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Welcome words

Dear colleagues,

welcome and thank you for joining us at the 10th Euro-Mediterranean Symposium on Laser-In-
duced Breakdown Spectroscopy!

We are excited to get the possibility to organize the jubilee, 10th EMSLIBS here in Brno, in the heart
of the South Moravian region of the Czech Republic. With more than 200 registered attendees, we
believe that this symposium will be not only the biggest but also the most remarkable event dedi-
cated solely to LIBS this year.

First, let us express our gratitude to everyone who contributed to the organization of EMSLIBS
2019. The list is long and we would not like to forget anyone. The organizers of the previous sym-
posiums have continuously provided valuable collaboration and friendly advice. The international
scientific committee members, the sessions chairs and all the authors of workshops, talks and
posters have significantly contributed to the scientific soundness of the whole symposium. We are
delighted that throughout EMSLIBS 2019, every morning we can honor our award-winning col-
leagues and listen to their heritage or keynote presentation.

Especially, we would like to cordially acknowledge the support of numerous partners and spon-
sors of the symposium. Special thanks goes to the members of the local organizing committee,
particularly to Pavel Porizka and his team that made not only the symposium but all the connected
activities possible. We should also express our thanks to Jakub Vrabel and Erik Képe§ who have the
biggest credits for organizing the LIBS CONTEST.

Finally, yet importantly, we express our gratitude to all invited and regular presenters and all at-
tendees of EMSLIBS 2019. Your contribution and presence changes EMSLIBS from a regular sym-
posium to THE LIBS EVENT OF 2019. We hope that this symposium fulfills all your expectations
and that you will depart not only with a significant amount of new, practical information but also
with great memories.

Sincerely,
Prof. Jozef Kaiser Prof. Vincenzo Palleschi Prof. Viktor Kanicky
EMSLIBS 2019 EMSLIBS 2019 Head of Ioannes Marcus Marci
conference chair conference chair Spectrocopic society



Organizers

To organize the EMSLIBS symposium, we have established a team from LIBS groups based at the
Brno University of Technology, Masaryk University and the Central European Institute of Technol-
ogy. Our leaders are Prof. Jozef Kaiser and Prof. Viktor Kanicky, both of them possess considerable
expertise in the laser-based spectroscopy and are also members of international committees. This
symposium is also co-organized by the loannes Marcus Marci Spectroscopic Society, the spectro-
scopic society of the Czech Republic.

Local organizing committee

Jozef Kaiser - Conference Chair

Viktor Kanicky - Conference co-Chair

Pavel Porizka - Event coordinator

Karel Novotny - Poster session coordinator

Katerina Koéendova - Participant coordinator
Andrea Chytova - Catering & Social Event coordinator
Zuzana Chladova - Marketing and graphical interface
Jan Novotny - Design and operation of the website
Zita Salajkova - Sponsors coordinator

Petra Blahova - Symposium trips coordinator
Pavlina Modlitbova - Feel-good manager

Tomas Zikmund - Feel-bad manager

Jakub Vrabel - EMSLIBS contest coordinator
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Scientific session

We have been striving to deliver a balanced program of the symposium, with rich scientific and
social events. The scientific program is divided into three main sessions: oral, poster, and work-
shops. In general, the sessions are related to current topics and applications that are of paramount
interest to the LIBS community (from plasma fundamentals, through bio-applications and chemo-
metrics, to industry and applications with great expectations in the future).

Oral session

Going swiftly around Sunday workshops, we get to the main scientific session. We have selected 55
oral presentations that will be extended with 8 vendor presentations. All presentations are going
to take place in the presentation room (see the map of EMSLIBS venue). All speakers are requested
to deliver their presentations in powerpoint or pdf format beforehand, no later than during the
last break (coffee, lunch) before their dedicated session. Please, deliver your presentations to the
presentation room.

Poster session

We are happy about the number of submitted posters, which is 130 in total. However, their num-
ber led us to the decision to make two separate poster sessions instead of a permanent one. Both
poster sessions will take place in the Aula.

Posters in the first session may be displayed from Monday after lunch until Tuesday evening. From
Wednesday morning until Thursday afternoon, the second poster session will take place. Be aware
of your particular poster session, the distribution is given below.

Both poster sessions will be spiced up with social events on Monday and Wednesday evening,
starting at 18:00.

Student awards

We appreciate the participation of young researchers and we support their further research en-
deavours. We have selected 12 students’ talks and included them in the main session. Moreover, we
have highlighted 63 students’ posters. Please, note that it is mandatory to present your talk /poster
in person in order to win the prize. We will present the best students and award their research
during the gala dinner on Thursday.

The best students’ contributions will be selected by a scientific committee which was established
for this purpose:

Karel Novotny - Czech Republic
Saara Kaski - Finland

Madhavi Martin - USA
Johannes Pedarnig - Austria
Pavel Veis - Slovakia



Scientific program

EMSLIBS 2019 will take place at the Faculty of Social studies of Masaryk University in Brno. Per-
mission to Scientific session is only with your badge. To receive your badge you have to visit our
registration booth first. Registration booth will be open:

Sunday 8th, 12:00 - 21:00
Monday 9th, 7:30 - 18:00
Tuesday 10th, 8:00 - 18:00

Wednesday 11th, 8:00 - 18:00 In general, all accepted abstracts
Thursday 12th, 8:00 - 16:30 are marked as follows:

m Heritage speaker
0 Keynote speaker
0 Invited speaker

e Student

0 Vendor

SUN 8™ SEPTEMBER

12:00 Registration open

Workshops (chair: Porizka)

14:00 - 15:30 W1 Bousquet & Motto-Ros From qualitative to quantitative LIBS using uni-
variate analysis

15:30 - 16:00  Coffee break

Workshops (chair: Porizka)
16:00 -17:30 W2  El Haddad Multivariate data analysis

17:30 - 18:00 Vrabel EMSLIBS Contest

18:00 Icebreaker




MON

9™ SEPTEMBER

08:30 - 08:45 Opening

@ 08:45 - 09:30 H1

Heritage (chair: Kaiser)

Niemax The arduous way of LIBS becoming an established tech-

nique

O 09:30 - 09:50 FU21

Fundamentals I (chair: Kaiser)

Gornushkin Equilibrium chemistry in laser induced plasmas and plasma
chemical reactors

© 09:50 -10:10 FU2 Vadillo Femtosecond laser ablation: as fun as it gets
© 10:10 -10:30 FU3 Roldan Quantitative analysis of Indium in sphalerites by CF-LIBS
using pre-classification by PCA
10:30 - 11:15 Coffee break
Fundamentals II (chair: Gornushkin)
O 11:15 - 11:35 FU4 Labutin Application of spectra modeling for Laser-Induced Break-
down Spectroscopy
11:35 - 11:55 FU5  Skoéié Model function for Optical Time of Flight signal in Laser
Induced Plasma
11:55 - 12:15 FU6  Yu Physical and Statistical Studies of the Influence of Minor
Elements on Plasma Temperature and Emission Intensity in
LIBS Measurements
0 12:15 - 12:35 FU7  Veis Fundamentals of simultaneous Vacuum UV - UV LIBS for
quantification
12:35-14:10  Lunch
Mapping (chair: De Giacomo)
0 14:10 -14:30 MAl Motto-Ros  LIBS-based Imaging: critical focus on current status and
future directions
©14:30 -14:50 MA2 Dietz LIBS Microscopy for Elemental Imaging of Heterogeneous
Samples
©14:50 -15:10  MA3  Miiller Detection of REE-rich areas in Storkwitz drill cores using
LIBS and a combination of normalization, clustering and
spatial raster analysis
©1510-1530 MA4 Leprince In situ, quantitative, elemental imaging of lung tissues
15:30 - 16:15  Coffee break
Biology (chair: Motto-Ros)
016:15-16:35 BIl  Rehse Bacterial Limit of Detection Reduction Utilizing A Novel
Sample Preparation Protocol
0 16:35-16:55 BI2  Martin Switchgrass and Woody Biomass Elemental characteriza-
tion using Laser-induced Breakdown Spectroscopy
0 16:55 - 17:15 BI3  Melikechi Classifying diseased and healthy biomedical samples one
laser pulse at a time
0 1715 -17:35 Bl4  Boyaci LIBS Applications for Food Safety and Quality
18:00 Poster session I. / beer tasting

10



TUE

@ 08:45 - 09:30

10™ SEPTEMBER

Key note (chair: Niemax)

K1 Omenetto  Critical considerations on the use of several experimental
methodologies to evaluate self-absorption effects in atomic
emission spectroscopy

© 09:30 - 09:50

Quantification I (chair: Niemax)

QA1  Palleschi Self-absorption is your friend: exploiting self-absorption
for improving the accuracy of Laser-Induced Breakdown
Spectroscopy analysis

© 09:50-10:10 QA2 Deguchi Improvement of LIBS Quantitative Capability for Remote El-
emental Detection Using Collinear Long and Short DP Laser
© 10:10 -10:30 QA3 Touchet Direct isotopic analysis of solids by laser-induced break-
down self-reversal isotopic spectrometry (LIBRIS)
10:30 - 11:15 Coffee break
Quantification II. (chair: Palleschi)
O 11115 - 11:35 QA4 Bousquet Advanced data processing to improve the analytical perfor-
mance of LIBS
O 11:35 - 11:55 QA5  Wang Origin of Measurement Uncertainty and its Reduction
methods
11:55 - 12:15 QA6  Pelascini Calibration-free laser-induced breakdown spectroscopy for
industry
© 12:15 - 12:35 QA7  Rollin A standard methodology for characterization of matrix
effects in laser-induced breakdown spectroscopy
12:35-14:10  Lunch
Chemometrics (chair: Bousquet)
14:10 -14:30 CH1 ElHaddad  Mineral Quantification by Laser-Induced Breakdown Spec-
troscopy for In-Field Rock Characterization
14:30 - 14:50 CH2  Jorge Self-Learning Artificial Intelligence Methodology for the
Accurate Quantification and Classification of Laser Induced
Plasma Breakdown Spectroscopy applied to Geological
Lithium Surveys in Portugal
14:50 -15:10 CH3 Sun Machine Learning for Classification and Regression of LIBS
Spectra from ChemCam Calibration Targets
1510-1530 CH4 Duponchel Embedded k-Means Clustering for a deep exploration of
megapixel LIBS imaging data sets
15:30 -16:15  Coffee break
Mining (chair: Kaski)
0 16:15-16:35  MIl  Sabsabi Alook at LIBS instrumentations as an emerging tool for
mining applications
16:35-16:55 MI2  Cousin New quantification of Barium for MSL/ChemCam Mars
data, and implications for geological interpretations
16:55 - 17:15 MI3  Forni Fluorine detection on Mars: experiments and geological
interpretation
© 17:15 - 17:35 MI4  Schmitt Quantification of Lithium in pegmatites using handheld
Laser Induced Breakdown Spectroscopy : a new approach
for mining exploration
19:00 Mendel museum / wine tasting
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WED 11™ SEPTEMBER
Key note (chair: Noll)
@ 08:45-09:30 K2 Hahn LA-LIBS: High repetition rate ablation in combination with
aerosol LIBS for quantitative analysis of solid samples
Hyphenated systems (chair: Noll)
© 09:30 - 09:50 HY! Kaski LIBS, Raman and LIF in analysis of rocks containing rare
earth elements
© 09:50-10:10 HY2 Marmatakis Coupling LIBS to SSI-MS. Interference of plasma formation
with mass analysis
©10:10-10:30 HY3 Zheng Development of in-situ spectroscopy and its ocean appli-
cations
10:30 -10:50 HY4 Fantoni Complementary characterization of ancient Roman fres-
coes by PIXE and LIBS techniques
10:50 - 11:35  Coffee break
Molecular (chair: Martin)
11:35-11:55  MO1  Gaft Molecular LIBS and Plasma Induced Luminescence of
BaF2:Tm3+
© 11:55 - 12:15 MO2 Yang Double-pulse laser synchronization aimed at simultaneous
detection of intensified atomic and molecular signals for
space exploration
12:15 - 12:35 MO3 Bordel Evaluation of the spatial and temporal distribution of atom-
ic and molecular species at different LIBS plasma condi-
tions
O 12:35-12:55 MO4 Samek Analysis of biological samples combining data from LIBS,
Raman spectroscopy and LA-ICP-MS
12:55-14:30  Lunch
Vendor (chair: Novotny)
O 14:30 - 14145 V1 Pfeifer LTB Lasertechnik Berlin GmbH
© 14:45-15.00 V2  Mandel AtomTrace a. s.
0 15:00-15:15 V3 Machaqueiro SciAps
01515-1530 V4 Colin Quantel Laser/Lumibird
015:30-1545 V5 Dubouski SOL Instruments
©1545-16:00 V6  Hubert Femtonika s.r.o.
©16:00 -16:15 V7 Leosson DT-Equipment & Innovation Center Iceland
016:15-16:30 V8 Gorju Imagine Optic
16:30 - 16:45 Symposium photo MEETING POINT - REGISTRATION BOOTH
18:00 Poster session II.

19:00 EMSLIBS committee meeting
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THU

@ 08:45-09:30 K3

12™ SEPTEMBER

Key note (chair: Pedarnig)

Laserna Chemistry in the laser-induced plasma. An astrobiology

perspective for Mars exploration.

