permitted its rover to investigate 
this area virgin of human exploration. During its first 110 sols of travel, 32 scientific targets, including igneous rocks, 
duricrusts, sands and soils, have been aimed by the scientists operating the MarSCoDe instrument [2] (Fig. 1). The 32 
corresponding LIBS spectra carry therefore the first compositional information of the explored area, assumed to 
compose of volatile-rich sediments since late Hesperian. The analysis of these data appeared thus crucial to confirm the 
hypothesis and to constrain the geological evolution model. In this paper, we will present the spectral data produced by 
the Key Laboratory of Lunar and Deep Space Exploration, National Astronomical Observatories, Chinese Academy of 
Sciences [3], visualize the data structure with a dimension reduction algorithm, determine the method for their 
normalization, and perform the regressions for predictions of the contents of major elements as well as water in the 
scientific targets, which allows an observation on the past and present aqueous activities in the landing zone of Zhurong 
rover [4]. 

 

Fig. 1. The landing site (a) of Zhurong rover (b), its trajectory during the first 110 sols of the exploration (c), a 
cemented duricrust encountered and LIBS-analysed on sol 32 together with the LIBS crater on it (d), and the LIBS 
spectrum with emission lines from major metallic elements and some non-metal elements (e).  

 
REFERENCES 
 
[1] C.L. Li, J.J. Liu, Y. Geng, et al., Journal of Deep Space Exploration 5, pp. 406-413 (2018). 
[2] W. M. Xu, X.F. Liu, Z.X. Yan, et al., Space Sci. Rev., 217, 64 (2021). 
[3] X. Tan, J. Liu, X. Zhang, et al., Space Sci. Rev., 217, 69 (2021). 
[4] Y.Y.S. Zhao, J. Yu, G.F. Wei, et al., National Science Review 10, nwad056 (2023), https://doi.org/10.1093/nsr/nwad056 

SESSION 11 – EXTREME ENVIRONMENTS EMSLIBS2023 74

20232023



Detection of kerogens in sedimentary rocks by LIBS. Implications 
for the search for biosignatures on Mars. 

a) Corresponding author: laugargom@uma.es
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Figure 1. LIBS emission for A) CN molecular band (B2Σ+-X2Σ+, Δν=0) and B) 
for C2 molecular system (D3Πg-A3Πu, Δν=+1). For better identification of the 
bands, a polystyrene standard was used.
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Hyphenated acoustic/optical emission spectroscopic data from 
laser-induced sparks to geological material characterisation 
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Impact of high pressure on underwater laser-induced 
breakdown spectroscopy

 

a) Corresponding author: ytian@ouc.edu.cn

 
Fig. 1. Temporal evolution of laser-induced plasma and cavitation bubble in water at 
different pressures of 2, 4, 8, 16, 30, and 50 MPa: (a) normalized plasma emission 
images; (b) integrated plasma emission intensities; (c) bubble shadowgraph images.
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LIBS Applications for Food Safety and Quality 
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Limits of detection in LIBS analysis of food  
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The growing demand for quality control of foodstuff generated a strongly increasing need to qualify and quantify 
the food composition in terms of nutritional and salutary income [1,2]. Beside the evaluation of protein, carbohydrate, 
lipid, and vitamin content, the quantification of minerals and toxic elements is challenging, as it involves measurements 
of traces at very low concentrations [3]. The standard techniques for these measurements are inductively coupled 
plasma atomic emission- or mass spectrometry (ICP-AES/MS), atomic absorption spectrometry (AAS), and more recently 
X-ray fluorescence spectrometry (XRF) [4]. Except XRF spectrometry, these techniques are time- and cost-expensive as 
they require extensive sample preparation and the use of hazardous chemicals, incompatible with routine 
measurements in the innumerable sites of food production and distribution [3,5].       

Laser-induced breakdown spectroscopy is an emerging technique for fast elemental analyses. To evaluate its 
capability for food quality control, we determine the limits of detection for 82 elements that may alter the nutritional 
value of food, or present sanitary risks. Therefore, LIBS spectra of dried food samples were recorded with an echelle 
spectrometer and analyzed with a sensitivity-improved calibration-free approach [6,7]. Validated for several minerals, 
the approach provides limits of detection not only for the observed elements, but for all elements for which the available 
spectroscopic data enable the calculation of the element-specific emission spectrum. Comparing the deduced limits of 
detection with the typical content of minerals and the upper limits of toxic elements recommended by food safety 
regulations, we establish a list of elements compatible with food quality monitoring via LIBS. Moreover, we demonstrate 
that almost all elements can be monitored if the spectra were acquired with a LIBS apparatus of optimized detection 
efficiency. 
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Optimization of Spark Discharge LIBS parameters to measure 
soil total organic carbon
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Development of a Field-Capable LIBS System for Rapid Soil 
Elemental Monitoring  
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In the context of global environmental management soil plays an important role and its dynamic and versatile 

nature makes its investigation a challenging task. The existing laboratory-based techniques (e.g., dry combustion) for 
obtaining soil parameters and composition are laborious and time-consuming. In order to investigate a wide range of 
soil types and matrices, a method capable of extensive, rapid, and on-site monitoring is essential. Due to its simplicity, 
as well as its ability to offer rapid and multi-elemental analysis, laser-induced breakdown spectroscopy (LIBS) has the 
potential to become an increasingly popular analytical technique [1-2].  

In the present work, we have developed a compact, durable, and field-capable LIBS device for on-site soil 
elemental monitoring. It comprises a Q-switched Nd:YAG laser (1064 nm, 8 ns) for plasma generation, a set of USB-
connected spectrometers (Ibsen Photonics, covering 173-830 nm wavelength range), a 3-axis motorized stage 
(Thorlabs), and various optical and opto-mechanical components. Fig. 1(a) illustrates battery powered LIBS device that 
is controlled using self-built LabView based interface. Laboratory-based testing and optimization of the device have 
already been performed, and it is fully prepared for field deployment in the coming days. In our recent studies, the 
measurements have been performed on the soil samples (total 175) from the twenty-eight different locations and 
various depths (up to 1 m) of a test agriculture field (area 6.3 ha) located in Maaninka region in eastern Finland. The 
measurements were carried out under optimized parameters, such as a laser energy of 28 mJ/pulse, gate delay of 600 
ns, and exposure time of 12 µs. Spectral signatures of constituent elements (e.g., C, Fe, Si, Ca, Mg, etc.) were evident in 
the LIBS spectrum. the calibration and validation of LIBS carbon line intensities at 193.1 nm against dry combustion 
(LECO)-based carbon content measurements enabled us to determine the spatial distribution of carbon content 
throughout the field. Fig. 1(b) shows an example of the carbon map of the topmost layer (0-10 cm) of the test field. 
Moreover, chemometric methods have been also used to visualize LIBS spectra and extract meaningful insights. The 
results demonstrate the potential of our device for fast and on-site spatial elemental monitoring in soil, and 
improvements in the accuracy of soil models. 

 

 
Fig. 1. (a) Field-Capable LIBS System for Soil monitoring, (b) an example of carbon map of the topmost layer 
(0-10 cm) of the test field. 
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Scalable solution for the carbon credit market in agricultural 
soils using laser-induced breakdown spectroscopy

a) Corresponding author: carla.morais@logiag.com

 
Fig. 1. LaserAg® Quantum developed by Logiag Inc.
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The LIBS Heritage: a brief history of the first 40 years of LIBS, 
with some considerations on its future perspectives
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Preexisting knowledge of flame and plasma spectroscopy is the foundation of the principles of the Laser-Induced 
Breakdown Spectroscopy technique. Following the introduction of the laser, techniques akin to LIBS were proposed, 
commencing from the frequently cited 1962 Brech and Cross paper [1].

Nonetheless, the acronym LIBS were initially introduced in the two pivotal publications authored by Radziemski and 
Loree in 1981 [2,3], which can be regarded as the inception date of contemporary LIBS.

This communication will retrace the story of the first 40 years of the technique, with a special focus on the successes 
(and, above all, the failures) that have shaped the way we intend LIBS today and traced the path for its foreseeable 
evolution.
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 µLIBS imaging for the characterization of heterogeneous 
archaeological materials
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Fig. 1. LIBS merged imaging of archaeological mortar. 
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Laser induced breakdown spectroscopy (LIBS) for identification 
and classification of archaeological bones    
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   Fig. 1. Discrimination of the bone samples (1,2 and 3) taking the 2 most relevant variables
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LIBS stratigraphy in the aid of revealing the hidden layers of a 
post-byzantine icon 
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Fig. 1. Digital X-Ray image of the icon
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Implementation of a laser-induced breakdown spectroscopy 
(LIBS) solution for controlling safe analysis of cultural heritage 

materials under intensive radiation beams 
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Metallic and alloy nanoparticles: their detection and application 
to signal enhancement in LIBS
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Ultrafast laser excitation in atmospheric pressure optical traps 
for studying attogram mass nanoparticles

a) Corresponding author: javierfortes@uma.es

Fig. 1. Experimental setup illustrating the different 
excitation and detection lines comprising the P-
OC-OT-LIBS instrument.
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TiO2 as a Modifier of a Bentonite/Sepiolite Substrate for Signal 
Intensification in LIBS Molecular Analysis of Organic Liquids

a) layla.paixaosantos2@gmail.com

adsorbing up to 100 μL

Fig. 1. Pellets of bentonite/sepiolite TiO2 mixture and composite, with respective EDS images and emission spectra 
for toluene embedded in these substrates (estimated irradiance of 2.9 · 1012 W · cm–2).
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Simultaneous UV/Visible/NIR + LWIR Laser Induced Breakdown 
Spectroscopy of Organic Isomers

a) Corresponding author: cyang@brimrose.com

  

Fig. 1. (a) Monosaccharide isomers and (b) UV/Visible/NIR + (c) LWIR LIBS spectra of monosaccharide isomers. 
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Isotopes Detection of GdO in Laser-Induced Plasma by Demon 
High Spectral Resolution Double Echelle Monochromator 
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     Isotopic shifts in GdO molecular emission were previously studied by Arc Induced Plasma (AIP) [1]. The spectrum 
was first photographed on a 1.5 m Bausch and Lomb concave grating spectrograph and the bands in the region 445.0-
515.0 nm have been recorded on the high resolution 10.6 m concave grating spectrograph in first order with a reciprocal 
dispersion of 0.74 Å/mm. A large number of sequences of red degraded bands have been observed including A(1-0) 
transition with six heads at 446.40, 446.42, 446.45, 446.47, 446.54, and 446.60 nm. The five isotopic molecules, viz. 
155GdO, 156GdO, 157GdO, 158GdO, and 160GdO, are expected to contribute significantly 
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                       Fig. 1. A(1-0) GdO emission spectra with different spectral
                       resolutions: a- 0.05 nm; b- 0.02 nm; c- 0.001 nm of natural
                       GdO; d- 0.001 nm of 158GdO enriched
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LIBS Analysis of Surface Homogeneity of Deposited 
Nanocomposite Films for Sensor Applications  
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In the last few decades, technologies based on laser ablation in liquid [1] have become increasingly important in 
the  synthesis of advanced nanomaterials  and  their  application  in different  fields  including development of efficient 
electroanalytical sensors for the determination of selected analytes. For sensor fabrication of optimal performance it 
is  extremely  important  a  uniform  deposition  of  the  colloidal  nanoparticles  (NPs)  on  the  electrode  surface. 
Laser‐induced  plasma  spectroscopy  (LIBS)  can  be  an  effective  tool  for  spatial  mapping  of  the  concentration  of 
deposited NPs  as  a  confirmation  of  their  successful  immobilization  at  the  surface.  In  this work we will  discuss  the 
results of LIBS application for the analysis of spatial homogeneity of the CuO/ZnO nanostructured surface after their 
deposition on carbon electrodes.  