© 09:30 - 09:50 NP1

Nanoparticles (chair: Pedarnig)

NELIBS vs LIBS: dealing with outstanding advantages and
real limits

De Giacomo

09:50 -10:10 NP2  Novotny LIBS assessment of spatial photon-upconversion nanoparti-
cle distribution in model plants (R. sativus and L. minor)
©10:10 -10:30 NP3  Salajkova Nanoparticle Enhanced Laser Induced Breakdown Spec-
troscopy (NELIBS) as a technique for elemental analysis of
microdrops at sub ppm level
10:30 - 11:15 Coffee break
Industry (chair: Galbacs)
O 11115 - 11:35 IN1  Noll Challenges and perspectives of inverse production for sus-
tainable material recycling - what LIBS can contribute
O 11:35 - 11:55 IN2  Pedarnig Quantification of the vulcanizing system of rubber in indus-
trial tire rubber production by laser-induced breakdown
spectroscopy
O 11:55 - 12:15 IN3  Smetaczek Investigating the Li+/H+ exchange in garnet-type solid
electrolytes using LIBS
12:15 - 12:35 IN4  Wilsch Mobile LIBS-System for evaluation of concrete structures
on-site
12:35-12:55 IN5  Lednev Laser induced breakdown spectroscopy for in-situ mul-
tielemental analysis during metal additive manufacturing
12:55-14:30  Lunch
Future LIBS (chair: Veis)
O 14:30 -14:50 FT1  Galbacs Exploring the potential of LIBS for the in-field analysis of
nuclear samples
© 14:50-1510 FT2  Grisolia LIBS developments for fusion applications
©15:110-15:30 FT3  Purohit Polydispersity and fractionation in laser ablation studied by
LIBS in an optical trap
15:30 -15:50  FT4  Alwahabi Enhancement Limitations of Microwave-assisted LIBS:
Application to Sulphur Detection
15:50 - 16:10  FT5  Fricke-Begem. LIBS for robotic alloy sorting
16:10 - 16:30  Last coffee
16:30 Free time
17:00 Registration closing
19:00 Gala dinner

13
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The arduous way of LIBS becoming an
established technique

Kay Niemax '

1. Federal Institute for Materials Research and Testing, Richard-Willstaetter-Strasse 11, 12489 Berlin, Germany

E-mail: kay.niemax@bam.de

A brief history of LIBS, a talk based on personal experience starting in 1985.

15



Equilibrium chemistry in laser induced
plasmas and plasma chemical reactors

Igor B Gornushkin ', Sergei V Shabanov °, Matthieu Baudelet °, Tobias Vélker ', Gerd
Wilsch ', Roman A Kornev *, Petr G Sennikov *

1. BAM Federal Institute for Materials Research and Testing, Germany
2. University of Florida, Dept of Mathematics, USA

3. University of Central Florida, Dept of Chemistry, USA

4. Institute of Chemistry of High-Purity Substances of RAS, Russia

E-mail: igor.gornushkin@bam.de

A goal of this work is to apply the model, which was initially developed for laser induced
plasmas [1], to plasmas used in chemical reactors, in particular, the inductively-coupled-RF
discharge plasma [2]. The model predicts equilibrium chemical compositions of reaction
mixtures as functions of plasma temperature and stoichiometry of reactants. The mixtures
investigated are BCI3/H2 /Ar and BF3/H2 /Ar where Ar serves as the plasma-forming gas
and H2 as a binding agent which binds the active species Cl and F and Cl- and F-containing
intermediates to produce gaseous B and its condensate. An additional goal is to obtain
information about intermediate reaction products for different ratios of BCI3/H2 and
BF3/H2 and at different temperatures and different Ar flow rates. Also, chemical reactions
in laser induced plasmas (LIPs) created on calcium hydrate and calcium carbonate targets in
argon are modeled and compared to experiment.

References

[11 Shabanov SV, Gornushkin IB (2018) Appl Phys A 124:716
[2] Sennikov PG, Kornev RA, Shishkin Al (2017) Plasma Chem Plasma P 37:997-1008
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vz (1)
Femtosecond laser ablation: as fun as it gets

José M Vadillo ', Irene M Carrasco ', Sadia Manzoor ', Javier J Laserna '

1. Universidad de Mdlaga, UMALASERLAB

E-mail: jmvadillo@uma.es

Target irradiation with a femtosecond laser adds to all the excitement of working with
nanosecond excitation, the amusement of the ultra-short regime: plasmas are tinier, the
emission is lower, the power densities are huge and the laser-matter interaction is so
peculiar that new phenomena can be observed. The talk will provide an overview of different
experiments performed on solid samples under femtosecond irradiation (800-nm, 35-fs)
above the plasma formation threshold. Once the plasma is formed, the ions or photons
emitted are used to determine the composition of the samples, performing fundamental
studies on fragmentation and some other of interest. A comparison with similar performed
on the nanosecond regime will be commented as well. An important aspect of our research
is related to the timeline of the laser-matter interaction and how the target evolves up to
the phase-explosion and plasma formation. Thus, pump-probe phase-change microscopy
has been included within the arsenal of time-resolved techniques available. With our
current set-up, time resolution in the order of 100 fs is attainable up to 3 ns after laser
arrival, allowing the recording of images covering different aspects of laser-matter
interaction as the formation of the free-electrons plasma and the formation of Newton rings
that evolve at supersonic speeds. Taking advantage of the pump-probe set-up, fast
spectroscopy has been done, being able to capture events with picosecond resolution. With
such resolution, the dilemma of the time-scale where CN formation occurs in molecules
containing or not C-N bonds has been faced.



Quantitative analysis of Indium in sphalerites
by CF-LIBS using pre-classification by PCA

Alicia Marin Roldant !, Samuel Moncayot ? Sadia Manzoor *, Pavel Baco °, Jorge Omar

Céceres %, Pavel Veis '

1. Comenius University, FMPH, Mlynska dolina F2, 842 48 Bratislava, Slovakia
2. Department of Analytical Chemistry, Faculty of Chemistry, Complutense Avenue S/N, 28040 Madrid, Spain
3. State Geological Institute of Dionyz Stur, Regional Centre, Jesenského 8, 040 01 KoSice, Slovak Republic

E-mail: pavel.veis@fmph.uniba.sk

An emerging interest in the exploration and exploitation of indium (In) has aroused due to
its increasing demand in many technological applications. Sphalerite is the most important
ore of Zn, also containing In in concentration ranging from few to hundreds of ppm [1,2].
However, In is hardly identified using conventional methods and new techniques are highly
demanded. Laser induced breakdown spectroscopy (LIBS) has demonstrated outstanding
performance over conventional techniques for analyzing geological material [3]. The
presence of thousands of Fe emission lines and its low concentration within the geological
matrix hinders its detection and makes the In quantification a real technological challenge.
The aim of the present work is the quantification of In in sphalerite by combining a pre-
classification based on principal component analysis (PCA) to the detection of In spectra
within the geological matrix and the subsequent Calibration Free quantification of only
those spectra containing In. A Q-switched Nd:YAG laser operating at the fourth harmonic
(CFR, Quantel, <80 mJ/pulse) was used for generating plasma. Optical plasma emission was
simultaneously detected by a broadband Echelle spectrometer (ME 5000 + iCCD iStar,
Andor Technology) and a high resolution THR 1500 spectrometer (Jobin-Yvon) within In
emission wavelength range. Measurements were obtained under Patm collecting 200
spectra per sample. Indium and other major and minor elements (i.e. Zn, S, Fe, Mn, Cu, Ca,
Cd) were observed. We successfully applied LIBS to the analysis of sphalerites classifying the
mineral phases by PCA. In the In-containing samples, the quantitative analysis by CF-LIBS
has been successfully carried out. This methodology allows the correct classification and the
successful quantification of In in sphalerite samples. The results demonstrate the potential
of this methodology to help in the characterization of In-containing minerals for mining
purposes.

References

[1] Wierzbicka-Wieczorek, M; Lottermoser, BG; Kiefer, S; Sindern, S; Gronen, L; Hensler,
AS, Indium distribution in metalliferous mine wastes of the Iberian Pyrite Belt, Spain-
Portugal, Environmental Earth Sciences, 78 8, 253 (2019).

[2] Bauer, ME; Seifert, T; Burisch, M; Krause, J; Richter, N; Gutzmer, J, Indium-bearing
sulfides from the Hammerlein skarn deposit, Erzgebirge, Germany: evidence for late-
stage diffusion of indium into sphalerite, Mineralium Deposita, 54 2, 175-192 (2019).



[3] Fabre, C; Devismes, D; Moncayo, S; Pelascini, F; Trichard, F; Lecomte, A; Bousquet, B;
Cauzid, J; Motto-Ros, V., Elemental imaging by laser-induced breakdown spectroscopy
for the geological characterization of minerals, Journal of Analytical Atomic
Spectrometry, 33 8, 1345-1353 (2018).

Acknowledgement

The authors would like to thank for financial support from the VEGA (No. 1/0903 /17). Sadia
Manzoor and Jorge O. Caceres would like to thank National Scholarship Programme of the
Slovak Republic for the funding for this project.

1 Authors (AMR and SM) have equal contributions.
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Application of spectra modeling for Laser-
Induced Breakdown Spectroscopy

Timur A. Labutin ', Sergey M. Zaytsev ', Andrey M. Popov '

1. Lomonosov Moscow State University, Russia, Moscow

E-mail: timurla@laser.chem.msu.ru

Laser-induced plasma is a short-lived emission source, and its geometry, temperature and
electron density are rapidly changed. Although this provides an opportunity to select an
appropriate condition for particular application, an interpretation of spectra of laser-
induced plasma is still rather complicated task. Thus, anyone needs the tool for explanation
of the experimental spectra and deducing the plasma parameters. We suggested an
algorithm for relatively simple emission spectra modeling and line identification that can be
useful for LIBS applications as well as in other fields of analytical atomic spectrometry. We
found that the accuracy of the experimental data fitting by the model can be achieved even
with a regular grid of parameters (temperature, electron density, plasma mass). A few
discrepancies are primarily related to inhomogeneity of the laser-induced plasma and to the
absence of data on Stark broadening parameters. The developed algorithms are useful for
choice of the best analytical line under certain plasma and spectrometer parameters in
terms of: (i) spectral interferences, (ii) transmittance and (iii) intensity, for estimation of
detection limits of trace elements in a known sample matrix, for detection of erroneous
entries in databases, including transition probabilities and Stark parameters. Due to the
rough estimation of plasma parameters the modeling provides fruitful information to plan
LIBS studies (either plasma diagnostics or analytical studies) prior to experimental
measurement. Besides planning of LIBS studies, the developed tool can be useful for critical
evaluation of experimental data. In particular, we have clearly demonstrated that the C I
247.856 nm line cannot provide any analytical information for carbon determination in
steels. The modeling made possible re-calibration of a spectrum by its shape only.
Evaluation of possible spectral interferences from weak lines of major constituents and
strong lines of minor and trace elements was very helpful for sensitive determination of light
rare earth elements in geosamples, for which the lack of certified reference materials is still
a serious problem, with limit of detections below their Earth’s crustal abundances. Future
development of the tool is the consideration of plasma inhomogeneity to improve plasma
diagnostics by model spectra and the implementation of an optimization algorithm for
multi-parametric fitting.

Acknowledgement

The reported study was funded by RFBR according to the research project N2 18-33-20244
mol_a_ved.
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Model function for Optical Time of Flight
signal in Laser Induced Plasma

Milo$ Sko¢ié ', Dejan Doji¢ ', Srdan Bukvi¢ '

1. University of Belgrade, Faculty of Physics, Studentski trg 12 11001 Belgrade, Serbia

E-mail: skocic@ff.bg.ac.rs

Optical Time of Flight measurement in Laser Induced Plasma is analyzed. We considered
how the shape of OTOF signal depends on the geometric details of the expanding plasma
plume. Under the assumption that expansion of the plasma plume is isotropic we derived an
expression that takes into account geometry of plume, size of the vertical opening of the
entrance slit and aperture of the lens system. We have demonstrated importance of the
geometric details considering two OTOF signals recorded for different vertical openings of
the entrance slit while the rest of parameters were exactly the same. Relying on derived
expression the temperature and the center of mass velocity had consistent values no matter
if they are inferred from OTOF signal for large or small vertical slit opening. For the same
OTOF signals Shifted Maxwell-Boltzmann function, common in TOF experiment, failed to
correctly reproduce center of mass velocity.