For preparation of composite CuO/ZnO nanostructures a novel method based on laser ablation in liquid in the 
external electric  field was developed. A series of  studies has been performed to explore  the structure, morphology 
and composition of as‐synthesized nanocomposites.  

The LIBS experiments were carried out by using a Nd:YAG laser (LOTIS TII, LS2134D) for ablation, operating in a 
double‐pulse mode at 1064 nm (energy 80 mJ/pulse, pulse duration 10‐12 ns, optimal delay between the laser pulses 
2  µs).  Plasma emission  spectra were  detected  using  a  grating  spectrometer  equipped with  CCD  linear  array  in  the 
spectral  range of 200–1060 nm. The  spectrometer entrance  slit was  set perpendicularly  to  the ablation plume axis 
(Figure  1a).  Such  configuration  allows  selecting  the  emission  of  the  plume  at  the  2‐mm distance  from  the  sample 
surface, thus eliminating most of the bremsstrahlung radiation and increasing the signal/noise ratio. 

The  obtained  LIBS  spectra  revealed  that  NPs  can  be  identified  and  that  the  LIBS  technique  can  be  used  to 
determine  the  NPs  elemental  composition  (Figure  1b).  In  the  case  of  compound  NPs,  the  control  of  their 
stoichiometry  can  be  achieved  using  the  comparative  analysis  of  spectral  line  intensities  related  to  the  particles 
components  and  calculating  the  elemental  composition  of  the  NPs.  The  results  of  LIBS  analysis  of  CuO/ZnO  NPs 
composition were  in  a  good  correlation with  the  data  obtained  by  the  energy  dispersive  X‐ray  analysis.  The main 
advantages of using  LIBS  for  spatial mapping of  the  concentration of deposited NPs consist  in  its  simplicity,  speed, 
reliability  and possibility of multi‐elemental both qualitative and quantitative analysis  that make  LIBS a particularly 
well adapted tool to analyze the elemental composition of nanomaterials. 

 

Fig.  1.  Experimental  set‐up  (a)  and  typical  LIBS 
spectrum (b) of the deposited zinc oxide film (c).  
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A design proposal for an unmanned LIBS system for the 
detection of bioagents in aerosols 

a) Corresponding author: salvatore.almaviva@ena.it

–

Fig. 1. (left) Scheme of the LIBS head. (right) definition of the main optical components. 
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AlN Plasma Emission Behavior in Nitrogen and Argon 
Atmospheres 

Adel TEKILI*1, 2, Samira ABDELLI-MESSACI2, Samia KALOUNE2, Slimane LAFANE2

1Faculty of Chemistry, University of Sciences and Technology, Houari Boumediene (USTHB), BP 
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2Division Milieux Ionisés et lasers, Centre de Développement des Technologies Avancées (CDTA), 
Cité du 20 août 1956 BP 17, Baba Hassen, Algiers, Algeria. 

atekili@usthb.dz   

A comparative study of plasma emission during Nd-YAG laser ablation of AlN target in N2 and Ar ambiances has been 
performed at different pressures and different laser fluences, using optical emission spectroscopy diagnostics.  Into 
nitrogen ambience the emission spectra are dominated by lines of Al, Al+, Al2+, N, N+, N2+ and molecular bands of N2 
and N2+ species distinguished by their prompt emission. In addition to atomics and ions lines detected in nitrogen, in 
argon gas the emission lines of Ar, Ar+ and Ar2+ were observed (fig 1a). For both gases, no emission of AlN molecules 
was detected with experimental conditions using in this work. To follow the kinetic of plasma species, we investigated 
space and time resolved of their emission spectral lines at 1.5 mbar of N2 and Ar pressures. Then, the temporal profile 
of principal emission lines was reproduced. Comparatively to the temporal profile of Al in ambient nitrogen, which 
showed triple components starting to appear at greater distances (d ≥5.5mm), in argon atmosphere an evolution of 
a multiple structure appeared from 2mm (fig 1b). Into nitrogen ambience, the plasma components were forward 
peaked, whereas in argon, the particular components moved backward undergoing reflected shocks. Further, we 
found that the fast components observed for each ambient gases follows the fast component observed into vacuum. 
Our results are of particular interest in view of selecting the optimal regime of AlN target ablation and plasma 
composition-emission affected by laser fluences for each ambient gas pressure for AlN thin films deposition.   

       

  

    

 

 

 

                                                                                                                                                                                                            

Keywords: Laser Induced Plasma; Laser Ablation; Optical Emission Spectroscopy, Aluminum Nitride. 

Fig. 1. (a) Emission spectra from 250 to 750nm of all emitting species of AlN plasma at 1.5mbar of N2 and Ar 
pressures. (b) The temporal profile of Al into vacuum and at 1.5 mbar of N2 and Ar pressures recorded at 2mm. 
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Expanding the Elemental Coverage by Combining LIBS with ICP-TOF-
MS for High-Speed Imaging 

C. Derrick Quarles Jr.,1 Benjamin T. Manard,2 Hunter B. Andrews,2 Tyler L. Spano,2 Joseph A. 
Petrus,3 Bence Paul,3 Cole R. Hexel2 

derrick.quarles@icpms.com 

1 Elemental Scientific, Inc. 
2 Oak Ridge National Laboratory 
3 Elemental Scientific Lasers 

The use of laser ablation-inductively coupled plasma-time of flight-mass spectrometry 
(LA-ICP-TOF-MS) has become an intriguing option for the analysis of materials due to the ability 
to capture the entire mass spectrum with each laser pulse. However, a few hurdles still exist: the 
speed of analysis must be precisely synced with the laser ablation system, the difficulty of 
measuring light elements with a TOF, and the data treatment of very large data sets when 
performing large mapping experiments, to name a few. The work presented here will discuss some 
of these hurdles while providing pathways to address them. 

The speed of analysis, including the syncing of the LA system (TOF sync) will be displayed 
using a two-volume laser ablation chamber (TwoVol3) in combination with a dual concentric 
injector (DCI) to provide ultra-fast washouts with speeds up to 1,000 Hz (in this example the max 
laser repetition rate was set to 200 Hz). To address the difficulty of detecting light elements, laser-
induced breakdown spectroscopy (LIBS) is coupled to the LA system to provide coverage to 
elements such as Li, Be, C, Na, Mg, K, and Ca that may be difficult or impossible with the TOF-
MS. LIBS also provides the unique ability to measure H, N, O, and F at the same time when the 
LA chamber is purged with a inert gas, which is the case when performing LA experiments (e.g. 
helium is almost always used). Lastly, the entire data processing of the TOF and LIBS data will 
be conducted in iolite V4, providing a complete, single software platform capable of handling large 
data sets. 

In this work, a sample of finchite and carnotite, strontium and potassium uranyl vanadate 
minerals, respectively, are analyzed using LIBS and LA-ICP-TOF-MS to better understand the 
isotopic and chemical composition. Of interest is the isotopic ratio of 235U/ 238U and 206Pb/207Pb, 
and the distribution of U and O within the mineral. As finchite and carnotite are alteration phases 
of primary uranium ores, with their limited solubility making them important immobilization 
species for environmental U(VI), understanding the paragenesis of these phases in the context of 
spatially resolved isotopic information is essential towards understanding the environmental 
behavior of uranium. Further, this effort provides valuable insight into the potential of analyzing 
radiological material with high spatial resolution for other environmental, mineralogical, and 
nuclear nonproliferation applications.   
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Study of intensity enhancement by a ns-laser focused on slow or 
fast component of a fs-LIP 

a) Corresponding author: mendezcristina@uniovi.es

Fig. 1. Schematic representation of the focusing scheme. 
Depending on interpulse delay time, the ns-laser can be 
focused onto distinct fast and slow fs-LIP components. 
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Self-calibrated LIBS approach for space exploration and volcanic 
hazards assessment

, Marcella Dell’Aglio

Department of Earth’s science, University of Bari, Italy.
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Correlation of Surface Hardness and Plasma Temperature
in LIBS Measurements of Low-Alloy Carbon Steel

.

Conventional tactile methods determine the surface hardness of materials such as metals mechanically by 
comparing abrasions or indentations on the material surface. This mechanical process is time-consuming and the surface 
of the sample is severely affected by small craters. With classic hardness testing methods (Brinell, Rockwell, Knoop, 
Vickers) it is almost impossible to map an inhomogeneous distribution of the material hardness. However, in industry 
the visualization of differently hardened areas of components would be of great interest.

A promising alternative could be an optical, i.e., non-contact and almost non-destructive, fast test method with 
laser-induced breakdown spectroscopy (LIBS). Recent publications have reported a correlation of material hardness and 
the ratio of ionic to atomic spectral line intensities [1-2]. In our measurements we found a correlation of the surface 
hardness and the intensity ratio of the Fe II (263.1 nm) and the Fe I (358.1 nm) emission lines. A drawback of these 
methods may be the dependence of the derived hardness values on the selected spectral lines. In order to consider 
several emission lines simultaneously, we measured the correlation of plasma temperature and surface hardness (Fig. 1). 
Since both the hardness and the ablation of atoms and ions depend on the microscopic structure of the surface of the 
sample a correlation can be expected.

We used samples of 80CrV2 steel with a surface hardness gradient obtained by a special heat-treating and 
tempering process. After determining the different hardnesses using the conventional tactile Brinell method, we 
obtained spatially resolved maps of the plasma temperature through LIBS measurements. Of course, the spatial 
resolution of the classic destructive methods is quite low, but a correlation of surface hardness and plasma temperature 
is obvious.

Fig. 1. Imaging of the trend of the surface hardness of low-alloy carbon steel (80CrV2) using LIBS 
mapping with a spatial resolution of 1 mm² in comparison to the measured Brinell hardness (HB) 
gradient and the simultaneous increase in plasma temperature from left to right. The stated plasma 
temperatures represent an average of values in the y-direction.
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LIBS of uranium in eye-safe area

Němec T. Prášek

a) Corresponding author: alena.zavadilova@fjfi.cvut.cz

emission wavelengths close to 1.4 μm
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Validation of Laser-Induced Breakdown Spectroscopy assisted by 
Laser-Induced Fluorescence (LIBS-LIF) for the measurements of 

platinum and palladium in solid ore

fi

1) Corresponding author: Ismail.elhamdaoui@inrs.ca

Fig. (b) LIBS (orange curve) and LIBS-LIF (blue 
curve) spectra of platinum analytical line Pt 
269.84 nm. 
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Double-pulse LIBS in water with up to 600 bar hydrostatic 
pressure and up to 400 millijoule each pulse

a) Corresponding author: marion.henkel@inp-greifswald.de

 

Fig. 1. Two spectra of a plasma, 
generated by double-pulse LIBS 
on a brass surface in shallow 
water for different energies of 
the second laser pulse and a 
pulse delay of 10 µs. Copper lines 
at 510 nm, 515 nm, 522 nm and 
529 nm.
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Laser-Induced Plasma Lasers: Polarization properties.  

a) L.Nagli:levna@ariel.ac.il

We demonstrate that stimulated emission and lasing occur under appropriate resonant and linearly polarized optical 
pumping of a pre-formed laser-induced plasma (LIP) plume. It manifests as the emission of intense, collimated, and 
polarized beams. We call this effect Laser-Induced Plasma Lasers (LIPLs). Lasing was found in LIP on atoms from the 13th 
and 14th periodic table groups and in Na, Ca, Ti, Zr, Fe, Mg, Cu, and V. 

  [1-5].
LIP on atoms from the 13th group (except Tl) generates according to the 3-level generation scheme [1-3]. 

–
Most LIPLs on the 14th group and on other elements generate according to the quasi-tree generation scheme, 

which we nominate as a Direct Generation (DG) scheme because generation occurs directly from the pumped level. A 
typical example is Ti LIPLs. The modified Hanle effect may explain DG LIPLs polarized generation and Bext effects.[5]. 
Pumping the same generation line from ground levels with ( J=1) leads to a change in the sign of the DOP of the 
generation line. The same changes in the sign of the DOP occur for generation lines, with common upper level but lower 
levels differ on  J=  1 (different generation lines wavelengths). Examples of such generation are presented in Fig. 1 for 
V LIPL; The same effects are observed on other DG LIPLs. These effects need additional theoretical consideration. Still, 
it may be supposed that density matrix formalism has to be used to explain these effects.