Spectrograph
0.100
Cu | 324.7 nm, z = 2mm, p = 0.02 mbar
Vertical slit opening h=2 mm
0.075 T=(64000 + 500) K
v, =(3320 + 30) m/s
£ 0050 Vertical slit opening h=6 mm
b T=(59200 + 300) K
4 v.=(1820 + 20) m/s
0.025 S M B
0.000+
T T
0.100
b Cul324.7 nm, z = 2mm, p = 0.02 mbar
—— Vertical siit opening h=2 mm
0075+ T=(53400  300) K
v,=(5420 £ 10) mis
£ 0,050+ —— Vertical slit opening h=6 mm
@ T=(53200 £ 300) K
o v,=(4800 £ 5) m/s
0025 i
This work
0.000

T T
0.0 1.0x10* 2.0x10* 3.0x10°

t(s)

Fig. 1.: Left: Plasma front at the position of entrance slit. Right: Comparison of the results.
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This work is part of the "Determination of atomic parameters on the basis of spectral line
profiles”

(ON 171008) project supported by the Ministry of Education and Science of the Republic of
Serbia.
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Physical and Statistical Studies of the
Influence of Minor Elements on Plasma
Temperature and Emission Intensity in LIBS
Measurements

Yuging Zhang, ', Chen Sun, ', Liang Gao, ', Zengqi Yue, ', Sahar Shabbir, |, Weijie Xu, ',
Mengting Wu, |, Wenxu Xu, %, Yishuai Niu, *, and Jin Yu'

1. School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghat 200240, China
2. School of Mathematics, Shanghai Jiao Tong University, Shanghai 200240, China

E-mail: jin.yu@sjtu.edu.cn

Precision of LIBS analysis of a minor or trace element can be influenced by the presence in
the material, of other minor or trace elements. Concentration variations of those elements
can lead to a kind of matrix effect, whether such variations correspond to the average
concentrations in a sample or the inhomogeneity in element distribution on the sample
surface. In this work, we observed fluctuations in the temperature and the emission
intensity of the plasmas induced on different steel samples and for a given sample, at
different positions on the sample surface. We first compared the emission intensity
fluctuations to those of the plasma temperature. We further developed a machine learning-
based algorithm to correlate LIBS spectra to the positions on the sample surface where the
spectra were induced by laser ablations. 20 certified reference steel samples were used for
this study. They were chosen with concentration gradients of minor elements usually
contained in a steel, in such way that the concentration of iron as the matrix element varies
from 69.27% to 99.74%. For every sample, 112 replicate spectra (assuming statistically
equivalent) were recorded with 1064 nm and 80 mJ laser pulses, each of them was integrated
over 200 subsequent laser pulses uniformly distributed in 10 linearly arranged ablation
craters. The 112 lines of 10 ablation craters were gathered in two matrices of 56 lines (28 x 2)
and impressed on the two half parts of the circular surface (dia. ~ 40 mm) of a cylindrical
sample (Fig. 1d). The measured plasma temperatures are shown in Fig. 1a. We can see that
the temperatures for different samples do not exhibit a stable value, the matrix effect due to
the minor element concentrations is therefore obvious. Although, the general tendency is an
increase of the temperature with the iron concentration, it is however difficult to extract a
simple relation between these two factors, indicating a multivariate dependence of the
temperature. We remark also in the same figure that for a given sample, a quite large
dispersion of the temperature, indicating statistical fluctuations in the LIBS spectra, which
can also be contributed by the fact that the ablation craters are spread over a certain area
on the sample surface (Fig. 1d). The corresponding fluctuations in plasma emission intensity
is shown in Fig. 1b with the ratio of two iron ionic lines (Fe II 232.7 nm and F II 235.7 nm
lines), normalized with the corresponding iron concentrations. For different samples, the
barycenters of the data distributions spread in a direction defined by a straight line of y=ax.

22



Comparing to the temperature fluctuation shown in Fig. 1a, although some correlations can
be found for a part of the samples, one cannot deduce a general relation between the plasma
temperature fluctuation and that of the line intensities. For a given sample, large dispersion
along the straight line can be observed, due to experimental fluctuations. Inhomogeneous
distributions of minor elements and physical properties (roughness, density...) on the sample
surface would also contribute, since different spectra were induced at various positions on
the sample. We further used an unsupervised clustering algorithm, t-distributed stochastic
neighbor embedding (t-SNE) algorithm [1] to see whether individual spectra would cluster
according to the positions on the sample surface where they were generated by ablation.
The obtained results are shown in Fig. 1c. We can first see that globally the individual
spectra are clustered into the 20 different samples (Fig. 1c). A zoom-in on a given sample
(n°14 for example) shows that the data points are gathered into 2 sub-clusters (Fig. 1d). A
check on the labels of the spectra reveals the correspondence of the 2 sub-clusters to the 2
parts of the sample surface where the measurement craters are respectively performed,
demonstrating the statistical nonequivalence of the replicate measurements.

16200
16000 3 : 4.0x10" 3 ¢ y
: .
15800 - > . -
B 35x10° § & =t
15600 < s an .
- 5
£ 15400 - o 30510 &
= e 2
15200 s
£ 2.5x10"
15000 Cia
14800 - Sip
(b)
14600 : T : ; : : : ’ . ;
65 70 75 80 8 90 95 100 105 2.0x10* 2.5x10° 3.0x10* 3.5x10*
Fe Concentration (wt.%) Normalized Intensity
6] & Cf S aphilt
* - e C2 {
M 44
g
”~ ny, - 3
e — V4 24
/) » ‘E e 3 L
s Vs w P
-20 % = i i" ,h'
40 © A7 - 4l 3= ]
o %N Vo
60 W (c) 64 " (d)
80 60 40 20 0 20 40 60 80 -30 -20 -10 0 10 20
P1 P1

Fig. 1.: (a) Plasma temperatures displayed as a function of iron concentration; (b) Intensity ratios
between 2 Fe II lines normalized by iron concentration; (c) Clustering according to 20 samples; (d)
Clustering of the spectra from a sample.
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Laser Induced Breakdown Spectroscopy (LIBS) is well-established method for the elemental
analyses of the composition of materials based on atomic emission of spark created by a
laser beam focused on the surface. LIBS spectra recorded simultaneously in vacuum UV
(VUV) range (McPherson 234 /302, 115-300 nm, MgF2 lens, DH734 iCCD Andor) as a
complementary spectra for classical UV-NIR spectral range (broadband echelle type
spectrometer ME5000, DH734 iCCD, Andor, 230-950 nm),has already proved to be helpful in
certain cases; e.g. light elements analysis (e.g. B, C, P, S, etc.) [1], because UV-NIR spectra do
not contains neutral ionized lines of these light elements. Sulphur could be efficiently
detected in VUV range by LIBS spectroscopy [2]. VUV spectra could help to construct more
precise Saha-Boltzmann plots, using also double ionized spectral lines (e.g. Si, Ge, Zn, Sn, W
etc.), to improve the determination of electron temperature [M. Pribula, P. Veis et al, Physica
Scripta 2016] for more precise CF LIBS in certain cases. Simultaneous VUV and UV-NIR LIBS
measurements were realized under oxygen free atmosphere (typically He and Ar) in order to
prevent the light absorption of wavelengths<200 nm. A fundamental point for the correct
use of the VUV spectral range is the calibration of spectral response of the whole spectral
system (by N2 LBH molecular band emission spectra) and evaluation of cross-correlation
coefficient (by comparing Si LIBS spectra in the common spectral range 230-300 nm).
Examples of applications of simultaneous VUV and UV-NIR LIBS for quantification in
thermonuclear fusion (W, LiSn for divertor walls), in geology (Sphalerites, Pyrite, Galena,
volcanic Sulphur, volcanic Ash), nano-layers (ITO, MoS2/Si, MoOx)[M. Bodik, P. Veis, P.
Siffalovic et al, Phys. Chem. Chem. Phys., 2019, DOI: 10.1039 /C9CP01951K] or bones [3]will
be presented.
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During recent years, important developments have been achieved in the application of laser
induced breakdown spectroscopy (LIBS) for elemental imaging. This approach can be
distinguished by its ease in use, tabletop instrumentation, multi-elemental capability,
detection of light elements, as well as operation at ambient conditions. This is furthermore
the only all-optical technique providing space-resolved elemental information with ppm-
scale sensitivity and pm-range resolution [1]. Compared to most of the other elemental
imaging methods, LIBS has the advantage of a fast operating speed allowing to provide
large-scale microscopic images in reasonable time periods. These advantages, in particular
the all-optical design and the fast operation speed, make this approach very attractive to be
used in research laboratories for routine investigations in various domains including biology,
industry, geology and medicine. In this presentation, we will first describe the main key
points for conducting micro-LIBS imaging experiments. A general and critical overview of
this approach will be then addressed with the aim of highlighting some of its remaining
challenges. A discussion about the current performances (resolution, operating speed, and
sensitivity) and possible perspectives will be finally proposed.
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Laser-Induced Breakdown Spectroscopy (LIBS) with pulsed laser excitation is an established
method for analyzing the elemental composition of unknown samples based on their
characteristic emission spectra. However, heterogeneous samples like concrete require high
spatial resolution for a proper classification of the matrix phases [1-3]. An automated LIBS
imaging system is used to provide high spatially and spectrally resolved images of the
elemental distribution with an lateral resolution corresponding to the laser spot size. The
system is able to analyze both the atomic and molecular emission with several
spectrometers over a broad spectral range simultaneously. Critical corrosion effects like
chloride induced pitting corrosion in concrete can substantially reduce the lifetime of
infrastructure buildings. Since chlorides only diffuse into the cement phase of the concrete
the diffusion profile of chlorides is of great interest. The "LIBS-microscope" is able to
visualize the elemental spatial distribution of chlorine in concrete by evaluating both the
atomic and molecular emission. Measurements with the LIBS microscope are compared to
the results of the standard wet-chemical potentiometric titration which, however, provides
a reduced spatial resolution of typically 10 mm. Another drawback of the chemical analysis is
the need of a correction factor to estimate the aggregate fraction because the matrix phases
cannot be separated before performing the analysis. In practical applications this concrete-
dependent factor is not known exactly. LIBS analysis, however, does not need any
correction factor.

References

[1] C. Gottlieb, S. Millar, S. Grothe, G. Wilsch, "2D evaluation of spectral LIBS data derived
from heterogeneous materials using cluster algorithm", Spectrochim. Acta Part B, 134:
58-68 (2017), DOI 10.1016 /j.sab.2017.06.005.

[2] T. Dietz, P. Kohns, G. Ankerhold, "Quantitative determination of chlorides by
molecular LIBS", Spectrochim. Acta Part B, 152: 59-67 (2018), DOI
10.1016 /j.sab.2018.12.009.

[3] C. Beresko, P. Kohns, G. Ankerhold, "Surface Element-Mapping of Three-Dimensional
Structures by LIBS", Spectrochim. Acta Part B, 99: 20-27 (2014), DOI
10.1016 /j.sab.2014.06.004.

28



Acknowledgement

This project is supported by the German Federal Ministry for Economic Affairs and Energy
(BMWi), project grant No. KF26821030F4. The authors thank in particular the BAM
(Bundesanstalt fir Materialforschung und -prifung) and SECOPTA analytics GmbH both
located in Berlin.

29



Detection of REE-rich areas in Storkwitz drill
cores using LIBS and a combination of
normalization, clustering and spatial raster
analysis