Fig.1 Examples of the V LIPL transition schemes for ground manifold (a) and for lower generation levels 
manifold (b) with  J=1. The numbers along the arrows are pumping and generation wavelength. Black and blue 
arrows down are generation transitions with negative and positive DOP, respectively. Energy level lines are not located 
accordingly to scale for more clarity.

REFERENCES
–

–
–

[4] L. Nagli, E. Stambulchik, M. Gaft, and Y. Raichlin, Appl. Phys. 129, pp.  013103 1-6. (2021).

35
7.

21

  4G9/2, 11/2

  4F9/2
 

22
4.

18

 4G9/2

35
8.

28
b)

3d44s 4G7/2

22
2.

3
00 22

3.
23

3d34s2 4F5/2
 

3d34s4p 4F5/2

35
7.

16

35
7.

16

3d34s2 4F7/2
 

a) V LIPL

EMSLIBS2023 109

20232023

POSTERS



 
 

[1] E. A. Otieno, H. K. Angeyo, A. M. Dehayem. Plos One, (In Press) (2022). 
[2] D. M. Wayua, H. K. Angeyo, A. M. Dehayem, K. A. Kaduki. Sci Rep 12, 20196 (2022). 

P
C
2

PC1

Controls

After 48hrs-Meroz/trophs

After 24hrs-Rings/meroz

After 72hrs-Rings/trophs

After 96hrs-Trophs/schizots

EMSLIBS2023 110

20232023

POSTERS



Improving the sensitivity and resolution of LIBS by laser 
technology

a) Corresponding author: dch.zhang@xidian.edu.cn

 

  
Fig. 1. Laser sources for LIBS measurement (a)the spectrum of femtosecond SC laser, (b) a  laser.
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Quantification of solid metallic nanoparticles on glass 
functionalized surfaces by Laser-Induced Breakdown 

Spectroscopy 

, 

–

a) Corresponding author: jcaceres@ucm.es
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Clever data treatment procedure for spectrochemical analysis 
with laser-induced breakdown spectroscopy spectral data

a) Corresponding author: jcaceres@ucm.es
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TOTAL SOIL PHOSPHORUS DETECTION USING LASER-INDUCED 
FLUORESCENCE-ASSISTED LASER-INDUCED BREAKDOWN 

SPECTROSCOPY 

S. Soni1,2, J. Viljanen1,a), and Pavel Veis2. 
1 Photonics Laboratory, Physics Unit, Tampere University, FI-33101 Tampere, Finland. 

2 Comenius University, FMPH, Mlynska dolina F2, 842 48 Bratislava, Slovakia 
 

a) Corresponding author: jan.viljanen@tuni.fi 
 
Quantification and monitoring of phosphorus in soil plays a critical role in environmentally friendly agriculture, 

especially in mitigation of phosphorus leakages to water systems and subsequent risk for eutrophication. On the other 
hand, deficiency in phosphorus would lead problems in development and growth of cultivated crops. Therefore, 
monitoring and quantification of phosphorus status in soil is essential.  

Laser-Induced Breakdown Spectroscopy (LIBS) is a well-established online elemental detection technique that 
highly benefits from minimal requirement for sample preparation, applicability to solid, liquid, and gaseous samples, 
and robust experimental arrangement. It is extensively used in different fields of science and industry for elemental 
quantification utilizing the atomic emission from the plasma plume produced on the sample with a laser pulse [1]. 
However, LIBS suffers from relatively poor limit of detection (LoD) for elements that require high plasma temperature 
for thermal, excitation as the high temperature plasma is available only for a short time and, on the other hand, this is 
the time when the background continuum radiation is high and most other elements are excited as well with 
substantially temperature broadened lines causing spectral interferences. 

In this work, Laser-Induced Fluorescence (LIF) is applied to the conventional LIBS setup (LIBS-LIF) for sensitive and 
selective phosphorus detection. The plasma plume is overlapped with another laser pulse that is produced with a 
wavelength tunable OPO laser unit. The OPO laser pulse is tuned to 253.6 nm that is resonant to the atomic phosphorus 
transition to re-excite the phosphorus atoms produced in the plasma plume. The experimental arrangement is shown 
in Fig. 1a. The resulting phosphorus fluorescence is observed at 213.6 nm as shown in Fig. 1b. The LIBS-LIF approach 
improved the LoD of soil phosphorus detection up to 31-fold compared to phosphorus-optimized conventional LIBS 
measurement enabling studies in soils containing low amounts of phosphorus. It is demonstrated that calibration curve 
can be generalised to cover same soil types from different geographical location, thus, improving the applicability and 
efficiency of the method. As LIF arrangement can be added to any LIBS setup, providing that a suitable light source is 
available, LIBS-LIF can be utilized in analysis of phosphorus in various environmental samples, such as water reservoirs, 
that are in the need of more sensitive phosphorus detection schemes with high sample throughput. 

 
Fig. 1: a) The experimental arrangement, b) the observed phosphorus fluorescence at 213.6 nm with LIBS-LIF on a soil 
sample containing 2.2 mg/kg of soluble phosphorus. 
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LIBS detection of organic biosignatures in carbonate and 
sulphate substrates under a Mars simulated atmosphere 

a) Corresponding author: tomas.delgado@uma.es

Fig. 1. Mean intensities of organic emission signals detected for each analyzed molecule 
in a simulated Mars atmosphere. An example type spectrum of each atomic 
line/molecular band is also shown.

–
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Use of the LIBS technique in archaeological contexts for the 
re-association of human remains. 

a) Corresponding author: jcaceres@ucm.es
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Investigations of matrix effects on steel samples with LIBS and 
LA-SD-OES (Laser Ablation-Spark Discharge-Optical Emission 

Spectroscopy) 
  

S. Grünberger1, a), V. Oßberger1, S. Schaubmayr1, S. Eschlböck-Fuchs2,  
A. Pissenberger2 and J. D. Pedarnig1 
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Laser-Induced Breakdown Spectroscopy (LIBS) is an element analysis technique that can be applied to nearly all 
kinds of materials and many applications even under harsh conditions [1]. However, the appearance of unfavourable 
matrix effects between samples with different composition is well known. In our research, we use a combination of 
laser ablation and an electric spark discharge for plasma formation and optical emission spectroscopy, a technique 
introduced as LA-SD-OES [2], [3]. The electric discharge appears between one tungsten electrode and the conductive 
and grounded steel samples. The discharge is triggered by the laser pulse. The energy is provided by a 25 nF capacitor 
on which a high voltage of up to 3 kV is applied. Strong matrix effects with LIBS emerged during experiments on 
around 50 steel samples with a Fe concentration any higher than 94 wt% and a lot of different minor and trace 
elements. However, it was only observed with LIBS under typical conditions (ns, 1064 nm, 55 mJ) and not with 
LA-SD-OES [4]. Further investigations showed drastically lower Fe spectral line intensities (Figure 1) and bigger crater 
volumes for Si content higher than about 2 wt%. To find the physical mechanisms causing these effects observed in 
LIBS, the steel properties such as the Vickers hardness, the steel phase and the grain sizes were investigated.  

Moreover, in our ongoing LIBS measurements we investigate this matrix effect in steel in further detail by using 
a double-pulse (DP) LIBS system with 532 nm laser wavelength and a femtosecond (fs) LIBS system with 1040 nm 
wavelength.  
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Fig. 1. Intensities of 20 
Fe emission lines in 36 
steel samples of 
different Si  
concentration (0–4 wt%) 
measured by LIBS (a) 
and by LA-SD-OES (b). 
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High - resolution imaging of Li-ion electrodes by micro-LIBS 
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a) Corresponding author: jordan.fernandes@univ-lyon1.fr

The improvement of Li-ion batteries is a major challenge for the decarbonization of individual means of 
transport. Their behavior and performance mainly differs by the nature of their electrode materials, some of which are 
still in development. In order to fit with electrochemical models, the elemental distribution of lithium in electrodes 
needs to be measured at micrometric resolution. Nowadays, few techniques (e.g. MRI (Magnetic Resonance Imaging)) 
are able to characterize lithium. These techniques are generally time consuming and are difficult to apply in routine due 
to technical constraints. Furthermore, other approaches such as SEM (Scanning Electron Microscopy) or TEM 
(Transmission Electron Microscopy) combined to EDS (Energy Dispersive Spectroscopy) can image most of the elements 
with a high spatial resolution (~ µm) [1, 2] but cannot detect lithium with enough sensitivity due to its low atomic 
number. In this work we propose to apply the micro LIBS-based imaging approach for the characterization of the lithium 
distribution in various types of electrodes. Thanks to its high sensitivity for light elements and the possibility to focus 
the laser beam on very small surfaces, LIBS is very promising for this application [3-5]. However, there are several major 
obstacles to overcome. Firstly, the measurement resolution must be comparable to that of SEM – EDS (~ 1 µm). Achieving 
this resolution is indeed essential to observe properly lithium grains of a few micrometers in size. Secondly, given the 
small amount of material ablated per shot (~ pg), it is essential to work with a high sensitivity and optimized detection 
system. In this presentation, we will describe an original LIBS microscope using a high numerical aperture objective (×50 
magnification), a UV laser beam (266 nm) shaped to achieve an M² close to 1, and a detection system optimized for 
measurement in the visible range. With this instrument, the lithium distribution has been imaged with a resolution of 3 
µm (cf. figure 1), as well as other elements of interest, such as C, Co, Ni, Cu and Al. Charged and discharged NMC type 
electrodes with different lithiation states will be shown. To the best of our knowledge, this is the first time that such type 
of LIBS analysis is performed.

Figure 1 : Lithium image at 3 µm spatial resolution on a sample composed of a formed and discharged NMC type 
commercial battery. 
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An Experimental Study of Colliding (Ultrafast) Laser Plasma 

Plumes Using Time Resolved Imaging and Spectroscopy 
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We report preliminary results from single and colliding plasma plumes created using femtosecond (<100 fs) laser pulses. 
The experiments are designed to observe the evolution of lateral colliding plasmas, along with plasma plumes created 
on V-shaped targets. This work is intended to serve as a comparison with earlier nanosecond-pulsed colliding plasma 
experiments.[1-3] Preliminary results from these experiments will include temporally resolved and/or spectrally filtered 
images as well as spectra (e.g., figure 1, LHS). The objective is to track the evolution and elucidate the behaviour of 
colliding plasmas in a regime where differences in the nature of the ablation process and the subsequent 
features/characteristics of the individual or ‘seed’ ultrafast laser plasma plumes themselves, and stagnation layer formed 
at their collision front, can be examined.  

     

Fig. 1. (LHS) Time Integrated Spectrum – femtosecond laser produced plasma formed on a flat aluminium target 
showing the Al I doublet at 394.4nm and 396.15nm (This work). (RHS) Nanosecond laser produced colliding 
aluminium plasmas at a time delay 250ns from plasma ignition (10ns ICCD gate width). The image is spectrally 
filtered to isolate the Al I 394.4nm and 396.15nm transitions.[4] 

ACKNOWLEDGEMENTS 
This work is supported by the Sustainable Energy Authority of Ireland (SEAI) Grant No. 19/RDD/556. SD and LV are 
supported by Science Foundation Ireland (SFI) Grant No. 19 FFP/6956. 
References 
[1] P. T. Rumsby, J. W. M. Paul and M. M. Maso, Plasma Physics, Vol. 16, pp. 969-975 (1974) 
[2] J. Dardis and J. Costello, Spectrochimica Acta Part B, Vol. 65, pp. 627-635, (2010) 
[3] L. Varvarezos, S. J. Davitt, J. T. Costello and T. J. Kelly, Materials Vol. 13, pp. 5489, (2020) 
[4] S. Davitt, Colliding Plasmas in Air (PhD Thesis, Dublin City University (2018)). 