Simon Miiller ', Jeannette Meima ', Dieter Rammlmair ', Marleen Kiinker

1. Federal Institute for Geosciences and Natural Resources, Stilleweg 2, 30655 Hannover, Germany

E-mail: SimonArne.Mueller@bgr.de

Fast and innovative space-resolved methods are a key to future exploration of ore deposits.
LIBS may provide a quick overview of elements of interest, their concentrations and
distribution. However, rock heterogeneity and matrix effects interfere with an
interpretation of samples with unknown concentrations, making LIBS analysis a challenging
task. In a BMWi promoted project, we used a stationary LIBS system (Nd:YAG Q-switched
20Hz 1064nm laser and a high-resolution 285-964nm Echelle spectrometer) to analyse
segments of a drill core from Storkwitz (Germany) for the occurrence and distribution of
Rare Earth Elements (REE). The Storkwitz complex is a heterogeneous mixture of
carbonatite related fragments, host rock fragments of granitoids and paleozoic sediments.
These clasts are embedded in a carbonatitic matrix containing various minerals that can be
separated into fluor and non-fluor bearing phases. Storkwitz is known for REE enrichments
that are bound to the former. Major rock forming elements as well as light REEs and their
indicators were evaluated using LIBS. Here, REEs mostly occur in the matrix and the rims of
rock fragments, which makes their separation necessary to determine areas of element
enrichment. We performed a Principal Component Analysis before partitioning matrix and
clasts with different clustering algorithms. Afterwards, spatial raster analysis was used to
classify areas with possible REE enrichment. The samples had to be split into different parts
that were measured over multiple days. To compensate for the intensity differences linked
to fluctuations of the instrument over the course of the entire measurement, selected
standards were used for normalization. Validation measurements demonstrate that LIBS is
an effective technology for the discovery of light REE in a highly heterogeneous material
with respect to their spatial position and their geological surrounding. Current research
focusses on possibilities for REE quantification with LIBS.
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The presence, absence or dysregulation of endogenous and exogenous chemical elements
or agents, particularly metals and minerals, has a great interest in various medical
specialties. The environmental and occupational exposures to dust, metal agents or
nanoparticles are responsible of several diseases such as sarcoidosis, lung fibrosis and
chronic beryllium disease. However, it is generally difficult to diagnose and to correlate the
symptomatology with the nature of the agent(s) and the potential
occupational /environmental exposure. This is mainly due to the lack of available
technologies able to detect these agents in a routine way compatible with conventional
histo-pathology analysis. Indeed, conventional methods are not successful to identify the
causative metal agent in several pathological situations. The LIBS imaging is a good
candidate to overcome the limitations of the current technologies. In particular, we
demonstrate that all-optical design of LIBS combined with the state of the art performances
(sensitivity, spatial resolution, and acquisition speed) is suitable for histological analysis and
our previous results have boosted LIBS technology from pre-clinical stage to several medical
applications. In this work, we developed a LIBS instrumental set-up combining a control of
the ablation process in human paraffin-embedded tissues, enhanced performances in terms
of spatial resolution. These improvements combined with an appropriate methodology allow
to promote LIBS technic as a quantitative method. The mass of in situ metal (nano)particles,
reflecting the global respiratory exposure of animals is demonstrated. Based on this
analytical validation we achieved to count metal particles in human lung tissues with
medical interest. We also optimized instrumental settings solutions for the elemental
analysis of thin slices of fresh frozen tissues. These results validate the first steps towards
the use of LIBS imaging in medical pathology laboratories.
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Fig. 1.: Images of human lung tissue with conventional histological staining (HES, left) and
complementary LIBS elemental image (right) representing Magnesium (red) and Silicon (green).
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We have been investigating the use of laser-induced breakdown spectroscopy (LIBS) for the
rapid identification of bacteria in clinical specimens. The ability to rapidly identify harmful
pathogens in such specimens is crucial for initiating appropriate treatment of infectious
diseases that can kill within hours of the onset of symptoms. Current laboratory techniques
can take as long as 24-72 hours for a positive identification, but the use of LIBS as a real-
time diagnostic could reduce that time to minutes. The current protocol involves
concentrating the bacterial cells in a liquid suspension with a volume up to 2 mL into a small
circular deposition area 1 mm in diameter upon a nitrocellulose filter medium (with pore
size of 0.45 microns) by centrifuging the suspension through a custom-fabricated cone
device and centrifuge tube insert. By reducing the cell concentration in various suspensions,
the limit of detection was calculated. A calibration curve constructed from forty spectra
obtained from each of nine different concentrations returned a LIBS bacterial limit of
detection of 10,865 +/- 3,712 CFU per laser ablation event for bacteria deposited on filters
using the metal cone. This represents a factor of 50 reduction in the limit of detection
compared to our previously reported value. Laser ablation of the filter medium and other
elemental contaminants yielded a non-zero background signal when a control experiment
was performed in the absence of bacterial cells. The sources of this non-bacterial signal
were investigated and preparation steps which might reduce or eliminate this undesired
background signal will be discussed. The use of the insert device to separate bacterial cells
from larger undesirable contaminants in the liquid will be described. Testing was performed
on several representative species of bacteria to investigate the ability of chemometric
models to differentiate the cells and the effect of the reduced cell count on the bacterial
limit of identification will be presented. The reduction of the limit of detection to clinically
relevant levels using a simple and quick preparation protocol suggests that this technique is
appropriate for use in clinical testing environments by non-LIBS technicians.
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Fig. 1.: (a-d) Pictures of the disassembled centrifuge insert, filter paper, and metal concentrating cone.
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plots utilizing various elements in the LIBS spectra
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The elemental characterization of 74 samples of switchgrass and poplar hardwood samples
using laser-induced breakdown spectroscopy (LIBS) was undertaken. The elements of
interest that were detected were, silicon, potassium, calcium, magnesium, phosphorus, and
sulfur. These elements are important components of the ash content of switchgrass and
some hardwood biomass. Hierarchical models using principal component analysis (PCA) and
partial least square analysis (PLS) was used to determine the presence of the specific
elements mentioned above. A 532 nm laser with 45 mJ of laser power was used to excite the
samples of switchgrass plant material and the emission of all the elements present in the
plant samples was recorded in single spectra with a wide wavelength range of 200-800 nm.
The results were compared to the laboratory standard technique, e.g., ICP-OES system, to
determine the true values for major micronutrients such as, Si, K, Ca, Mg, P, and S.
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Early diagnosis of diseases is crucial to increase the survival rate and quality of life of
patients. This is particularly correct for the case of cancers. Developing non-invasive
screening methods would represent a key step towards point-of-care large scale screening
and prevention of asymptomatic tumors such as Epithelian Ovarian Cancer (EOC) and
others. However, despite numerous advances that provide important tools to fight cancer,
this disease still poses great challenges to diagnosis and treatment and remains one of the
leading causes of death worldwide. In recent years, we have explored the possibility of using
of Laser-Induced Breakdown Spectroscopy (LIBS) and machine learning algorithms to
discriminate biomedical samples obtained, through minimally invasive techniques, from
diseased and healthy sources (humans and mice). This approach yields encouraging results
in terms of classification accuracies and potentially early diagnosis. We will present our
most recent results obtained and will report on the effects of various substrates used for the
LIBS measurements on the classification accuracy. We conclude that LIBS is likely to play an
important role in the future development of point-of-care preventive techniques for the
rapid, early and accurate diagnosis of diseases such as cancers and others.

References

[1] Rosalba Gaudiuso, Ebo Ewusi-Annan, Noureddine Melikechi, Xinzi Sun, Benyuan Liu,
Luis Felipe Campesato, and Taha Merghoub, “Diagnosis of melanoma in biomedical
fluids using laser induced breakdown spectroscopy and machine learning”, submitted
to Spectrochimica Acta Part B Atomic Spectroscopy, March, 2018.
https://doi.org/10.1016 /j.sab.2018.05.010

[2] N. Melikechi, Y. Markushin, D. Connolly, J. Lasue, E. Ewusi-Annan, S. Makrogiannis
“Age specific classification of discrimination of blood plasma samples of healthy and
ovarian cancer prone mice using laser-induced breakdown spectroscopy”,
Spectrochimica Acta Part B Atomic Spectroscopy, 123, 33-41 (2016).
https:/ /doi.org /10.1016 /j.sab.2016.07.008

37



o (1
LIBS Applications for Food Safety and Quality

Ismail Hakk: Boyaci '