EMSLIBS2023 121

20232023

POSTERS



Long-short double pulse laser-induced breakdown spectroscopy 
for carbon detection in steel samples 
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Deep learning-based laser induced breakdown spectroscopy for 
inline process monitoring

a) Corresponding author: agsky1009@kimm.re.kr

 

Fig. 1. Confusion matrix of CNN model
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Scanning laser induced breakdown spectroscopy for depth 
resolved elemental analysis 

–

a) Corresponding author: r.yi@fz-juelich.de

s

Fig. 1. The profile of ablated W spmple after different scan times(from 50 to 300 times).
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Analyzing the Catalyst Particles in the Vertically-Aligned Carbon 
Nanotubes using Laser Induced Breakdown Spectroscopy 
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Vertically aligned carbon nanotubes (VACNTs) have been received much attention in last decades for many 
applications including polymer nanocomposites (PNCs) [1], nano-porous membranes [2], supercapacitor electrodes [3] 
etc. However, the use of VACNTs in demanding applications such as electronics, supercapacitor and/or sensors  is 
still limited within their low quality in batch production [4]. For many applications, fast detection of impurities and 
their content is the critical issue before the large-scale synthesis of VACNTs for applications. However, 
characterization methods such as the X-Ray diffraction method are unable to detect the catalyst particles due to the 
low amount of them in the composition (<5% wt.) 

In this study, laser induced breakdown spectroscopy was utilized to identify the catalyst particles in the VACNTs. 
LIBS measurements were performed using a high resolution Mechelle type spectrometer and a 4.4 ns pulsed Nd:YAG 
laser. The laser pulses were focused on the target with a 200 mm lens. The photons emitted from the VACNTs 
materials were transferred to the spectrometer with a 150 mm focal parabolic mirror and a 200 micrometer diameter 
optical fiber. Line spectra of carbon, iron and Si substrate in VACNT between 200 and 900 nm wavelength were 
recorded and analyzed.  
 

 
Fig. 1. LIBS spectrum of synthesized VACNT onto 
pure Fe catalyst particles. 
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Femtosecond filament-induced breakdown spectroscopy for 
quantitative analysis of remote targets

School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai, China

a) Corresponding author: sc11297@ sjtu.edu.cn

Fig. 1. (a) Imprint of a focused femtosecond pulse on an aluminum sample at a distance of 13 m from the laser, 
together with filaments formed inside; (b) Typical filament-induced breakdown spectrum with indications of 
lines from some major and minor elements; (c) Univariate regression model for Cu. 
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Comparison of analytical methods for determination of scaling 
ions in oilfield produced water

a) Corresponding author: ivo@unicamp.br

. 
In the present work, two different methods for the determination of scaling ions in produced water by LIBS were 
compared. The determination of Mg(II), Ca(II), Sr(II) and Ba(II) ions was performed using filter paper for phase conversion, 
while underwater measurements allowed the determination of Ca(II) and Sr(II) ions. A Q-switched Nd:YAG laser (Brilliant 
Quantel B, 1064 nm, 20 Hz) was employed for the method using phase conversion (Figure 1a). Liquid samples were 
deposited on a quantitative filter paper (Whatman 40) and dried in an oven before LIBS analysis. A Quantel Brio laser 
source, 1064 nm, 10 Hz was employed for underwater measurements, whose laser beam was expanded by a concave 
and a convex lens, reflected by a lens combination and focused into a cuvette filled with sample (Figure 1b). It was only 
possible to detect Ca(II) and Sr(II) ions with this setup. With optimized conditions and data normalization in the phase 
conversion method, it was possible to obtain LOD from 1.0 to 11.4 mg L-1, with a linear range from 20 to 80 mg L-1 for 
Mg(II), Ca(II), Sr(II) and Ba(II). For underwater measurements, limits of detection of 0.58 mg L-1 for Ca(II) and 0.85 mg L-

1 for Sr(II) were obtained. Both methods were applied to oilfield produced water samples and the spectral examples for 
each method is shown in Figure 1 (c, d). The scaling ions determination by both methods provided results that do not 
significantly differ from those obtained by ICP OES at a confidence level of 95%. It was demonstrated that the two 
methods can be used as an analytical tool to help prevent scale in the oil industry.

Fig. 1. (a) LIBS system for measurements with filter paper, (b) LIBS system for underwater measurements, (c) LIBS 
spectrum with phase conversion method and (d) LIBS spectrum with underwater measurement method.

This work is a contribution of INCTAA (grants CNPq #465768/2014-8 and FAPESP #2014/50951-4) and CNPq (grants 
#140847/2020-0). 
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Laser induced breakdown spectroscopy of underwater 
manganese targets in presence of electrolysis

a) Corresponding author: n.arpita@nitm.ac.in

Fig. 1. LIBS spectra of manganese target in water at applied voltage of 0 V (blue line) and 30 V (red line) from (a) 
370-530 nm, and (b) 550-800 nm wavelength 

REFERENCES

EMSLIBS2023 129

20232023

POSTERS



Diagnosis of melanoma using blood based on laser-induced 
breakdown spectroscopy with machine learning methods 
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There are two challenges in the diagnosis of melanoma. The first is to identify melanoma from healthy control, and 
the second is to confirm the melanoma stage [1]. Herein, a diagnostic approach of melanoma using blood was 
proposed based on laser-induced breakdown spectroscopy (LIBS) with machine learning methods. The blood 
samples were collected from 12 mice with injected melanoma during 0-4 weeks. For each stage, differences in the 
principal components of all mice's spectra were analyzed by principal component analysis (PCA) and T-distributed 
stochastic neighbor embedding (t-SNE). The results indicated that no spectra of anyone mouse was considerably 
different from those of other mice. The training and test sets were divided according to each mouse in a ratio of 3:1. 
For identification and staging of melanoma, considerably different divisions of training and test sets (DTTs) were 
excluded by the Wilcoxon test [2]. From the rest DTTs, 1 DTT was randomly selected to analyze the identification 
effect specifically, and 10 DTTs were randomly selected to verify the identification effect. In melanoma 
identification, combining with moving average smoothing method (MA), BP neural network based on Adaboost 
(BPNN-Adaboost) performed best among BPNN、K-Nearest Neighbor (kNN), support vector machines (SVM) 
and their ensemble learning based on Adaboost, with an accuracy of 91.14% for the random DTT and the accuracies 
of 87.38%~95.08% for the 10 random DTTs. In staging identification of early and late sick mice, the accuracies of 
BPNN-Adaboost model were 88.36%~96.80%. Moreover, the mean element importance was evaluated by random 
forest using above 10 DTTs. Elements Fe and Ca were important for melanoma identification, and elements Fe was 
important for stage identification. These results demonstrated that LIBS detection of blood samples with the 
machine learning methods could accurately diagnose and staging melanoma. 

 
Fig. 1. Data analysis process.  
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Effect of pulse properties of a Q-switched fiber laser source on 
the laser induced breakdown plasma
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Combined Plasma Stationary Model and Stochastic Optimisation 
for Calibration Free analysis of Cosmic and Ocean Samples

a) Corresponding author: ikrylov@laser.chem.msu.ru

Fig. 1. Left: logarithm of the loss as a function of plasma temperature and electron density 
only, with green dashed lines showing the optimum. Right: experimental spectrum of a C9 
steel sample compared against the best fit model spectrum.
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Calibrating a handheld LIBS SciAps Z300 to analyze spodumene 
and petalite for Li-exploration in the Barroso-Alvão aplite-
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The Barroso-Alvão aplite-pegmatite field is a very promising Li-deposit with thousands of aplite-pegmatites that 

can contain high-concentration of Li-minerals: spodumene and petalite. However, they are not easy to distinguish from 
the Li-barren and even the spodumene-rich from the petalite-rich aplite-pegmatites. Thus, a set of calibrations for a 
handheld LIBS SciAps Z300 has been developed to identify and analyze these two minerals [1], becoming a great tool in 
helping to identify the Li-bearing aplite-pegmatites and their type of Li-mineralization. Since spodumene has more Li 
than petalite and currently petalite is not being mined to produce Li-metal, the handheld LIBS can be used to aid the 
first stages of Li-exploration by directly analyzing the minerals in the outcrops, or even in drilling cores. Nineteen 
spodumene crystals and fifteen petalite crystals have been collected from 22 aplite-pegmatites and divided into three 
parts (four when the crystal was larger than 2 x 1 cm) to produce these calibrations. The first part went to a certified 
laboratory and was analyzed by ICP-MS; the second one was made into pellets to be analyzed by the handheld LIBS; the 
third part was kept in crystal to compare it to the pellets analysis; and finally, when the size of crystal allowed, a fourth 
part was used to produced thin-sections aiming to control the crystal purity and possible paragenesis.  

Calibrations lines for Li, Al, Si, Be, Na, P, K, Mn, Fe, Ga, As, Rb, Sr, Nb and Sn were created by plotting the ICP-MS 
concentrations against the intensity ratios of spodumene and petalite. 

 
Fig. 1. Handheld LIBS SciAps Z300 used to produce the set of calibrations to analyze 

spodumene and petalite from the Barroso-Alvão field. 
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Abstract: 

In the past decade, Laser-Induced Breakdown Spectroscopy (LIBS) has gained popularity as a chemical analysis 
technique, but its ability to accurately quantify chemical properties still poses a challenge. This study examines the 
potential to improve LIBS performance by varying plasma conditions and ablated volume using sampling at distinct 
pulse energies to increase observation data. A quantification pipeline is then implemented using Partial Least 
Squares Regression, with a two-stage train and leave-one-out cross-validation approach. The methodology is tested 
on two datasets aimed at quantifying lithium concentration, one with synthetic samples and another with real-world 
drill samples from a mining context. The results demonstrate that using multiple pulse energies significantly 
enhances the accuracy of LIBS quantification, as shown by the reduced mean absolute error and matrix effect. These 
findings pave the way for more robust calibration procedures for LIBS, potentially leading to reliable in-situ analysis 
of geological samples and several industrial applications. 

Keywords: LIBS, laser energy, multivariate analysis 
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Testing a screening methodology to identify Critical Raw 
Materials with Laser-Induced Breakdown Spectroscopy
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Study of matrix effect in aerosol LIBS measurements:  
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Laser-Induced Breakdown Spectroscopy (LIBS) has been widely studied as an analytical tool for elemental 

qualitative and quantitative concentration measurements in different applications [1, 2]. However, concerning LIBS 
analysis in aerosol, matrix effects due to the carrier gas employed and the concomitant mass present in the probe 
volume must be considered to correctly interpret LIBS signals.  

In this work, LIBS measurements were carried out by adding different percentages of Ar and He in air atmosphere 
inside the LIBS measurement chamber. In particular, an enhancement of the signal-to-noise (S/N) ratio of the 324.7 nm 
Cu I emission line is obtained with Ar and He in air instead of air as carrier gas. In these conditions, plasma showed a 
longer lifetime, resulting in improved S/N measurements in the 50-75 µs delay range. 

Moreover, the addition of other elements (matrix elements- Na, Mg, and Cr) in the probe volume was investigated. 
To this purpose, the effect on Cu emission line was analysed by varying their relative concentration of matrix elements 
with respect to copper concentration. The results show an increase in Cu emission line intensity by increasing the 
relative concentration, as shown in Fig. 1. 

Finally, the combined effect of the carrier gas and the concomitant mass addition of the matrix elements were 
studied, varying the delay time from 20 µs to 60 µs. The results show a general signal enhancement for the highest 
amount of matrix element mass concentration and a longer plasma lifetime in an Ar and He rich environment. 

The results are discussed to provide insight into the physical processes occurring in the laser-induced plasma in 
the presence of ambient gases and matrix elements, thereby affecting the LIBS signal. 

 
Fig. 1. Cu I 324.7 nm emission line enhancement 
respect to pure Cu S/N due to 1:1, 3:1 and 5:1 Cr 
to Cu ratio  
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The growing demand for raw materials is pushing mining companies to consider less accessible deposits and 
more complex mineralized structures. Thus, increasing the need of rapid and accurate geochemical data. Using 
portable spectroscopic tools, geologists have now the ability to generate reliable elemental, quantitative, and 
mineralogical information directly on the field with minimal sample preparation to support time and cost-
effective decision-making during exploration or drilling campaigns. In this context, the use of portable laser-
induced breakdown spectroscopy techniques (pLIBS) to develop innovative geochemical approaches for mineral 
prospection seems more promising than ever [1]. A single spectrum acquired within seconds using a handheld 
LIBS device can contain up to 23,000 values providing qualitative information on the elemental composition of a 
sample as well as the ability to assess the concentrations of these elements by building quantitative models [2]. 
Yet, applying machine learning methods to the massive amount of spectral data acquired on rock samples can 
open new perspectives such as performing automatic mineralogical recognition from elemental analyses [3]. To 
do so, unsupervised learning methods K-means clustering (K-means) and self-organizing maps (SOM) as well as 
supervised machine learning methods, artificial neural network (ANN), and K-nearest neighbors (K-NN) were 
applied on handheld LIBS data. The purpose of this study was to be able to assign the spectral signal obtained at 
each analytical spot to a specific mineral phase based on the distinct spectral signature of separate minerals. 
Reference spectra of pure mineral samples were collected as reference data for supervised machine learning 
techniques, KNN, and ANN. Both whole spectra and targeted spectral regions were tested as input data to assess 
the best performance while optimizing computational time. Known mineral samples were used to test and 
validate classification and clustering results. Rock samples from the Beauvoir granite, a highly differentiated 
peraluminous granite characterized by extreme lithium concentration (> 6000 ppm) and significant Nb, Ta, Sn, 
Be, Cs, and Rb contents were investigated to determine minerals proportion, in particular lepidolite, the main Li-
bearing mineral. 
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Plastic waste requires fast and accurate sorting methods to lessen the devastating effects on the environment. 
Laser induced breakdown spectroscopy (LIBS) combined with machine learning (ML) is capable of identifying and 
classifying different types of plastics rapidly [1-3]. However, the sample size corresponding to each plastic considered 
in previous works was limited. Most of the previously reported studies employed the same datasets for both training 
and testing their ML models; this is not the case in real-time, where we must deal with post-consumer plastics of 
uncertain types. 

In this study, we considered six classes of regularly used plastics (PET: Polyethylene terephthalate, HDPE: High-
density polyethylene, PVC: Polyvinyl chloride, LDPE: Low-density polyethylene, PP: Polypropylene, and PS: Polystyrene) 
and from each class, five different used plastics were collected (a total of 30 samples). An inexpensive, small, and 
portable Czerny Turner CCD spectrometer was used with a picosecond Nd: YVO4 laser to conduct the LIBS experiment. 
A total of 200 spectra from each sample were recorded. The identification process made use of two potent deep 
learning techniques, namely artificial neural networks (ANN) and convolutional neural networks (CNN). LIBS spectra of 
four samples per category were utilized for training the networks, while the fifth was used for testing and was kept 
hidden from the trained model to simulate the real-time situation better. Similar methodologies were employed for all 
the samples iteratively. Using Grid Search Cross Validation (GSCV), we repeatedly tuned the hyperparameters that 
govern the loss function of ANN and CNN. The findings show that ANN and CNN can be effectively used to identify 
previously unrecognized pieces of post-consumer plastic. 
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Characterization of laser produced plasmas re-excited with high 
voltage discharges on heated soil samples 
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Predictive model for cadmium concentration in cocoa beans 
using laser-induced breakdown spectroscopy.

a) Corresponding author: rcabanzo@uis.edu.co

Fig. 1. Correlation of measured values versus values predicted by the 
PLSR-1 model. Dashed lines: 95% confidence band. Samples with 
measured concentrations close to 0.1 mg kg-1 are presented in the box.
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Production Water Analysis by Combining Electro Spray on Paper 
(EPS) and Laser-Induced Breakdown Spectroscopy (LIBS) 

techniques.

a) Corresponding author: rcabanzo@uis.edu.co
 

Fig. 1. Na calibration curve (Error bars: standard 
deviation).  

Table 1. Determination of Na+ concentration of different samples
Sample Theoretical (ppm) Experimental (ppm) %Error 

Production water 6377 6408,05 0,49 

24-hour urine  920-5060 4024,19 ------- 

Blood serum 3229,2 3158,45 2,19 

Solution prepared in the laboratory 27480 28102,23 2,26 
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m = 0.54671 
b = 2939.8±71.14 
r2 = 0.99669 
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Multi-Elemental Analysis of the Solid-Electrolyte Interphase in 
Lithium-Ion Batteries using LIBS: Insights into F, Li, H, C, O, and P 

Distributions
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Figure 1. Photograph and LIBS images of F 685 nm accumulation in the SEI of a battery cycled with LP57 electrolyte 
detected with a CMOS and ICCD detector. White border in photograph shows decomposition product accumulation 
in the SEI. Laser spot size: 150 μm. 
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LIBS imaging of selenium ores
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However, to our knowledge, the application of LIBS for the detection of selenium in geological materials was 
not yet done.  

Image of selenium distribution in berzelianite
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New occurrence of kruťaite and petříčekite at the former uranium mine 
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LIBS in Precision Agriculture: 
Approaching on-site soil analysis

a) Corresponding author: aerler@uni-potsdam.de
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Characterization by laser-induced breakdown spectroscopy of 
new functionally graded materials obtained by additive 

manufacturing

a) Corresponding author: paz.mateo@udc.es

and the laser process parameters (energy, speed…) must 

Fig. 1. Section of a vertical FGM where the craters after LIBS analysis 
are visible (left). LIBS compositional map of %A316L in the analyzed 
area (right). 
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LIBS Analysis of Volatile Elements in Molten Metal 

a) Corresponding author: kristbjorg@dte.ai

DTE’s 

Fig. 1. Effect of Ca on the vapor phase 
contribution to the LIBS signal of Mg.
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Machine Learning Prediction of Stark Broadening Parameters 
for Accurate Plasma Modeling
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Process analysis in industrial lithium enrichment by LIBS

a) Corresponding author: mzuehlke@uni-potsdam.de

Partial-
Least-Squares, LASSO: 

Fig. 1. Flow chart of Lithium extraction from brines and hard rocks 
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ANN based features conversion of dimensionally reduced LIBS 
data for calibration on synthetic spectra

P. Gąsior , A. Kwaśnik

a) Corresponding author: pawel.gasior@ifpilm.pl

Positive verification of the system’s performance strongly facilitates the calibration of LIBS method by opening 

Fig. 1. General scheme of the ML-based 
calibration on synthetic data. 
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kHz micro-LIBS imaging: a new way to see the future of LIBS

 

a) adrian.tercier@univ-lyon1.fr, a.tercier@ablatom.com

Standard LIBS imaging systems provide adequate measuring times at frequencies < 100 Hz for most 
applications. In the case of measuring large areas of several cm² equivalent to several millions of spectra with a high 
spatial resolution in the range of 10 µm, standard 100 Hz LIBS-based imaging systems have a measurement time of 3 
hours per cm² and a faster system could become advantageous [1,2]. In contrast to traditional approaches, the use of a 
kHz laser for LIBS-based imaging instrument allows to produce elemental images with high resolution over large areas 
in a reduced time of around 17 min per cm² with a 10 µm measurement step. 

In this work, we present a new kHz micro-LIBS imaging instrument based on the use of a compact passive Q-
switch laser from Cobolt AB and a high throughput detection system (kymera 328i coupled to a sCMOS camera from 
Andor technology). The concept of this original instrumentation will be detailed as well as the analysis workflow to 
reconstruct compositional images from the recorded LIBS spectra. We will introduce figures-of-merit presented together 
with the chemical and mineralogical characterization of mine ore samples. As a result, an area of 20 cm2, inspected with 
a resolution of 15 µm, proves the system's capability to carry out a large-area high-quality compositional image (with an 
image definition close to 4K; i.e. ~ 8.3 millions of pixels, producing around 80 GB of data). Such type of images can be 
obtained in less than three hours (c.f. figure 1), opening the way to numerous applications in various domains. A 
performance comparison between a more conventional 100 Hz instrumentation will finally be proposed, as well as some 
perspectives, concerning in particular the processing of such huge dataset.

Fig. 1. Elemental map of Si, Cu, Mg, Pb, Fe and Ca on a mine core sample. 4000x2200 with 15 µm measurement 
step representing 19.8 cm², analyzed in around 2h30min.

This work is conducted with the financial support of the Agence Nationale de la Recherche under the “France Relance” 
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Characterization of molybdenite and other hosted species in 
drill-cores by laser-induced breakdown spectroscopy (LIBS).

a) Corresponding author: jonalvarez@udec.cl

0.55 μs and the integration time 

Fig. 1. Molybdenite distribution maps achieved by LIBS and chemometrics 
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Synthesis of Gold Nanoparticles by Ring-Oven Technique for 
NELIBS Applications

a) Corresponding author: a203754@dac.unicamp.br

 
                   b.                     c.                                   d. 

 

Fig. 1. a) Filter paper disc with AuNP ring; b) Scheme of ablation on a filter paper placed on a rotating platform; c) 
Calibration curves for Cu(II) ions. d) MEV of AuNPs on filter paper. 
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Design of compact low-cost Standoff Laser Induced Breakdown 
Spectroscopy Instrument 
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Corresponding author: manoj@uohyd.ac.in 

The real time identification of samples in environment where the human intervene is hazardous 
have urged the need for a rapid but also an accurate investigation technique. The feasibility of 
Laser-Induced Breakdown Spectroscopy (LIBS) have been explored based on the application 
of interest, such as process control[1], planetary exploration[2], and explosives detection[3], 
environmental monitoring etc. LIBS in standoff mode has been explored a lot however, most 
of the work is limited to laboratory. There are very few instances of realtime Standoff-LIBS 
(STLIBS) instruments, however these are expensive.  
 
We report the development of low-cost STLIBS instrument for the identification of samples 
up to 6.5 m. A picosecond Nd: YVO4 laser was focused onto the samples at a standoff distance 
using a combination of concave and convex lenses. A low-cost custom made telescope was 
used for the collection of light. The focusing light from telescope is guided into a low-cost, 
compact and portable Czerny Turner CCD spectrometer using a 600µm fiber. 
 
A total of 100 spectra with 100ms integration time were acquired on plastics. The 1/R2 relation 
of max signal as a function of distance was evident from the results. The spectral data at 2m 
was used to create a model using Artificial Neural Networks (ANN) and the data from other 
distances is tested on the model. The prediction rates are very promising and further motivates 
us to implement ANN model for any distance. 
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µLIBS imaging of archaeological material from Gallo-Roman 
Lugdunum

L. Neoričić
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Fig. 1. Green porphyry from Greece. Optical image (a); µLIBS images of aluminium and silicon (b), 
and calcium and magnesium distributions (c).
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Determination of the self-absorption coefficients of a Zn-based 
alloy using laser induced breakdown spectroscopy (LIBS) 
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LIBS and light-scattering imaging of automotive brake-wear 
particle emissions   
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Brake emissions (and other non-exhaust emissions) are a major source of traffic-related emission [1]. Tighter 
regulations in the coming years (EU7) that for the first time limit non-exhaust emissions increase the pressure on OEMs 
and suppliers understand the processes that cause emissions so that they can be reduced. Brake emissions are usually 
measured through a sampling method connected to particle metrology systems to determine the size distribution and 
concentration or filters to weight the mass or perform elemental analysis in the lab [2]. As the sampling position is 2-3 
meters away from the brake, spatio-temporal information on the origin and transport of the particles is lost. Optical 
metrology allows a in-situ, non-intrusive measurements near the brake, promising a deeper understanding on the 
underlying particle creation, shedding, mixing and transport mechanisms.  