1. Department of Food Engineering, Hacettepe University, Beytepe 06800, Ankara, Turkey

E-mail: ihb373@gmail.com

The preferential choice of food items depends on the individuals’ life styles, diet, health,
religious belief, current trends. Therefore, accurate labeling is crucial to help consumers
make conscious choices. Food is the main source of different elements, which are essential,
trace and fundamental for human diet and health. Elemental composition of food is a very
important indicator to understand food quality, nutritional value, authenticity and origin of
food. Besides, it is fundamental to assess the presence of nutrients in the food products
from the nutritional point of view. Therefore, determination of elements and their amounts
is crucial for food safety and quality. Food fraud is worldwide problem due to economic gain
and demand of analytical tools is increasing day by day to investigate the foods. In order to
fulfill the increasing demand on multi-elemental information for product monitoring, rapid
and sensitive analytical techniques which are capable of detecting major and trace elements
with good precision and accuracy are required. Recently developed spectrometric methods
provide rapid, practical, on-line analysis in foods. From these methods, laser induced
breakdown spectroscopy (LIBS) has ability to determine multi-elemental composition with
high potential for rapid food analysis. In our research group, it was shown that LIBS has a
great potential for analysis of different food groups such as identification of meat and milk
species, determination of whey adulterated milk powder, determination of ash and protein
contents of cereals. In addition to the promising results of LIBS on food applications, future
respects of these methods and ongoing studies for portable systems were evaluated and
discussed in the study.
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Self-absorption is an integral part of the emission signal in analytical atomic spectroscopy. It
is therefore not surprising that its theoretical characterization, experimental assessment
and possible correction methodologies have received in the past, and are still receiving,
continuous attention in the literature dealing with plasma spectroscopy in general, and
laser-induced plasmas in particular. This talk will highlight some methodologies and/or
approaches that have gained little or no popularity in the field - for example, measuring the
lifetime of the emitting level, using the self-absorbed radiation as excitation source for
atomic fluorescence measurements, and taking a closer look at the spectral profile of the
noise in the emission signal. Moreover, some experimental approaches published in the
recent literature, such as, for example, the idea of depleting the lower level of the transition
involved in the emission measurement, will be critically addressed. Finally, examples in
which self-absorption can be advantageous rather than detrimental in analytical plasma
spectroscopy will be discussed.
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Self-absorption is traditionally considered as one of the main physical effects in laser-
induced plasmas affecting the accuracy of LIBS quantitative analysis. Many strategies have
been devised in the past to correct self-absorption effects, in most of the analytical
applications of LIBS the use of self-absorbed lines for analytical purposes is avoided. On the
contrary, several researchers have recently proposed the exploitation of self-absorption
effect to improve the analytical performances of LIBS. The approach of Cristoforetti and
Tognoni [1] makes use of the elemental Columnar Density, while Aragén and Aguilera [2]
presented a method based on the so-called C-sigma plot. In this communication, we
introduce a synthesis of the two approaches, called Extended C-sigma method, which
extends the range of validity and greatly simplify the calculation of the plasma parameters
and elemental concentration with respect to the former methods.
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In this study, a collinear Long and Short-Double Pulse-Laser Induced Breakdown
Spectroscopy (LS-DP-LIBS) method was proposed to improve the detection ability and the
measurement accuracy by the control of the plasma cooling process using the long pulse-
width laser radiation. The plasma generated by the short pulse-width laser is stabilized and
maintained at high temperature during the plasma cooling process by long pulse-width laser
radiation. It was demonstrated that the detection capability of LIBS was improved using this
method and it was also applicable to samples at a distance. The system has a potential of
practical LIBS applications including steel-making processes, boilers and so on.
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Isotopic analysis by LIBS at atmospheric pressure is possible in some cases, yet it is
generally limited by the small isotopic shift compared to the spectral lines broadening,
induced by the Stark effect due to a high plasma electron density. Laser Ablation Molecular
Isotopic Analysis (LAMIS) was proposed to overcome this limitation [1-2]. Instead of
measuring atomic lines, this technique uses the molecular emission, whose isotopic shift can
be much higher than the atomic one. Its feasibility has been demonstrated on several
elements (H, B, C, N, O, C], Sr, Zr, U). However, for lithium, an important element of interest
in the nuclear field, the dissociation energy of molecules likely to form in the plasma is too
low to get an exploitable LAMIS signal. Therefore, we propose a new method called LIBRIS
(Laser-Induced Breakdown self-Reversal Isotopic Spectrometry) to perform direct isotopic
analysis of solids at atmospheric pressure. This technique is based on the self-reversal of
intense emission lines. Such lines are composed of an emission and an absorption peak. The
emission peak stems from the heart of the plasma and has a greater spectral width than the
absorption one because of a bigger electron density than in the periphery of the plasma
plume. Isotopic analysis is possible thanks to the precise determination of the wavelength
[3] of the self-absorption peak, which shifts with the isotopic abundance. We will introduce
the LIBRIS technique for direct isotopic analysis of solid lithium compounds at ambient
pressure. We particularly studied the influence of the laser ablation wavelength, of the
detection time delay and gate width, and of the ambient atmosphere on analytical
performances. In the best experimental conditions, we obtained a relative accuracy on
isotopic abundance of 6Li lower than 10%. Matrix effects will be discussed in relation with
the Stark shift observed on the absorption peak, leading to a potential bias of the wavelength
measurement.
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Fig. 1.: (A) LIBS spectrum of lithium resonant line at 670.776nm with natural isotopic abundance (7.5%
6Li); (B) Calibration curve of lithium isotopic analysis (R2=0.998).
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LIBS allows to achieve sorting as well as multi-elemental quantitative analyses. However, it
has been demonstrated by V. Motto-Ros et al. in 2018, in the context of quantification, that
the analytical performance is strongly influenced by different steps of data processing,
including the line selection, the way of extracting the relevant signal after baseline removal,
and the selection of the best univariate calibration model, being linear or quadratic. We will
describe in a first part how a series of key-steps of data processing allows to correct
potential drifts of the LIBS instrument, to filter out irrelevant data, and thus to improve the
sampling of the LIBS measurement. Then, we will present multivariate approaches for
sorting and quantitative analysis, as well as figures of merit allowing to objectively
determine the models providing the best analytical performance.
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Laser-induced breakdown Spectroscopy (LIBS) has been regarded as the “future superstar”
of chemical analysis and shown great potential in different fields.. However, severely
hindered by its quantification performance due to relatively low repeatability and accuracy,
LIBS was not able to realize wide commercialization. The aim of this work is to understand
more about the oringination of measurment uncertainty of LIBS and find ways to reduce the
uncertaities. It was found that for LIBS measurment, the most uncertainty was contributed
by the variation of total number density, which was from a process that the interaction
between surrounding gas and plasma make the upper part of plasma crashed with the lower
part, making the plasma morphology greatly changed and resutling a flucatuated collected
LIBS signal. Plasma modulations were therefore proposaled by spatial confinement, beam
shaping, surrounding gases etc. to generate a more stable and repeatible plasma
morphology.
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Under investigation since two decades, calibration-free laser-induced breakdown
spectroscopy (CF-LIBS) was mostly ignored in industrial applications. This is mainly due to
the poor analytical performance reported in literature and the still remaining unclarities of
model validity in the vast area of experimental conditions. CF-LIBS analyses have much
higher exigencies in the choice of experimental conditions than calibrated LIBS
measurements. Indeed, the need of sufficiently large signal-to-noise ratio is mostly in
opposition to the requirement of model validity. The high electron density needed to ensure
local thermodynamic equilibrium is associated to continuum emission that reduces
unavoidably the signal-to-noise ratio for elements with low mass fractions. Recent
investigations have shown that accurate modeling of the plasma emission spectrum is
possible if the experimental conditions were properly chosen [1]. This opens new
perspectives for calibration-free laser-induced breakdown spectroscopy. As an example,
analyses of multielemental thin films have been demonstrated with analytical performances
higher than those of traditional techniques [2]. In this presentation, we propose to give a
critical point of view on possible industrial applications that arise from these news
perspectives of CF-LIBS.
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In order to study matrix effects in LIBS among metal matrices, an approach based on
ablation and plasma characterization is being developed. For that purpose, Boltzmann plots
and Stark broadening measurements based on emission lines of iron, a common impurity
over the different samples, have been used. Yet, from one matrix to the other, different sets
of lines are used, which often yield significantly different results on the electron
temperature and density. Furthermore, even using a common set of lines, we found that the
lack of control of the samples composition is detrimental to a precise characterization of the
plasma: measurement biases are introduced by the varying iron concentration or the
interferences of lines of the matrix or other impurities. To alleviate this problem, the
objective of this work is to precisely characterize matrix effects observed in pure metals
using a standardized method of plasma characterization. This method consists in depositing
and drying a droplet of an iron solution at the sample surface. In this way, a tracer is added
to the solid sample, analogously to the standard addition method used in quantitative
analysis of liquids. Plasma characterization is achieved by ablating the thin iron deposit in
the same time as the bulk material and by analysing the iron lines. It has been verified that 1)
the iron deposit enables to introduce the desired lines in the spectrum, 2) the deposit does
not modify the ablation nor the resulting plasma, which enables to still observe and quantify
the matrix effects. This method has been successfully applied to a dozen pure metal
matrices and has enabled to observe matrix effects in the plasma that are strong enough to
induce significant consequences on quantitative analysis. Due to its possible use in all kinds
of samples and its limited biases, the proposed method may be of interest for applications
such as CF-LIBS or calibration transfers.
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Mining industry is looking for ways to improve their process through real time
characterization of their ore as an alternative to current laboratory-based techniques, which
are labor intense and time consuming. For instance, quantitative mineral analysis (QMA)
performed using energy-dispersive x-ray spectrometry and scanning electron microscopes
(EDS-SEM) provide reliable information on the mineral abundance and texture of prepared
rocks. This information helps in the optimization of the mining and milling processes, and to
define the value of a deposit. Real-time analysis of coarse rock streams would greatly
enhance the decision-making processes driving the mining operation efficiency; however,
electron-microscope-based instruments suffer from their offline character and are not
adapted for in-field measurements due to their need for labor-intensive sample
preparations and strict measurement conditions, which are prohibitive or unrealistic for
large scale, rock streams measurements. Laser-induced breakdown spectroscopy (LIBS) has
the characteristics to be a good candidate for in-field measurements, which could be
scalable to perform automated mineralogy measurement in coarse rock streams. The use of
a multivariate curve resolution - alternating least square method to the LIBS data allowed
the identification, quantification and imaging of minerals on rock tiles [1], even in the
presence of mixed mineral phases within the laser spot area. Mineral abundance and
imaging are obtained with success for the mineral phases, e.g. bornite, chalcopyrite,
chlorite, K-feldspar, albite, fluorite and calcite. We will present the recent results of
quantitative imaging on tiles, and the quantitative mineral point-counting on several tiles
and rocks. Our results showed a high opportunity of LIBS to be deployable in the mine not
only for elemental analysis but also for mineral online prediction to improve the efficiency of
the mining process in terms of time and cost.
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Laser induced plasma breakdown spectroscopy (LIBS) spectral information is highly
structured and complex. Its complexity is introduced by the dynamics of induced plasma
breakdown resulting in super-positions and multi-scaled interference. Developing new
methodologies that are able to interpret the structure /geometry of the spectral information
spaces is paramount to attain systematically accurate quantification and classification.
Herein, a new self-learning artificial intelligence methodology is presented which is able to
breakdown the spectral signals geometry information into high-dimensional spaces. The
local features of these spaces are accurately correlated to the chemical composition by
performing feature space transformations, searching directions of co-variance. It further
allows to self-learn by establishing knowledge maps of both quantification and classification,
using these to evaluate a priori the predictability of new estimates. Benchmarks on
quantification and classification of Lithium ore samples will be presented.
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Laser-induced breakdown spectroscopy (LIBS) provides the major technology of the
ChemCam instrument onboard the Curiosity rover in activity on Mars since August 2012.
Responding to the major objective of the mission to study the environment for the life and
its evolution on Mars, LIBS records emission spectra from rocks, soils on the Mars surface,
even under it. Carriers of information about the elemental composition of the materials and
physical and chemical states of their presence, the LIBS spectra sent back to Earth need to
be minutely treated and analyzed in order to extract as much as possible useful information
in relation to the scientific objectives of the mission. The exactitude and reliability of such
extractions guarantee the quality and quantity of the scientific results produced by the
mission. For this purpose, the CheCam team has prepared 408 references samples, called
ChemCam Calibration Targets (CCCT) for laboratory tests. The compositions of the CCCT
samples represent the varieties of minerals and rocks that we can find on Mars including
Si02, TiO2, Al203, FeOT, MgO, Ca0O, Na20, K20. The LIBS spectra of the ensemble of CCCT
samples have been obtained by the ChemCam team in a simulated Mars environment with
the similar experimental conditions as onboard Curiosity rover on Mars. These spectra have
been treated and analyzed by the ChemCam team to build prediction models for qualitative
and quantitative analysis with LIBS spectra sent back by the ChemCam instrument. Even if
the used chemometric classification and regression methods have provided good results,
they leave however rooms for improvements. In our team in Shanghai Jiao Tong University
we have started to work on new generations of LIBS data treatment methods base on
machine learning algorithms since the end of 2016. Recently developed collaborations with
the French ChemCam team in Toulouse have facilitated the application of our data
treatment techniques (initially developed for samples of application interests on Earth, soil,
steels, geological samples...) [2,3] to the CCCT LIBS spectra. We present here our first
results with a collection of 80 samples randomly selected from the CCCT samples. Basically,
two methods have been developed based on machine learning for classification and
regression as a first step for the treatment of the all the CCCT spectra. For classification, an
unsupervised model has been developed based on the Random 2D projection algorithm,
which is a nonlinear algorithm. The model training was totally unsupervised, allowing
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clustering of the spectra according to their inherent data characteristics. The obtained
results are shown in Fig. 1a, here colors represent different rock types. We can see the
gathering of a significant part of the spectra according to their rock types. Even though such
classification is still uncompleted with the model in its current state, a comparison with the
results from a PCA model (Fig. 1b) already shows a significant improvement. For regression, a
multivariate model has been developed [2,3] based on a back-propagation neural network
(BPNN). The obtained results are shown for SiO2 (Fig. 1c) and FeOT (Fig. 1d). Determination
coefficients of R™~2=0.97 for SiO2 and R™2=0.93 for FeOT have been obtained, which
represents a significant improvement with respect to the published results by the ChemCam
team using a PLS SM regression model with R"~2=0.94 for SiO2 and R"™2=0.89 for FeOT. The
improvement is especially observed for FeOT demonstrating the capacity of our model to
take into account spectral interference due to the presence of a large number of Fe lines.
We are testing our models with more CCCT spectra with improved calculation capacity. Our
future efforts may contribute to better regression models based with reinforced robustness
and higher prediction accuracy. The understanding to the physical mechanisms underlining
the data characteristics of LIBS spectra is also one of our main objectives.
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Fig. 1.: Fig.1 (a) & (b) Classification resulted from PCA and the Random 2D projection algorithm; (c) & (d)
Calibration curves for SiO2 and FeOT resulted from the developed multivariate regression.
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Laser-Induced Breakdown Spectroscopy (LIBS) has achieved promising performance as an
elemental imaging technology, and considerable progress has been achieved in the
development of LIBS over the last several years, which has led to great interest in the use of
LIBS in various fields of applications. As a consequence, we are today generating always
bigger data sets with millions of pixels which led to new challenges in data analysis. Indeed,
we have to develop new strategies in order to find natural groupings of pixels (spectra)
considering the complexity of the emission spectra and the high dynamic range of
measurement observed from major compounds and minor ones. In this work, we will
introduce first, the well-known k-Means clustering (KM) which is one of the most popular
unsupervised classification methods. It aims to separate a set of n unlabeled pixels of d
dimensions into k clusters. Each cluster is represented by its barycenter, named centroid.
KM algorithm starts by choosing randomly k initial pixels as centroids. Then, it runs
iteratively following these steps: (i). Based on a chosen distance metric, each pixel is
assigned to the cluster whose centroid is the nearest. (ii). The centroids are updated
according to the new partition computed in step (i). Steps (i) and (ii) are repeated until pixel
assignment is stabilized. This presentation will be also an opportunity to introduce the PBM
index in order to estimate the optimal number of clusters. In a last step, a second round of
clustering will be applied on each cluster in order will provide even more details about them.
A complex mineral sample will be used as a case study to illustrate the potential of the
proposed approach.
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The Laser-Induced Breakdown Spectroscopy (LIBS) technique is a form of atomic emission
spectroscopy of a plasma plume induced by laser on the material to be analyzed. LIBS has
advanced over the last 50 years to become a successful emerging technology for numerous
chemical analysis applications. Breakthroughs in understanding the science of the ablation
process and development of improved laser and detector components have led to reliable
analytical measurement performance. LIBS has found its way across a variety of applications
and disciplines in geology, planetary science, defense, food, environment, industry, mining,
biology, etc. The miniaturization of LIBS equipment has opened new opportunities to
perform real time measurements and responds to emerging needs under conditions in
which conventional techniques cannot be applied, in particular for the detection of precious
metals. Exploration of precious metals is very challenging because the cut-off grade
continues to decrease with time, as the value of the metals increases. This emphasizes the
need for new and fast techniques for increasing productivity and efficiency in the field. The
mining industry today is in desperate need of new technologies to face the challenges of
increasing labor and material costs, and lower grades due to dilution. Recently, NRC has
developed a breakthrough technology based on LIBS within collaboration with major
Canadian gold mining companies. The NRC field portable prototype has allowed for the first
time to detect gold below ppm level in mineral ore samples and also to provide information
on mineralogy of the ore. Such real-time fast analysis of gold helps geologists and engineers
make on-the-spot decisions, upgrading the ore by preventing sending gangue to the mill
and proficiently manage their mining projects. In this presentation, we will present an
overview of LIBS instrumentations with focus on their use in mining applications. We will
discuss the LIBS instrumentations in terms of robustness, analytical performance and
comparison to conventional techniques.
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The detection and concentration of minor and trace elements in geological settings is of
great help to understand the different geological processes they have been through. This is
of particular importance when the geological context of the rocks is unknown, or not well
constrained. This is the case with planetary missions, such as on Mars with the Mars Science
Laboratory (MSL)/Curiosity rover. The ChemCam instrument, onboard the rover, uses the
Laser-Induced Breakdown Spectroscopy (LIBS) technique in order to assess the chemistry
of the analyzed targets [1,2]. ChemCam can detect several minor and trace elements: H, Li,
C,N, F, P, S, C], Cr, Mn, Ni, Cu, Zn, Rb, Sr, Ba, and Pb, but only a few of them are well
quantified for now: F, Mn, Ba, Zn, Li, Rb, Sr. This study focuses on a revisited Ba
quantification. Minor elements quantification with ChemCam is performed using univariate
techniques [3], where the Ba line is located at 455.53 nm. This ionized Ba line is the most
intense in the range 240-900nm, from the NIST database. Nevertheless, it is strongly
overlapped by Si and Ti lines, which makes the peak fitting harder and tends to bias the
result when the target is enriched in SiO2 [3]. However, Ba substitutes easily with K and
therefore is found in K-feldspars. It is found as well in Ca-rich minerals (plagioclase,
pyroxenes and amphiboles) but also in apatite and calcite, as it substitutes with Ca too. Ba is
also found in high amount in clays and in Fe and Mn oxides, on to which it is adsorbed. Its
quantification is therefore of great importance, as Curiosity has sampled several kinds of Fe
and Mn oxides during its traverse, and is now exploring the clay-bearing unit. Recently, we
have found another ionized Ba line that shows almost no overlap with other element lines,
located at 614.3 nm. This line is promising, even if the LOD is higher than previously (180
ppm). It's used to predict the Ba content of the ChemCam's > 20000 observations on Mars.
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Fig. 1.: Images and ChemCam spectra of Uau target sampled on sol 1313. Point 3 is one of the highest Ba
content (3000ppm), associated with a potassium feldspar composition. Top Left: MastCam image
(1314MR0062670020700536E01_DXXX.IMG), bottom left: ChemCam mosaic(C
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Laser-induced breakdown spectroscopy (LIBS) obtains emission spectra of materials ablated
from the samples in electronically excited states. Additionally, when the plasma cools down,
elements can recombine and molecular emission lines are observed. Recent experiments [1]
have shown that, when occurring, these molecular emissions can be much brighter than the
associated atomic lines especially when halogens and REE are concerned. These molecular
emissions have been observed in several ChemCam [2] spectra and allowed the first ever
detection of fluorine on the surface of Mars [3]. Experiments under martian conditions with
various mixing ratios of F and Cl in apatites were performed to better constrain their
composition. These experiments allowed us to derive a calibration curve for the F content
and confirmed a detection limit for fluorine of 0.2 wt.% and put an upper limit of Cl
detection of 0.3 wt.%. Over the seven years of observations, ChemCam detected over 1000
points containing fluorine. This represents 0.5 % of all the observations. Two types of
relationships between the fluorine and the others elements can be identified: the first one
relates fluorine with calcium. In this case the F-bearing phases are either apatite or fluorite.
Often it is not clear to disentangle between the two phases unless phosphorus is detected,
which is not easy given the detection limit of about 3.0 wt.% phosphorus with ChemCam.
The second type relates fluorine with silicon and aluminium. In this case, the F-bearing
phase could correspond to phyllosilicates, possibly micas (biotite, muscovite), which are
known to contain fluorine. Fluorine has been detected in very different geological settings
along the stratigraphic column of Gale Crater (fig..1). We will show some examples of the
occurrences of these two types of mineralogy and present some hypotheses for their
formation in terms alteration conditions.
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Fig. 1.: Stratigraphic distribution of the fluorine detections. Only detections less than 3 wt% F are
displayed.
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Rechargeable lithium-ion batteries have become indispensable for consumer electronics
and for powering electric cars. European Li-deposits are mainly associated with pegmatites,
but beyond the geological unknowns, Li-exploration also suffers from technical difficulties.
As light element, Li is hard to measure using classical techniques. If recent developments
provide direct recognition of Li and Li-bearing minerals, such as LIBS (Laser-Induced
Breakdown Spectroscopy) handheld spectrometers, with detection down to dozens of ppm
level, its direct quantification must be undertaken regarding precise analytical protocol as
it's done for any other analytical instrument in laboratory. Thus, any potential matrix or
chemical effects relating to the mineral phases, self-absorption of emission lines, spectral
interference with other elements... should be considered during the data analysis. In order
to obtain consistent Li quantification from thousands of ppm to several wt %, we have
selected a large range of well characterized Li-rich minerals such as spodumene (LiAISi206),
lepidolite (K(Li,Al)3(Si,Al)4010(F,0H)2) and petalite (LiAlSi4010). To investigate matrix
effects, synthetic glasses have been realised, using the crushed selected minerals after
fusing in an oven at 1400°C, and powder pellets were obtained from the same crushed
minerals. Their chemical homogeneities have been cross-checked using micro-XRF and
micro-LIBS mappings on millimetric or centimetric minerals, with a 10-micrometer space
resolution. Different calibration curves have been established using these different samples.
The relative standard deviation of the calibration depends on the selected Li-emission lines,
the normalization (or not) of the signal, the number of laser spots per samples, etc... These
calibration curves can be implemented in the handheld LIBS to give us an idea of the Li
content directly on the field, which can be very useful for lithium exploration in a near
future.
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Fig. 1.: Micro-LIBS cartography on pegmatitic rocks containing lepidolites and montebrasites (
Gongcalo, Portugal). Realised with 2400 x 1600 spectrum, with a spot diameter of 12um.
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LIBS has gained in popularity as an analytical scheme for rapid materials
analysis, although the complex plasma-analyte interactions are directly
related to the ultimate analyte response and quality of the results. Careful
analysis of laser-induced plasmas and the resulting emission processes can
play a vital role in understanding the many complex issues associated with
the plasma-analyte interface, thereby providing an essential step forward in
quantitative analysis. Based on new understanding of the important issues of
analyte vaporization and transport, laser-ablation laser-induced breakdown
spectroscopy (LA-LIBS) was proposed as a novel analytical scheme with goals
of improved analyte response, as well as minimization of sample matrix
effects and use of non-matrix matched standards, by separating the ablation
sampling event and the analytical laser-induced plasma event. One drawback
of the LA-LIBS approach is lower sensitivity due to the relatively small mass
of analyte sampled following plume transport. To overcome reduced
sensitivity, the laser ablation step was explored using a kHz laser, increasing
by orders of magnitude the analyte sampling rate for subsequent transport
and LIBS aerosol analysis. This methodology was explored for a series of
metallic standard samples to allow quantitative assessment of the scheme as
implemented. Overall, the value of LA-LIBS as an accurate and versatile
analytical tool is demonstrated for direct analysis of solid materials.
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Rare earth elements (REEs), which are in the periodic table scandium, yttrium and the
lanthanoids, are critical raw materials. REEs are needed for example, in permanent magnets
used in windmill technology needed for in construction of carbon-neutral society to answer
environmental challenges. As the demand of REEs will exceed the current supply in the near
future, there is a need to find new sources and boost the beneficiation of the existing ones.
REEs can be found from about 200 different minerals as carbonate, phosphate, silicate,
halide and oxide compounds. In general, REE-rich minerals occur in nature in carbonatite
and alkaline type rocks and e.g. carbonatite rocks commonly contain ~3500 ppm REEs. For
optimal beneficiation of the rock, the knowledge of the location of mineral grains, their
shape and size and the possible chemical variations of REEs within the minerals should be
obtained as quickly and early as possible. Our answer is the development of laser
spectroscopy techniques; laser-induced breakdown spectroscopy (LIBS), Raman
spectroscopy and laser-induced fluorescence (LIF) for the analysis of REE-bearing rocks.
The spectral data set obtained from these complementary spectroscopy measurements has
been used to construct maps of the REE-bearing rock surface, giving insight in the rock
composition.
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The combination of laser induced breakdown spectroscopy with sonic-spray ionization (SSI)
mass spectrometry (MS) is a promising tool for fast and straightforward analysis providing
both the elemental composition and the molar mass of metal-organic compounds and metal
containing biomolecules. [1] The analysis relies on the use of pneumatic nebulizer to
generate an aerosol spray form the analyte solution in water /acetonitrile. The aerosol is fed
into the inlet of the mass spectrometer at a constant flow, 15-20 oL /min, and mass spectra
are collected. In parallel, it is interrogated, at a repetition rate of 5-10 Hz, by pulses from a
nanosecond laser (Nd:YAG, o = 1064 nm) that give rise to the formation of strongly emitting
plasma, off of which time-resolved LIBS spectra are recorded. In the present study we have
examined how and what extent formation of plasma, taking place at the region between the
nebulizer edge and the mass spectrometer inlet, might influence the recorded mass
spectrum. For example, diatomic molecules, such as OH, generated in the plasma plume can
lead to gas phase cluster formation. The effect is related to sample matrix and is evident in
presence of free metal ions, while it is minimized in the case of covalently bonded molecules
or co-ordination compounds. We explored possible reaction pathways of the OH radicals
with analytes having aromatic rings. It is shown that the ablation process has some, but
clearly not significant interference, with the molecular MS measurements, and can further
be reduced with proper synchronization settings that enable collection of mass spectra out
of phase with respect to the plasma events.
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The advanced application of Raman/LIBS techniques to the deep sea has been made
possible by the availability of remotely operated vehicles (ROVs) with the payload, power,
communication, and manipulation ability to deploy and control such an in-situ spectral
system at full ocean depths. With the aid of ROVs, we have applied in-situ Raman