In this study, a combination of particle light-scattering visualization, laser-induced breakdown spectroscopy (LIBS), 
and plasma visualization is developed for in-situ brake emissions analysis. The LIBS plasma is created by laser pulses at 
1064 nm and the light sheet for particle visualization is at 532 nm. Two different brake pads are investigated in a 
dynamometer with the brake disk rotating at constant velocity while pressure is applied to the brake. A first qualitative 
analysis of the LIBS signal intensities show clear differences in relative mass concentration between different sampling 
points, which is consistent with the light-scattering images of the particles. A quantitative analysis of the LIBS signal 
yields the elemental composition. Furthermore, together with the imaging of the plasma the influence of the fluctuation 
of plasma position on the recorded signal can be determined.  

 

 
Fig. 1. a) Optical arrangement for LIBS on brake emissions, including particle 
light scattering visualization and plasma imaging. b) Image from particle light 
scattering visualization. c) Spectrum of bulk sample of used ECE brake pad. 
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Determination of chlorine migration in polymers using LIBS  
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Implementation of atomic and molecular laser induced 
fluorescence for spatially resolved plasma diagnostics
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Investigation of Fuel Retention on Plasma-Facing 
Components using Resonant Laser-Induced Breakdown 
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Fuel retention and impunity deposition analysis is very important for the long operation of fusion devices. 

Laser-Induced Breakdown Spectroscopy (LIBS) has gained prominence for its flexibility and capability to 
conduct on-site quantification and depth profiling for such applications. The depth profiling technique helps to 
study the depth of the fuel retention in the first wall and reveals interfaces between various materials within a 
layered sample at differing depths [1]. The study involves utilizing laser pulses to vaporize sample materials and 
subsequently detecting the resultant plasma. The precision of depth analysis hinges on factors such as depth 
resolution and ablation rate. However, the conventional ns-LIBS setup has higher ablation rate, and heat affected 
zone. The non-uniform distribution of laser energy in the radial direction can hinder depth profile accuracy [1]. 
Addressing these challenges, Resonance-Laser Induced Breakdown Spectroscopy (RLIBS) is introduced to 
enhance depth resolution and lower the ablation rate. 

An integrated system of Resonant Laser Ablation (RLA) with Optical Emission Spectroscopy (OES) 
employs a single tunable laser for material vaporization. To investigate depth profiles of W-based samples 
pertinent to fusion and plasma-facing components (PFCs) in fusion reactors, Calibration-Free Laser Induced 
Breakdown Spectroscopy (CF-LIBS) is incorporated [2]. The vaporization process employs a tunable nanosecond 
OPO (EKSPLA NT342C) laser, with wavelengths aligned to W excitation levels at 291.1 nm (resonance 
conditions) and 253 nm (non-resonance conditions). OES signals are captured from 150 consecutive laser shots, 
utilizing a UV-NIR Echelle spectrometer (ME5000, 200-975) with an iCCD camera. Optimal plasma conditions 
are achieved through gate delay and collecting window adjustment. 

RLIBS features a streamlined experimental setup, utilizing a single laser beam for both ablation and 
simultaneous plasma excitation unlike other excitation schemes such as RELIBS and LIBS-LIF making the 
experimental setup significantly modest for online application. Despite yielding a slower ablation rate, resonant 
conditions offer superior depth resolution compared to non-resonant conditions. Recorded spectra undergo 
analysis as normalisation using a sensitivity curve, with peak assignments referencing different atomic databases. 
The study involves a comparison of signal enhancement between resonant and non-resonant conditions, along 
with ablation rate determination through a 3D laser scanning confocal microscope equipped with a red laser. 

This investigation underscores the potential of RLIBS for advancing depth profiling in fusion device 
materials, contributing insights into fuel retention mechanisms and refining techniques for plasma-material 
interactions. 
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Zirconium diboride (ZrB2) is a compound which exhibits extreme physical and chemical properties like high melting point 
around 3000oC, hardness more than 30 GPa and elastic modulus at around 440 -460 GPa whose usage can extend from 
walls of high temperature facilities for thermal protection to structures of space vehicles [1].  These properties are 
significantly affected by the concentration of Boron in the compound [2]. Laser Induced Breakdown Spectroscopy (LIBS) 
is a well-developed technique for onsite analysis of stoichiometry of the compound. In LIBS the plasma is formed on the 
surface which enables to measure solid, liquid and gaseous samples with little to no preparation. But conventional LIBS 
carried out in UV-near infrared (NIR) is not successful in efficiently detecting lighter elements like Boron (B) [2] whose 
atomic emission lines are in the vacuum ultraviolet (VUV) region. Hence the experiment has to be conducted in a vacuum 
environment or within inert gas environment to detect the atomic lines of Boron. To study the thermal tolerance of ZrB2 
compound the series of pulses from a laser is shot to ablate the material. The ablation crater profile at each shot is 
analyzed to understand the amount of material lost in terms of volume [3]. The depth profile elemental analysis is done 
by CF approach from spectra recorded by echelle (Michelle ME5000, Andor Technology) and VUV spectrometer 
(McPherson) using the NIST [4] and Kurucz atomic spectral line database [5]. The elemental composition results from 
LIBS are compared to the X-ray energy-dispersive and wavelength-dispersive spectroscopic analyses. Other compounds 
with other stoichiometry of the same elements like ZrB, Zr3B4 and ZrB12 can be tested to compare against thermal 
tolerance of ZrB2. 
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Laser-Induced Breakdown Spectroscopy (LIBS) is a versatile optical emission technique for elemental analysis that 
finds plethora of applications [1], and Raman is a laser spectroscopic technique to determine intricate bonding in 
molecular structure. The spectrometers commonly used in LIBS and Raman applications are dispersive spectrometers 
that have etendue/throughput limitations that limit their sensitivity. To overcome these limitations, the Spatial 
Heterodyne Spectrometer (SHS) was developed, an interferometry-based spectrometer designed for higher 
throughput, higher resolution, and no moving parts [2]. The SHS, in its simplest arrangement, is similar to the Michelson 
interferometer, in which the mirrors are replaced by diffraction gratings set in the Littrow configuration[2].

SHS experiments were carried out at BAM, Berlin. 
The laser used was a DPSS 532 nm CW laser. A dichroic 
mirror and several filters, such as a bandpass filter and a 
3.0 neutral density filter, were used to adjust the desired 
bandwidth in the visible spectral range. To form the 
interferogram recorded by the Retiga-R1 camera, a 1-
inch beam splitter and 300 lines/mm gratings were used. 
A hybrid experimental setup was constructed to record 
LIBS and Raman spectra with identical SHS Littrow 
configurations. The LIBS experiment used additional 
focusing lenses, optical fibers, and motorized translation 
stages, while the Raman experiment used a 5x 
microscopic objective. 

To verify the SHS spectra, the incoming radiation 
was additionally analyzed using an Ocean Optics 
spectrometer (resolving power R ~ 2000). In the case of a 
brass sample, the SHS spectra were compared with the 
spectrum obtained on an LTB Echelle spectrometer (R ≈ 
9000). The resolving power of the developed SHS 
spectrometer was about 8900 at a Littrow wavelength of 
561 nm and covered the wavelength range of 51 nm. 
Among the studied samples were brass, silicon wafer, 
sulfur, white marble, and others. For a brass sample, the 
resolving power of the SHS was comparable to that of the 
Echelle spectrometer, i.e., R ≈ 9000 (Fig. 1). Increasing 
the camera exposure time increased background noise 

for the silicon wafer but was minimal for the sulfur 
sample. For white marble, similar Raman spectra were 
obtained with and without a microscopic objective with 
an increase in laser power of only 10%. Detailed 
information about the apparatus, the studied samples, 
and the results will be detailed in the presentation at the 
conference. 

 
Fig. 1. Cu I LIBS emission lines from Brass sample 
from handheld Ocean optics spectrometer, SHS, 
and echelle spectrometer. 
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Detection and estimation of a Microplastic particle size by laser-
based spectroscopy techniques
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Laser-induced breakdown spectroscopy readout of magnetic 
microbeads-based immunoassay
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Fig. 1. Indirect detection of HSA labeled with yttrium-based UCNPs (6.5 µg/mL) on 
MBs (5 µg/well) by LIBS.
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Cannabis sativa L.
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In this study, industrial hemp Cannabis sativa L. was grown in cadmium contaminated water and soil. Toxicity of 
cadmium was assessed on the basis of macroscopic toxicological endpoints. LIBS was used to demonstrate the spatial 
distribution of cadmium in plants. Inductively-coupled plasma optical emission spectroscopy (ICP-OES) was used to 
determine exact concentrations of Cd in all plant parts (root, stem, leaves). Cadmium was mostly accumulated in roots 
of the plants and showed high bioaccumulation properties. 

Fig. 1. LIBS 2D elemental map of Cd in the 1-week-old plant Cannabis sativa L. Concentration of Cd in the soil was 
10 mg/kg. 
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Advanced correlative imaging of malignant melanomas using 
LIBS, LA-ICP-MS and immunohistochemistry 
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New methods are constantly being sought to assist histologists in diagnosing and analysing tumors. Now, standard 

excision, the surgical removal of cancerous tissue, including a safety margin of healthy skin, followed by microscopic 
examination of the specimen, is most used for diagnosis. The problem is the correct estimation of the safety margin 
during tumor removal. Often incorrect tumor removal of insufficient safety margin leads to the need to repeat the 
surgery, which can be dangerous, especially for the elderly [1]. Despite that histological examination is the leading 
diagnostic tool for skin cancer, there is an effort to discover a novel method suitable for preliminary screening. 

Since cancerous tissue changed the shape of the cells and their chemical composition, bioimaging techniques such 
as LIBS and LA-ICP-MS can be used to image the elemental composition of the tissue, which shows differences in 
composition of biotic (e.g., C, P, Ca, Mg) and trace (e.g., Zn, Cu) elements between healthy and cancerous tissue [2].  

Analysis was performed using LIBS and LA-ICP-MS, and spatial distributions of selected elements were constructed. 
Immunohistochemical studies were chosen to complete the biological information and further confirm the tumor area. 
The antibody used was Melan A, which labels melanocytes and is used to diagnose malignant melanoma. The aim of 
this study is to show the potential of correlation of data obtained from all already mentioned methods. The next aim is 
to demonstrate on many malignant melanoma samples that the magnesium, which we can measure in a short time with 
and with a sufficient spatial resolution by LIBS, could serve as a biomarker for diagnosing skin cancer in the future.  

 
Fig. 1. Correlative imaging of tumors using different techniques.  
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Spectroscopic techniques are necessary for in situ plastic-type identification and characterization [1]. Laser Induced 
Breakdown Spectroscopy (LIBS) is a fast technique for multi-elemental analysis method. Fourier Transform Infrared 
Spectroscopy (FTIR) is suggested for molecular identification often as a spectroscopic technique. The study aimed to 
evaluate the performance of both techniques, LIBS and FTIR methods on spent coffee ground filled polypropylene 
(SCG/PP) as a green composite. Green composites were prepared with polypropylene matrix and spent coffee ground 
(SCG) powder collected from cafeteria waste. After the sample plates were molded, analysis on SCG/PP was carried out 
with LIBS and FTIR. For LIBS measurements, diode pumped Nd: YAG with 100 mJ energy, 4.4 ns pulse length, 10 Hz 
repetition frequency and a Czerny Turner type spectrometer with 0.1 nm resolution were used. The photons emitted 
from the plasma were collimated by a parabolic mirror with a focal length of 4 inches and transferred to the slit of the 
spectrometer with optical fiber. Elements and molecule structures in SCG/PP green composite were identified from the 
LIBS spectrum. FTIR was used for the identification of functional groups in the SCG/PP green composite. The casework 
results demonstrated that both LIBS and FTIR show great potential for the chemical characterization of green 
composites. Fig.1. illustrates the ST LIBS system setup for SCG/PP green composite analysis.  
 