spectroscopy to the geochemistry of hydrothermal vent and cold seep fluids . In 2015, a
compact 4000 m rated LIBS system was developed and deployed for depth profile

investigations of sea water around the hydrothermal field at the Manus area . In this talk,
I'll give an overview of deep-sea Raman /LIBS systems we developed, so far, with a detailed
introduction of an ultra-compact deep-sea LIBS system and its performance. To improve
the capability of LIBS in its sea applications, many efforts have been made in laboratory in
recent years. For a better understanding of underwater-LIBS, different plasma diagnostic
methods were tried with time- and space-resolved spectroscopy, fast imaging as well as
spectral-resolved imaging techniques. Both single-pulse and double-pulse LIBS in bulk
water were investigated with special attentions on the laser focusing conditions and the
impacts of the most common oceanic parameters (pressure, temperature and salinity) on
LIBS signals. The relevant typical results will be given, in this talk, and the opportunity and
challenge for LIBS being an in-situ technique in sea applications will also be discussed
briefly.
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insertion
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Fig. 1.: A deep-sea LIBS system deployed on the ROV of “Faxian” (left) for the sea trial in 2015, and a
concept diagram (right) showing the hybrid spectral system and its possible applications to
hydrothermal vent.
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Within a regional project for technology transfer an archaeological site in Rome, named Villa
della Piscina (area Centocelle), has been selected. This mansion was in use for about 7
centuries, since the republican period to the late empire. The examined fragments of
frescoes, formerly excavated from the ruins, had been attributed to rooms inside thermal
baths, built in the second half on the first century A.D. Extensive spectroscopic studies have
been carried out inside the project in order to assign the complete color palette and other
materials employed (plaster, mortar etc.). Most of the surface pigments have been
characterized by Raman spectroscopy and by FT-IR measurements [1]. In order to complete
the study, LIBS and PIXE [2] were utilized to determine atomic composition and to reveal
also trace elements, which may contain information on the provenance of the materials and
support their dating. From PIXE, the average element concentrations inside the penetration
layer (in order of 10 um) were determined. However, this technique individuated up to 13
elements (heavier than Na) in the examined materials while LIBS, identified up to 23
elements including the light ones and the traces. LIBS offered the unique possibility to
investigate subsurface layers with depth resolution of about 1 pm, making possible to
distinguish composition of surface contamination, painting and preparation layer (rich in
Pb). The stratigraphic LIBS analysis showed that also some pigments contain Pb (present in
white lead) while certain colors had been whitened by adding kaolinite. In the last case, a
very good correlation between intensities of Ti and Al lines is evident in the LIBS spectra
during depth profiling of the pigment’s layer. As PIXE supplied quantitative data for all
observed elements, an attempt to exploit these data for calibration of LIBS stratigraphy will
be presented. Complementarity between the two techniques will be illustrated for the
considered application.
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BaF2 activated by trivalent thulium is an interesting matrix for Laser-Induced Plasma (LIP)
as a potential source for the emission of halogen and alkaline earth element molecules and
Plasma Induced Luminescence (PIL) of Rare Earth Elements (REE) with long decay times in
luminescent matrix1-3. After a long delay time of 10-70 s, the relatively short-lived narrow
atomic and ionic plasma emission lines disappear, and band emission dominates the
spectrum. The origin of those bands is twofold: ultraviolet, green, extreme red and infrared
series of BaF molecules and luminescence of Tm3+ in BaF2 matrix. The comparison with
laser-induced luminescence reveals that spectrum of PIL corresponds to short UV

photoexcitation, while the longer UV wavelength generates different luminescence
spectrum (Fig.).
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Fig. 1.: Figure. Breakdown spectra with molecular BaF emission (a-d), plasma-induced luminescence of
Tm3+ (d) and photoluminescence under different excitations (e) of BaF2-Tm3+
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A double pulse laser system that combines Raman spectroscopy and laser induced
breakdown spectroscopy (LIBS) using one laser and one ICCD is demonstrated. The study
attempts to improve the atomic signals of LIBS while simultaneously extracting the desired
molecular signals from Raman. In low pressure conditions such as the lunar atmosphere, the
detection of plasma emission is difficult due to the low electron density and short
persistence time causing a rapid plasma expansion. Moreover, in the integration of the
spectroscopic system aimed at space exploration, the system size and weight should be
minimized. Simultaneous molecular and atomic detection that gave highly resolved spectra
of both LIBS and Raman at pressure below 0.07 torr is achieved. First, a low-energy laser
pulse was used to produce a small plasma and to detect the molecular signals through the
inelastic scattering effect. Then, the laser pulse at a higher energy is used to produce a
larger plasma plume for detecting the atomic signals. Amongst eight rock samples tested,
plasma stacking by generating two sequential plasmas produced from the double-pulse laser
on Calcite for example enhanced the signal intensities of calcium and oxygen lines by
twofold, compared to a conventional LIBS. Noting the importance of discriminating the type
of minerals during space exploration, the signal enhanced plasma emissions from the
present setup may lead to highlighting the features of weak spectra and detecting otherwise
blind signals from the conventional LIBS setup.
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Fig. 1.: Schematic of the proposed double pulse Raman-LIBS arrangement
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It is well known that sensitivity to detect halogens by atomic spectroscopy techniques, and
in particular by LIBS, is poor. To overcome this limitation some alternative strategies have
been investigated, such as carrying out the LIBS analysis in a He atmosphere [1], or the
detection of the emission produced by metal-halogen molecules formed in the LIBS plasma
[2]. In this last option, delay times used to acquire molecular emission are long to assure the
atomic emission is low and recombination processes have taken place. Moreover, this
method could be no restricted to the analysis of samples containing both, halogen and
metal. For example, it was shown that CaF molecules could be formed by nebulizing a Ca-
containing solution while a F-containing sample is being ablated [3]. In this work the spatial
distribution and temporal evolution of CaF emission is investigated to find out the dynamic
of the molecular emission in comparison with the atomic one, and the possible spatial
discrimination between atomic and molecular signals. In addition, this study also investigate
changes produced in the plasma by the nebulization of a Ca-containing solution during
sample ablation. [1] C. Derrick Quarles, Jr., J. J. Gonzalez, L. J. East, J.H. Yoo, M. Morey and
R.E. Russo. J. Anal. At. Spectrom. 29 (2014) 1238-1242 [2] M. Gaft, L. Nagli, N. Eliezer, Y.
Groisman and O. Forni. Spectrochim. Acta B 98 (2014) 39-47 [3] C. Alvarez-Llamas, J.
Pisonero, and N. Bordel, J. Anal. At. Spectrom., 32, (2017) 162-166.
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We report on the application of selected analytical laser-based techniques to the analysis of
biological samples such as bacteria, algae an yeast. The main thrust of this investigation was
to use the technique of laser-induced breakdown spectroscopy (LIBS) which offers simple,
fast and real time spectrochemical analysis, with little need for sample preparation.
However, at some instances LIBS experiences considerable restrictions for specific elements
in analytes. Such elements typically do not have spectral lines which are free from
interference emission from other, more abundant, matrix elements, or their spectral lines
are in regions not accessible to a particular spectrometer system. This may lead to some
errors or measurements restrictions when performing sample analysis. To partially
overcome this problem, it has been proposed to combine the primary technique of LIBS with
another techniques, namely Raman spectroscopy nad LA-ICP-MS. Here, Raman
spectroscopy provides precious information about the overall chemical composition of the
sample of interest and LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass
Spectrometry) enables sensitive elemental analysis to be performed directly on selected
samples. In this work, this combination is subject to our investigations to highlight some of
its merits. Specifically, we attempted to merged data from LIBS and Raman which helps to
enhance discrimination and classification accuracy of selected microorganisms.
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Since the first uses of LIBS, it is known that the laser induced plasma, as many other atom
reservoirs, is a dynamic system that evolves rapidly to stable species after the end of the
laser pulse. LIBS of metallic targets, which is the best established body of knowledge in this
area of research, reveals the existence of a limited number of reactions between the excited
and ionized atoms and atmospheric oxygen. The oxides formed may be used for
characterizing the original sample, as for instance using the recently demonstrated
application of LIBS for isotopic analysis at atmospheric pressure. The case of LIBS of organic
compounds is much more complex. Recent investigations reveal that reactions in the plasma
between fragments formed by dissociation of the original compound and by reactions of
these fragments with the gas surrounding the plasma are extensive. While these reactions
tend to complicate the spectroscopy and its interpretation, the products formed and the
way they interact can be exploited for assigning the identity of the original compound. In
this talk, a discussion of the several factors affecting the plasma chemistry of a number of
molecular compounds will be presented. Factors influencing the formation of emitting
species and some applications in the chemical analysis of organic samples with a view on
astrobiological research will be discussed.
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Nanoparticle Enhanced Laser-Induced Breakdown (NELIBS) has been proposed for the first
time as a methodology for improving the sensitivity of LIBS, several papers on NELIBS
applications has been published and the number of laboratories that are working on this
approach is continuously growing. To the growing interest in NELIBS applications, is not
corresponding an adequate effort to understand the basic mechanisms allowing the
enhancement in Laser ablation based techniques, when nanostructures are used for the
sample preparation. This talk is aimed to clarify the outstanding advantages but also the
implicit limits of NELIBS, in order to outline when NELIBS is recommended and when its
advantages do not worth the use of NELIBS with respect to conventional LIBS. For this task,
fundamental aspects of laser-NP interaction as well as classical drawbacks of LIBS will be
discussed.
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Lanthanide-doped photon-upconversion nanoparticles (UCNPs) are a new type of
luminescent nanomaterials, the most commonly composed of NaYF4 nanocrystals doped
with Er3+ and Yb3+. UCNPs have become widely used as luminescent labels because of their
unique optical properties, which could lead to the replacement of traditional organic dyes
and quantum dots [1]. However, analogously to other classes of nanomaterials, UCNPs may
eventually find their way into the environment. Because environmental organisms may come
into contact with discarded UCNP-containing products, it is important to evaluate the
possible environmental risks of UCNPs. In the present study, radish (Raphanus sativus L.)
and common duckweed (Lemna minor L.) were treated with an aqueous dispersion of
carboxylated silica-coated photon-upconversion nanoparticles containing rare-earth
elements (Y, Yb, and Er). The total content of rare earths and their bioaccumulation factors
were determined in the root, hypocotyl, and leaves of R. sativus after 72 hours, and in L.
minor fronds after 168 hours. In R. sativus, translocation factors were determined as the
ratio of rare earths content in hypocotyl versus roots and in leaves versus hypocotyl. The
lengths of the root and hypocotyl in R. sativus, as well as the frond area in L. minor were
monitored as toxicity endpoints. To distinguish rare-earth bioaccumulation patterns, two-
dimensional maps of elemental distribution in the whole R. sativus plant and in L. minor
fronds were obtained by using laser-induced breakdown spectroscopy with a lateral
resolution of 100 pm. Obtained results revealed that the tested nanoparticles became
adsorbed on L. minor fronds and R. sativus roots, and got transferred from roots through
the hypocotyl into leaves in R. sativus. Our results show that bioaccumulation patterns and
spatial distribution of rare earths in nanoparticle-treated plants differ from those of positive
control (the mixture of YCI3, YbCI3, and ErCI3).
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Nanoparticle Enhanced Laser-Induced Breakdown Spectroscopy (NELIBS) is a recently used
modification of LIBS technique, where the use of nanoparticles decreases Limits Of
Detection (LOD) or even in some particular cases enables the detection of minor elements
not detectable with conventional LIBS. In the previous studies NELIBS applications have
been presented on different kinds of samples such as metals, transparent samples, fresh
samples and liquids. As it is well-known, solutions can be successfully analyzed with LIBS
either directly in the liquid phase, e.g. by Double Pulse (DP) techniques or by depositing and
drying drops of solution on a substrate. While DP-LIBS enables an analysis of solutions down
to ppm levels, the method of drying several drops of solution virtually does not have any
LOD limitation, as far as there is no restriction in the available amount of solution. On the
contrary, if only a few microliters of the solution are available for the analysis, sensitivity can
become a major issue in LIBS analyses. In these cases, the use of NPs can strongly improve
the LIBS sensitivity. In the present work, the use of NELIBS as a tool for the elemental
chemical analysis of microdrops of solutions with analyte concentration at sub-ppm level
has been investigated in different liquid environment in order to check the analytical
capabilities of NELIBS in aqueous, organic and biological solution. The results reveal some
important characteristics of the plasmon-enhanced ablation and of the emission intensity
enhancement during NELIBS. In the frame of these observations, new interesting
applications such as the quantification of metals in protein systems and the elemental
analysis for forensic purposes will be discussed.
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The advance of automated production has triggered tremendous productivity gains in
developed countries worldwide. Well-defined raw materials and primary products are used
to produce complex semi-finished products and, ultimately, end products, through the
massive use of automated processing and production processes. These often contain a
wealth of valuable raw materials to ensure the desired properties and functions. The
number of elements of the periodic table, which thus find their way into the final product,
tends to increase. This applies in particular to high-tech products such as electronics of
computers and mobile phones, but also to automobiles and tools for machining. At the end
of the product lifetime, many recyclables occur still as material mixtures. Conventional
recycling methods provide only very limited content-related sorting in order to obtain high-
quality material fractions. In most cases, a preconditioned mass flow is processed
metallurgically in order to recover some of the valuable metals.