 
Fig.1. ST LIBS system setup for SCG/PP green composite analysis 
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Python library for the retrieval of valuable information from  
LIBS spectra 
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Having lacked a universal tool for the retrieval of element-specific information from the LIBS spectra, we 
developed a Python-based library. Being fully integrable in the classical data processing pipelines and centered around 
the idea of elemental fingerprints (Fig. 1), the library provides a user-friendly interface for the exploration, processing, 
and interpretation of the LIBS spectra. We hope that this tool might assist the students and computer science/machine-
learning experts entering the field and further enhance the productivity of experienced LIBS practitioners.  

The poster outlines the main library features, possible application scenarios, and ideas for its further tuning. 
Keeping up with the spirit of an open-source project, the attendees are encouraged to stop by, exchange, and share 
their experiences with the processing of LIBS data, as this interaction is expected to stimulate the future library 
developments. 

 

 
Fig 1. Elemental fingerprints of Si, Sr, and Ba in the NIST 1411 sample  
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Carbon, as an important element for Mars explorations, directly impacts the search for extraterrestrial life and 
the investigation of the habitability. The uses of orbiters, landers and rovers have allowed the identification of various 
chemical forms of carbon on Mars [1,2]. Carbon emission lines have also been detected using laser-induced 
breakdown spectroscopy (LIBS) available in Mars rovers (Fig. 1a; the example of in-situ spectrum obtained by the 
Zhurong rover [3]). Nevertheless, quantitative determination of carbon using LIBS is yet precluded, due to the CO2 
atmosphere contributing to carbon emission lines as evidenced by numerous studies. In addition, determining an 
element constituent of a material, under an ambient gas containing the same element, represents an intrinsic 
challenge of LIBS that currently limits its applications.  

In our laboratory therefore, LIBS experiments were conducted under the simulated Martian atmosphere, with 
samples resulted from a mixture between synthetic Martian soils and carbonates or organic materials. Univariate 
regressions using the C I 247.9 nm line exhibit unsatisfactory performances for inorganic carbons (Fig. 1b), although it 
shows a better performance for samples containing organic carbons. The difference may attribute to a lower plasma 
temperature due to a reduced laser absorption by organic materials, leading to a weaker excitation of the CO2 
atmosphere. Faced to such impasse, multivariate models based on back-propagation neural networks (BPNN) were 
firstly developed for sets of samples containing organic and inorganic carbons, respectively, and then for the 
ensemble of the two sample sets (Fig. 1c). Besides an impressive improvement of the correlation of the both training 
and test data to the model, the root mean square errors of prediction (RMSEPs) of 0.133 wt%, 0.036 wt%, and 0.062 
wt% respectively for the three cases of inorganic C, organic C and the mixture of the both, are much improved 
compared to the reported studies in the similar contest of the Mars exploration application with LIBS [4]. 

The mechanism of improvement with a machine learning model is further investigated, by analysing the features 
selected for model training and their connection weights between the input layer and the hidden layer within a 
3-layer neural network. The observations reveal that the implications of the two types of features with positive and 
negative correlations with the carbon concentrations in the samples. More specifically for inorganic carbon, the 
negatively correlated features from the Mars soil predominate, while for organic carbon, the feature contributions 
from the both the soil matrix and the carbon-bearing compounds with positive correlation are quite balanced. Finally 
for the joint set of inorganic and organic carbon samples, a majority of features are contributed by positively 
correlated lines from the carbon-bearing compounds, including carbon-related C I and CN lines. The implications of 
these observations in the performance of the machine learning models will be discussed in detail in our presentation. 

 
Fig. 1. (a) An in-situ spectrum of a scientific target on Mars; (b) laboratory univariate models for inorganic carbons using 
the 247.8 C I line; (c) machine learning multivariate model for the ensemble of both inorganic and organic samples. 

REFERENCES 
[1] C. Freissinet, D. P. Glavin, et al., Journal of Geophysical Research: Planets, 120, pp. 495-514 (2015). 
[2] J. J. Wray, S. L. Murchie, et al., Journal of Geophysical Research: Planets, 121, pp. 652-677(2016). 
[3] Y.-Y. S. Zhao, J. Yu, et al., National Science Review, nwad056 (2023). 
[4] T. Dequaire, P. Y. Meslin, et al., Spectrochimica Acta Part B: Atomic Spectroscopy, 131, pp. 8-17 (2017). 

EMSLIBS2023 170

20232023

POSTERS



Multidimensional Regularization: Quick Fix for Abel Inversion of 
Noisy Data 

a) Corresponding author: arylov@laser.chem.msu.ru

Fig. 1. The difference between onion peeling algorithm (left) and the same algorithm with regularization (right) 
applied to a Gaussian profile with noise. 
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ANALYSIS OF OSCILLATORY ION SIGNAL VIA LANGMUIR PROBE 
OF LASER ABLATED RUBY PLASMA 
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The studies on laser matter interaction have been growing significantly due to its utility in pulsed laser 
deposition, material processing, micromachining etc. Interaction of Laser with solid material produces an expanding 
transient plasma plume termed as Laser induced plasma (LIP). The LIP exhibits oscillatory behavior. The LIP is studied 
using various optical and electrical probes e.g.; Langmuir Probe, Faraday Cup, Optical emission spectroscopy etc. to 
gain understanding of the underlying physics. In the present paper, Langmuir Probe [1], one of the simplest methods, 
is employed to study LIP plume expansion of Ruby target as a function of distance w.r.t target and probe bias voltages. 
The LIP of ruby is generated via focusing a high powered Q switched Nd:YAG laser onto a ruby pellet. The detailed 
experimental set up is given elsewhere [2]. Ion signal observed at different distances for a biasing voltage of -50 V is 
shown in Figure 1. The I-V characteristic of LIP is shown in figure 2. The oscillatory behavior has been observed 
between 0 to 6 µs. In literature, such oscillatory behavior has been reported in presence of ambient gas as well as 
under vacuum [3]. The oscillation frequency and decay time is observed by fitting the oscillatory part of ion density 
to sinusoidal exponentially decaying function as shown in Figure 3. The detailed results will be presented during the 
conference.  
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Fig.1. Ion Current at different distance from                                Fig.2. IV Characteristic with distance 
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Fig.3. Sine damp fitting of oscillatory probe current at a distance of 5 cm from the target 
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Analysis and application of laser-induced plasma polarization 
effects 
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Fig. 1. The figure shows the installation of the 
polarization spectrum acquisition system. 
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Food safety-related qualitative discrimination analysis of herbs 
by LIBS and Raman spectroscopy
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Spectroscopic methods are increasingly used in the food industry for qualitative and quantitative analysis of raw 
materials and products. The food industry needs such a method for these tests that requires minimal sample preparation, 
is fast, simple and cost-effective. Both LIBS and Raman spectroscopies have great potential in this application. They offer 
rapid and non-destructive analysis, making them ideal for the use in the food industry [1]. Both techniques can provide 
the chemical composition, allowing discrimination and identification of different types of foodstuff and can also be used 
to identify contaminants, such as heavy metals, pesticides, and other harmful chemicals. These techniques can also be 
employed to determine the origin of foodstuff , which can be important when identifying counterfeit products. LIBS 
spectra are rich in spectral lines and hence in analytical information, therefore can successfully be used for sample 
identification or classification; on the other hand, Raman spectroscopy is particularly useful for the analysis of organic 
compounds. The use of machine learning methods can significantly facilitate the evaluation of both qualitative and 
quantitative instrumental analytical measurements [2,3]. 

Our research project involved herbs (e.g. parsley, basil, cilantro, mint, rosemary) and focused on the goal of the 
the classification of these samples by using their LIBS and/or Raman spectra. We investigated the influence of 
experimental parameters on the accuracy and repeatability of the classification by both spectroscopies. Fresh and dry 
plants were both studied. We tested the discrimination performance of multivariate chemometric methods such as 
principal component analysis (PCA), linear discriminant analysis (LDA), and random forest (RF), also employing 
optimization involving normalization and variable selection approaches. We compared the performance of LIBS and 
Raman standalone spectra, as well as their fused datasets (after balancing). The constructed models were also tested in 
the assessment of authenticity of commercial, dried herbs (more than 15 samples). Our results indicate that the 
combination of LIBS and Raman data can be effectively used in food safety applications.         
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Progress Report on LIBS and Multi-Spectral Imaging for use in 
Wind Turbine Blade Inspection.
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A preliminary investigation is being conducted to evaluate the effectiveness of combining Stand-off Multi-Spectral 
Imaging (SMSI) and Laser-Induced Breakdown Spectroscopy (LIBS) [1] for damage inspection and contamination 
classification on wind turbine blades. SMSI images were analyzed using image processing algorithms to identify damage 
and/or contamination on the blade surface. The results of the SMSI analysis were compared to those obtained using 
LIBS, combined with a chemometric analysis of the spectral signature of the plasma emission, to determine the 
elemental composition of the blade surface. The SMSI analysis provided high-resolution images that allowed for accurate 
identification and localization of the damage and/or foreign surface material, while LIBS provided detailed information 
about the elemental composition of the contaminants. The combination of LIBS and multi-spectral imaging has been 
used previously for nitrogen detection in soil [2], whereas multi-spectral imaging and chemometrics have been 
successfully combined for toxin detection in milk powders [3].

Fig. 1. (LHS) Total image intensity vs wavelength plot of each image taken using six different spectral filters. This was 
performed at 50 and 75 meters from the wind turbine's surface. (RHS) The six spectrally filtered images for each 
distance were combined to make a multi-spectral image.
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LIBS mapping is a powerful tool for visualizing chemical heterogeneity of geological materials [1, 2 and references 
therein]. Fast data acquisition, minimal sample preparation, multi-elemental detection and high dynamic range are key 
advantages of LIBS compared to other techniques. In this contribution we show that LIBS maps can provide geologists 
and engineers with a wealth of information including identification, characterization and quantitation of the different 
mineral phases, and detection of trace-elements together with their distribution within their host minerals [e.g., 3]. 

Several ore samples from Kipushi mine, DRC, were selected from the university collection. These ores are known 
for their mineral complexity and economic value as they contain critical metals such as Ge and Ga. 

Analyzing colocalisation of major elements in the extracted LIBS maps allowed the reconstruction of the 
mineralogy. Detected minerals include chalcopyrite [CuFeS2], bornite [Cu5FeS4], chalcocite [Cu2S], sphalerite [ZnS], 
galena [PbS], tennantite-(Zn) [Cu6(Cu4Zn2)As4S12S], germanite [Cu13Fe2Ge2S16], renierite [(Cu1+,Zn)11Fe4(Ge4+,As5+)2S16], 
tungstenite [WS2], betekhtinite [Pb2(Cu,Fe)22-24S15] and a series of non-sulphide gangue minerals. SEM-EDS analyses are 
planned to check this LIBS-derived mineralogy. Relative abundance and grain size of the different minerals can be easily 
evaluated by image analysis of the LIBS maps. These minerals are preferential hosts for trace-elements Ga and Ag, with 
Ga being preferentially enriched in chalcopyrite and, to a lesser extent, in renierite, and Ag occurring within bornite and 
tennantite, with some migration in fractures affecting other sulphides.  

 
 

 

 
Fig. 1. LIBS maps of a sulphide ore from Kipushi Mine, Democratic Republic of Congo. 
Upper : RGB composite map for Zn, Fe and Cu. Middle : silver map. Lower : gallium 
map. BO : bornite, CP : chalcopyrite, RE : renierite, TE : tennantite-(Zn) 
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Molten salt setup analysis
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The CEA is developing safer and more modular next-generation reactors. Among the diversity of 
new reactors considered, there is a family that would use molten salts as coolant (MSR). This 
solution offers many advantages but requires solving some problems related to the corrosion of 
metals by salts. 
The corrosion study can be quite long and would be considerably accelerated if an in-situ 
measurement of the chemical composition of the salts was available. Because LIBS technic is an all 
optical sensor, it would make it possible to achieve this. However, the constraints related to 
temperature, inertness of the salts, narrowness of access make accessibility non-trivial. The work 
will present the optical study that has been done as well as the stability study of the signal obtained 
with the selected setup on a simulating liquid medium. 
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To solve the problem of inhomogeneous distribution of liquid samples on the substrate surface for laser-
induced breakdown spectroscopic [1] analysis of liquids, a sample loading target patterned with periodical geometric 
structures [2] was designed and fabricated. For this purpose, two different geometrical shapes, triangular prisms, and 
cylinders of two different feature sizes, 5 micrometers, and 20 micrometers, were photo-lithographically patterned on 
5” diameter Si-wafer substrates, and dry etched to 10 micrometers height. Final products were obtained after 1-micron 
thick silicon nitride films [3] coated over patterned substrates and diced into one-inch size squares each containing 36 
patterned sample loading areas.  

The analytical capability of the fabricated products was tested for toxic, heavy metal analysis in aqueous 
environments and quantified in comparison with non-textured surfaces. Improvements in LIBS signal strength were 
obtained. Among the three different geometric designs, the ones with 20-micrometer diameter cylinders exhibit a more 
effective task in increasing LIBS signal intensities of the Pb element compared to that of a 5-micron cylinder and 5-
micron triangular prism designs. Results can be associated with an increased path length and enhanced absorption of 
the laser beam on the micro-structured substrate surface via multiple reflections. 

 

 
 

Fig. 1. LIBS signal intensity for chromium lines on three different structured surfaces 
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Heavy metals and particularly cadmium are concerning because they may cause severe health complications 

and fatalities in humans, even at low concentrations [1]. Certain proteins containing thiol groups have the ability to bind 
with Cd2+ present in the body fluids, e.g., blood. Besides, low molecular weight proteins like metallothionein and high 
molecular weight proteins like albumin, transferrin, and α2-macroglobulin can also bind with Cd in the blood [2].  

Laser ablation at reduced pressures [3] creates plasma with higher electron density and temperature compared 
to ones observed at atmospheric pressure conditions. In addition, in the absence of interfering gases around the 
expanding plasma, the number of collisions decreases, and hence the background levels lead to enhanced plasma 
emission signals. In order to maximize Cd emission lines experimental and instrumental LIBS parameters were 
optimized. The variation in the LIBS emission signal of Cd at 226.5 nm and 228.8 nm with respect to ambient pressure 
is shown in Fig. 1. The maximum enhancement was observed at 100 torrs ambient pressure.  

 

 
Fig. 1. The variation in the LIBS emission signal of Cd at 226.5 nm and 228.8 nm with respect to ambient pressure. 

 
In this study, a laser-induced breakdown spectroscopic method for the determination of Cd in metal-binding 

proteins was developed. For this purpose, Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) standard 
protein samples were incubated in Cd standard solution for several hours at room temperature. The sample solutions 
underwent filtration through cut-off filters via centrifugation. The unreacted cadmium in a liquid filtrate and fraction 
containing cadmium-bound protein was collected and analyzed individually, via dried-droplet LIBS methodology [4] on 
silicon wafer substrates. Experimental results will be discussed. 
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Analysis and discrimination of single meteorite particles in an 
optical trap (OCOT-LIBS)
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Fig. 1. Schematic representation of the 
experimental procedure.
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Nitrogen is a key element necessary for the emergence and development of life. It is one of the elements 

targeted by the landed missions on Mars in accordance with their scientific goals of investigation of habitability and 
search for traces of life. A gas chromatography mass spectrometer (GCMS) instrument on board the Mars Science 
Laboratory Curiosity rover has revealed the existence of oxidized nitrogen-bearing compounds on Martian surface 
with an equivalent nitrogen concentration up to 0.01 wt% [1]. Although the detection with laser-induced breakdown 
spectroscopy (LIBS) also on board the Curiosity rover is desirable, the current performance of LIBS for nitrogen 
analysis does not show the capacity in terms of limit of detection (LOD) and accuracy. Research on a suitable method 
should therefore be first engaged in laboratory in order to guide further improvements of LIBS instrument on board 
Mars rover, as well as the data treatment method. Beyond the sensitivity issue, matrix effect also affects LIBS 
determination of nitrogen, especially due to its various chemical speciation in geological materials. Method research 
should answer thus double requirements of improving the sensitivity and reinforcing the robustness of the models.  

In our laboratory therefore, LIBS experiments were conducted under a simulated Martian atmosphere, with 
samples resulted from a mixture between Martian soil simulant ((JMSS-12) [2] and nitrogen-bearing compounds. An 
experimental configuration of double detections with a narrow bandwidth Czerny-Tuner (CT) spectrometer and a 
broad bandwidth Echelle spectrometer, was implemented in this work, in such way that the first ensured a sensitive 
detection of emission lines from nitrogen and the second complemented with those from major elements in the 
sample. The fusion of the simultaneously acquired spectra took into account the emission characteristics of the both 
two types of elements, necessary for an effective and robust multivariate regression based on a neural network. In 
addition, for a better treatment of different chemical speciation of nitrogen in samples, generalized spectrum was 
used for training of regression models, after an unsupervised clustering having assigned a type label to each training 
spectrum. The trained model was tested by independent test samples, resulting in a limit of detection (LOD) of 0.18 
wt%, and a root mean square error of prediction (RMSEP) of 0.041 wt% as shown in Fig. 1 (b), representing a step 
forward to nitrogen detection using LIBS on Mars [3]. 

 
 

Fig. 1. Multivariate models based on BPNN, trained with the selected features of the fused pretreated spectra of the 
training samples (a), and with the generalized spectra by including the sample type label in the selected features (b). 
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The economic potential of mineral deposits in Chile is determined by the concentrations of Cu, Mo, Fe, S, Au, and 
Ag through drill core analysis [1]. Petrographical and mineralogical studies require analytical methods capable of 
providing the distribution of major and minor elements in geological samples. Typically, the initial mineral identification 
is carried out by a petrography-specialized geologist, by visual inspection of the rocks and drill cores, determining the 
mineralogical composition and structure using polarized light microscopy [2]. For quantifying these elements, 
sophisticated methods such as Electron Probe Micro Analyzer (EPMA), X-Ray Photoelectron Spectrometry (XPS), and 
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) are employed [3]. However, these methods 
have certain limitations in zones or when samples require a conductive surface. The main goal of this work is to develop 
a platform for microanalysis using Laser-Induced Breakdown Spectrometry (µ-LIBS) with a particular focus on inclusion-
rich cores for the chemical composition of minor elements, mainly Au and Ag.  

The µ-LIBS setup depicted in Figure 1 consists of a Q-switched Nd:YAG laser (Quantel, Big Sky Laser, Bozeman, 
USA) being used at its fundamental wavelength (λ=1064 nm) and energy of 13 mJ per pulse. The laser was converted 
into vertical beam by reflector mirror and focused onto the sample with a microscope objective 10x magnification lens. 
The spatial resolution of the ablation crater is generally within 70-100 µm and around 30 µm depth. Surface roughness 
has shown a significant influence on the experimental results. The plasma emission was collected by a lens and dichroic 
mirror of high reflectivity from 230 nm to 300 nm, then focused by a focus lens and guided into an optical fiber 
spectrometer (multichannel, Avantes). The developed system allowed generating elemental distribution maps of the 
samples. 

   
 

 

Fig. 1.  µ-LIBS setup for monitoring Au and Ag on drill core 
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Interpretable Mineral Identification using Laser-induced 
breakdown spectroscopy  
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Fig. 1. A. Test samples mineral identification results. B. Cluster 
labelling and feature mean value coordinates obtained for the 
centroid for each element of interest. 
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Elemental Mapping of 3D structures using Laser-induced 
breakdown spectroscopy

a) Corresponding author: dianafcapela@gmail.com

Fig. 1. A. Set of painted coverslips to simulate a simple structure.  B. LIBS map of the first coverslip.            
C. Reconstruction of the sample structure from LIBS mapping results using ParaView.
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Opportunities in collaborative LIBS and Hyperspectral imaging: 
from sensor fusion to knowledge distillation

a) Corresponding author: tomas.j.lopes@inesctec.pt

take advantage of HSI’s information rich spectra

Fig. 1. Illustration of the scanning principles behind each technique. A. HSI, the dataset 
generated with each scan is a collection of spectra corresponding to the scanned line. B. 
LIBS, the data generated at each scan corresponds to the spectrum at the targeted point.
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Interactive three-dimensional chemical element maps with 
Spectral Imaging and photogrammetry 

a) Corresponding author: tomas.j.lopes@inesctec.pt

Fig. 1. Illustrative results of the potential of the approach for the generation of interactive visualization models, 
applied to (A.) Heritage applications (Distribution of Cobalt on the surface of a Portuguese Tile, using the Cobalt 
line at 345.3nm), (B.) distinct geometries (distribution of silicon on a cork, using the Silicon line at 251.6nm), 
and (C.) multimodal sensing (LIBS and hyperspectral data of a lepidolite-albite rock).
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Industrial LIBS system for quality assessment of functional 
coatings in cork stoppers 

 

a) Corresponding author: miguel.s.ferreira@inesctec.pt

Fig. 1. (Left) Intensity of the silicon line dropping with the increasing depth, (Center) distribution of the 
number of shots required to reach the threshold and (Right) silicon intensity map of a cork stopper that had 

a section shielded from treatment overlayed on a 3D projection of the cork stopper.
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Laser-induced breakdown spectroscopy has recently become an important tool for the 
study of the spatial distribution of chemical elements at a sample surface, a technique called 
LIBS imaging. The standard pipeline adopted for spectral LIBS imaging datasets often revolves 
around identifying elements suspected to exist within a sample and generating maps based on 
their characteristic emission lines. Despite this being the most common approach, maps 
containing relevant information are often discarded due to the lack of tools to identify relevant 
structures within the captured data, which can rapidly scale for a complex sample featuring 
hundreds to thousands of atomic, ionic, and molecular emission lines. Considering that, this 
work presents an algorithm based on the Fast Fourier Transform (FFT), capable of autonomously 
identifying emission lines or spectral regions containing meaningful spatial structures that can 
be further associated with relevant features for imaging analysis. 
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Figure 1. A. Graph of the FFT Score as a function of the wavelengths. B. Average Spectrum with two of the most prominent peaks shown C. 
Image of the sample being analysed. D. and E. Lithium and Sodium maps generated by the selected emission line in figure A, respectively 
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Hybrid materials based on cellulose nanocrystals and metal oxides have been established as an outstanding class 
of materials. They can be obtained by different synthetic approaches – hydro/solvothermal synthesis; sol-gel; 
precipitation, among others – and their multifunctional character was already proved in a wide range of applications, 
which include, but are not limited as anticancer, anti-diabetic, antimicrobial; photocatalysts and as wound-healing 
agents.1,2 Nanocellulose is an ecofriendly and an economically feasible natural material extracted from native 
cellulose, well known due to its remarkable physical and biological properties, and metal-oxides particularly zinc 
oxide exhibit a wide range of functional properties. 1,3 As a result, nanocellulose materials complement zinc oxide 
nanoparticles, impairing their functional properties in the hybrid system.  

Herein, we report the design, structural characterization (FT-IR; PXRD and morphological analysis), and the ZnO 
quantification with the LIBS technology of two hybrid materials (HM1 and HM2) – Figure 1, where commercial 
cellulose nanocrystals (CNC) and zinc salts were used as starting building blocks in a hydrothermal approach. The 
hydroxyl groups on the surface of the cellulose nanocrystals exhibited here a bi-functional role, acting as a template 
and as a capping agent for the synthesis of the ZnO particles and ultimately for the hybrid preparation. 
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