But which chances are opened up if these products are disassembled at the end of their use
with modern methods of production technology and are sorted based on inline gained
chemical information, in order to win high-quality fractions? From these the valuable
materials contained can be obtained in a more efficient way than now. What are the
challenges of this so-called inverse production? Approaches to this are presented and
exemplified by recent developments for the disassembly of electronic boards, with which
hitherto inaccessible sorting fractions with high-value enrichment can be obtained.
Laser-induced breakdown spectroscopy and laser processing technology play a key role in
the sketched measurement tasks. Recent developments of scanning LIBS systems will be
presented which serve to identify valuable materials in electronic components and tool
steels.
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The properties of rubber critically depend on the concentration of the vulcanizing system.
We present an advanced laser-induced breakdown spectroscopy (LIBS) method to analyze
the vulcanizing system (Sulfur and Zinc oxide, 0-3 wt%) in rubber under ambient conditions
(air) and we demonstrate in-line measurements in the industrial rubber production. The
faint sulfur lines in the near-infrared became measureable by plasma excitation in collinear
double-pulse geometry and time-gated detection of emission. The weak Zn lines in the
ultraviolet were measured due to their superior intensity stability compared to the stronger
lines in the deeper UV. S and ZnO were quantified in different rubber materials prepared
from the most important polymers in rubber production. The mean error of prediction of
concentrations RMSEP was <0.07 wt% for S and <0.33 wt% for ZnO. Other chemical
elements can be analyzed also and the rubber production may be controlled using LIBS as
process analytical sensor.
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Fig. 1.: LIBS analysis of the vulcanizing system of rubber in industrial tire rubber production.
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Since current Li-ion batteries suffer from limitations due to the chemical instability of their
utilized organic electrolytes, a lot of research is focused on replacing them with more stable
inorganic solid ion conductors. Cubic Li7La3Zr2012 (LLZO) garnets show high Li-ion
conductivity as well as good electrochemical stability, making them very promising solid Li-
ion conductors to be employed in future Li-ion batteries [1]. However, the application of
LLZO could be hampered by its reactivity with water leading to Li+/H+ exchange in the
crystal structure of the garnets [2, 3]. To investigate and understand this phenomenon,
information about the exact H+ uptake is of uttermost interest. In this work, we present a
method for the spatially resolved determination of H in LLZO garnets using LIBS. Reliable
signal quantification was obtained by preparing matrix-matched standards, carefully
optimizing the measurement parameters (e.g. atmosphere, laser energy, gate delay) and
applying appropriate signal normalization as well as background correction. Li+/H+
exchange caused by immersion in different media was investigated by conducting depth-
profiling experiments on various LLZO samples, confirming significant H+ uptake during
treatment with protic solvents.
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In view of the ageing of vital infrastructure facilities a reliable condition assessment of
concrete structures is becoming of increasing interest for asset owners to plan timely and
appropriate maintenance and repair interventions. For concrete structures reinforcement
corrosion induced by penetrating chloride is the dominant deterioration mechanism
affecting the serviceability and eventually structural performance. The determination of the
quantitative chloride ingress is required not only to provide valuable information on the
present condition of a structure, but the data obtained can also be used for predicting
future development and associated risks. At present wet chemical analysis of ground
concrete samples by a laboratory is the most common test procedure for determination of
the chloride content. As the chloride content is expressed by mass of binder, the analysis
should involve determination of both the amount of binder and amount of chloride
contained in a concrete sample. The chloride profile obtained is based on depth intervals of
10 mm. LIBS is an economical viable alternative providing chloride contents at depth
intervals of 1 mm or less. It provides two dimensional maps of quantitative element
distributions and can locate spots of higher concentrations like in a crack. The results are
correlated directly to the mass of binder and it can be applied on-site to deliver
instantaneous results for the evaluation of the structure. The application of a mobile LIBS
system in a parking garage is demonstrated. It uses a diode-pumped low energy laser (3 mJ,
1.5 ns, 100 Hz) and a compact NIR spectrometer. A scanner allows a two-dimensional
element mapping. Results show the quantitative chloride analysis on wall and floor surfaces.
To determine the 2-D distribution of harmful elements (Cl, C), concrete cores were drilled,
split and analyzed directly on-site. Results obtained were compared and verified with
laboratory measurements.
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Additive manufacturing opens new powerful capabilities for metal parts production directly
from three-dimensional digital models as well as superior flexibility for producing internal
structures which cannot be fabricated with traditional machinery and unique possibility to
grow parts with required design of chemical composition gradient. The development of
online sensing and control systems is essential for product quality improvement as well as
advancement of additive manufacturing into high-value applications where component
failure cannot be tolerated. For the first time, we have demonstrated the feasibility of in-situ
quantitative multielemental analysis by LIBS during composite samples production by
additive manufacturing. Specifically, we designed a low weight and compact remote LIBS
system which was capable to quantitatively analyze both light (carbon) and heavy (tungsten,
chromium, nickel) elements during composite coating (tungsten carbide in nickel alloy)
synthesis by co-axial laser cladding technique. Coaxial laser cladding is an additive
manufacturing technique based on metal powder flow melting by powerful continuous wave
laser. Owing to non- uniform distribution of tungsten carbide grains in the upper surface
layer the only acceptable choice for LIBS sampling point was in the melt pool at a growing
clad. No impact of LIBS sampling on cladding process and clad properties was observed. The
feasibility of in situ LIBS quantitative elemental analysis of key components (tungsten and
nickel) has been demonstrated during the cladding process. LIBS analysis results were in
good agreement with offline measurements by X-ray fluorescence spectroscopy (XRF) and
combustion infrared absorption method (CIAM). Finally, LIBS technique was demonstrated
to be a good tool for real-time detection of cladding process failures (poor laser beam
quality, undesirable variation of components concentrations).
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The unique potential of LIBS for the analysis of nuclear materials, especially using fiber optic
instrumentation, has been recognized by the analytical community relatively early on and it
has been used for material analysis at different nuclear facilities (like nuclear power plant,
enrichment facility or radioactice waste depository, etc). Most of these applications
however, in line with real or then thought limitations associated with LIBS, such as poor
accuracy of quantitative analyses or inability to perform isotope-resolved measurements,
were monitoring in nature and quantitative measurements were scarce. However, recent
progress in technology, methodology and experimental optimizations in the last ca. two
decades have greatly advanced the capabilities of LIBS, which now largely alleviate or even
eliminate former limitations. This can allow a significant expansion of nuclear LIBS
applications. In addition, the technique can be also useful for nuclear security purposes
including nuclear forensics. Fast LIBS analysis can identify the origin of a material
confiscated by authorities, help the identification of possible smuggling routes and
perpetrators, to detect human exposure to certain isotopes or to prevent a potential nuclear
terrorist attack. The stand-off /non-contact, virtually non-destructive, trace analytical
sensitivity, specific spectral fingerprinting capability, sample preparation-free, short
analysis time and other unique features of LIBS promise success also in these applications.
This presentation will overview and showcase the current analytical potential of LIBS in
nuclear analysis, primarily focusing on in-field applicable approaches and results.
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During the operation of a thermonuclear reactor which operates with a deuterium/tritium
fuel mixture, it is mandatory to measure the tritium concentration and its depth profile in
the Plasma Facing Components (PFCs) of the reactor thus reinforcing the measures planned
for the estimation of the in situ inventory of tritium which is limited due to safety
constraint. Moreover, the composition of the surface of those PFCs in light impurities
(oxygen, oxides) which, when they are sprayed can pollute the fusion plasma, have also to be
evaluated. Finally, the presence of helium bubbles in plasma-facing materials, helium coming
from both the neutron interaction with materials impurities and of the decay of tritium
trapped in the CFPs, is a major concern. Indeed, helium bubbles strongly degrade the
thermomechanical properties of CFPs designed to evacuate high heat flux densities (~ 10
MW /m2). In order to address all of these open issues, Laser-Induced Breakdown
Spectroscopy (LIBS) is the appropriate method. However, LIBS using nanosecond laser pulse
has been proved to be irrelevant in determining the T depth profile in metallic samples [1-2].
Thus a specific experimental setup has been elaborated based on the implementation of
picosecond laser pulses [3]. In this presentation, we will first recall the main experimental
results that our team has obtained in the past 10 years on LIBS for fusion studies.
Particularly, the first fusion in situ LIBS experiment will be described [4-5]. Then, our ps-
LIBS experimental set up will be described and ps-LIBS results obtained on samples
implanted with hydrogen isotopes will be presented. The depth of craters following the
ablation has been measured. With pulse energy of ~ 20 mJ, low ablation rates (~ 100
nm/pulse) are obtained confirming that a tritium depth profile measurement is achievable
with a depth accuracy of less than 1 uym. The plasma spectroscopic analysis is performed on
the [200, 800] nm spectral range for different relevant fusion materials (W, Al as a proxy of
beryllium and Si as a benchmark) implanted with mainly D+ ions produced by plasma
discharges or ion beams. Temporal studies have been performed to identify the appropriate
time window compatible with the plasma in thermochemical equilibrium. Some examples of
the results obtained will be shown. We will also present concentration profiles obtained
with a double pulse technique, when a second (5 ns) laser pulse is absorbed by the ps-LIBS
plasma to increase the signal to noise ratio and enables the measurement of He. Finally, we
will conclude describing how the ps-LIBS technique will be introduced in the WEST
tokamak device using a remote handling device allowing in situ PFCs characterization. [1] C.
Grisolia, A. Semerok, J.M. Weulersse, F. Le Guern, S. Fomichev, F. Brygo, P. Fichet, P.Y. Thro,
P. Coad, N. Bekris, M. Stamp, S. Rosanvallon, G. Piazza, Journal of Nuclear Materials 363-365
(2007) 1138-1147 [2] Mercadier, Semerok, Kizub, Leontyev, Hermann, Grisolia, Thro, J. of
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LIBS characterization of aerosols produced by laser ablation of bulk samples is strongly
influenced by variations of physicohemical properties of the elements integrating the
matrix. Among the consequences of these changes are differences on the ablated mass
quantities, in the morphology of the aerosolized material or, ultimately, the processes
occurring within the plasma such as the so-called fractionation effect[1]. This effect results
in spectra that do not represent the bulk composition accurately. Single-particle analysis of
these samples constitute a new approach to fundamental studies that are still needed for a
better understanding of the involved processes. Herein, the OC-OT-LIBS technology[2] has
been employed to monitor the particle-to-particle size dispersion and fractionation effects
observed in aerosols generated during laser ablation of copper-based alloys. Under this
methodology, particles generated inside of the ablation cell were stably trapped on-line in
air at atmospheric pressure in an optical trap. Particles were dislodged using both, high and
low fluence regimes, and then conveniently manipulated for precise positioning before LIBS
analysis. Size dispersion of the aerosol was confirmed by SEM images. Dendrite-structured
agglomerates of nano-particles and micron-sized spherical particles were observed in every
case along single spherical particles. Concerning LIBS analysis, reduced fractionation was
observed when the aerosol was generated at high laser fluence due to the production of
smaller particles and featuring a narrower particle size distribution. In general, the particle
size distribution ranged from nanometers to ca. 2 micrometers even under high fluence
conditions. In this sense, the possibility offered by OC-OT-LIBS to study the single-particle
compositional variation in aerosols with detection power in the sub-femtogram regime
opens the door to a new way of understanding the fundamental processes that occur during
laser ablation.
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The signal enhancement of laser induced breakdown spectroscopy (LIBS)
assisted with microwave radiation is reported for Sulfur at ambient condition.
Sulfur was detected at 180.73 nm, using portable spectrometer equipped with
a non-gated detector. The effect of microwave power on signal enhancement
and plasma parameters have been carefully assessed. The dependence of
signal enhancement on upper energy state of the target element was
evaluated. The result shows ~2-fold signal enhancement and ~ 1.4 times
improvement in limit of detection (LoD) of Sulfur. Using laser energy of 10 mj
at 530nm, the Sulfur LoD was 295ppm. It was observed that the upper state
energy level of the elements plays an important role for signal enhancement
of microwave-assisted LIBS. It was concluded that the microwave radiation
can enhance the signal significantly when the upper state energy level of the
target element is below 5eV.
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Raw materials play an important role for European industry and their recovery is a key for a
sustainable economy. An increasingly broad range of metals is used industrially on a large
scale and its supply is partly critical because of high import dependency. Since metals can
be remelted without quality reduction, recycling ooers a valuable route of raw material
supply, not only for pure metals but also for alloys which can be blended directly from scrap
of the required composition. However, since the materials cannot be collected in pure alloy
fractions, processes are needed which generate well-defined alloy fractions out of an input
stream of mixed materials. Due to the high variability of alloys in industrial use, multi-
element measurements by LIBS are used for classification of individual scrap pieces in a
mixed material flow. When a high number of dinerent alloys can be classified by LIBS, the
best use of this technology can be made using a sorting approach which is capable of
discharging individual pieces into a large number of fractions in a single pass. For the
treatment of input material distributed on a belt conveyor, the patented concept of 3D laser
imaging and scanning LIBS has been extended to include image-based automated picking of
scrap pieces. A system will be presented which has been developed to demonstrate in an
industrial environment the interlinked metal identification by LIBS and robotic sorting of
the classified pieces of tool steel and carbide metal. LIBS measurements are carried out
remotely over a scanner-guided beam path. The targeted measurement spots are calculated
beforehand on the basis of 3D images, taking into account the often highly structured
surface geometry. Since tool parts for recycling are often covered by hardening surface
coatings, their local removal prior to material analysis is inevitable. Here the removal is
limited to the targeted measurement spots and realised without an additional system
component by a dedicated laser ablation phase which is integrated in the laser pulse train
that also generates the LIBS plasma. A classification algorithm has been worked out which
evaluates 14 chemical elements with up to 12 spectral lines each in a multivariate approach
to identify individual scrap pieces correctly within a hierarchy of material classes and
subclasses. The geometry information is also evaluated to determine handling positions for
gripping the individual pieces and allowing a robotic transfer into the alloy fraction defined
by the end-users selection.
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The reliability of the LIBS technique highly depends on the estimate of the departure from
local thermodynamic equilibrium of the laser-induced plasma. When the technique is
implemented at low pressure, this departure strongly increases and the question of its
impact on the results becomes crucial. The present communication deals with the
implementation of collisional-radiative models in numerical codes in order to assess this
deviation for an ultrashort (femtosecond, picosecond) or nanosecond laser pulse interacting
with a metallic sample at low pressure. A spherical layer model is developed. The plasma is
produced by the pulse with a possible laser-plasma interaction according to its
characteristic time scale. The plasma expands and relaxes in space. The plasma is described
using dedicated collisional-radiative (CR) models [1] whose different versions have been
developed according to the metallic target considered (aluminum, tungsten, uranium).
These CR models are based on a state-to-state approach involving several hundreds of
independent levels [2]. Electrons and heavies kinetic energy is assumed Maxwellian, but at
different temperature [3]. Elementary processes are implemented such as excitation and
ionization under electron or heavy particle impact. Backward processes driven by the
Detailed Balance Principle are also considered. From the radiative point of view, inverse
Bremsstrahlung, radiative recombination and spontaneous emission are taken into account.
Since the excited states population density is directly obtained, the time-dependent spectra
are calculated by integration of the Radiative Transfer Equation. These spectra can then be
directly compared to the experimental results.
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The Curve of growth (COG) methodology was firstly applied to laser-induced plasma (LIP)
approximately 20 years ago [1,2]. The idea implies registration of emission signal of the self-
absorbed line for the set of the samples with a different mass concentration of the
investigated element c(El). Then, the fitting of the experimental curve (the line intensity IL
vs. ¢(El)) by theoretical equation using the specific model of LIP is performed. If the plasma
temperature T, electron density ne, and optical path length I, and transition probability A
and Stark broadening parameter wS/ne of the line are known, we can deduce the
coefficient of proportionality between cel and its species number density n(El) in the LIP
from the fitting. In the present study, we suggest an alternative approach for the obtaining
of the COG. Namely, we produce LIP by focusing the laser beam by a cylindrical lens into the
line and observe the plasma in the end on configuration (fig. 1). By varying and controlling
the LIP length with the help of the diaphragm we can obtain the emission signal with the
different degree of absorption and construct the COG in the coordinates 1-IL. Thus, we use
only one and the same sample in our measurements. Knowing the T, ne, A and wS/ne, we
can fit experimental COG by two parameters (the coefficient of experimental setup and nel)
equation for the IL. We have obtained the COGs for Li and Cu on the example of the Mg
alloy. We have found n(Li)=1.9e16 and n(Cu)=4.3el13 cm”™-3. The experimental ratio
n(Li)n(Cu) was in agreement with the atomic ratio in the solid sample: 440+110 vs. 364.
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Fig. 1.: A scheme of the experimental setup for producing laser-induced plasma with a variable optical
path length.
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Laser-induced plasmas can be used to determine the multi-elemental composition of solid,
liquid or gaseous samples. Using a pulsed laser beam focused on the sample, the resulting
absorption leads to temperature increase of several 10,000 K, therefore to a neutral phase to
plasma transition. During the relaxation phase over which the recombination takes place, a
continuum then lines radiation is emitted. Its analysis based on Optical Emission
Spectroscopy (OES) may lead to the composition of the plasma, therefore to that of the
sample if fundamental assumptions are fulfilled [1]. The most restrictive one is the
achievement of the Local Thermodynamic Equilibrium (LTE). Indeed, since only OES is used,
the excited states number density is determined. Then, the ground states number density is
obtained if LTE is observed and if electron temperature T_e is known, the electron density
n_e being enough high. The characterization of LTE is therefore one of the key points of
this analysis method, also known as Laser-Induced Breakdown Spectroscopy (LIBS) [2]. In
this context, we have focused our attention on Argon-Hydrogen mixtures at atmospheric
pressure. Using nanosecond laser sources (532 nm, 6 ns, 40 mJ), laser-induced plasmas have
been produced with various Hydrogen mole fractions. The spectra have been recorded and
calibrated according to the gate delay over different spectral regions. Large spectral
windows have been used (around 60 nm) allowing a sufficiently high number of Argon lines.
Using relevant radiation database, the spectra have been calculated assuming LTE by
integration of the Radiative Transfer Equation and compared to the experimental ones for
each spectral window. The temporal evolution of the electron density and temperature are
then derived. The comparison of these evolutions from one spectral window to the other
allows to estimate the uncertainty of the (n_e, T_e) determination and therefore to discuss
the relevance of the LTE assumption.
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ChemCam on board the Mars rover Curiosity is the first LIBS instrument on Mars. In 2020,
two more LIBS instruments will follow [1,2]. Thus, understanding the capabilities and
challenges of LIBS in Mars’ atmosphere is of high interest. A general challenge of LIBS is self-
absorption (SA). The effect of SA depends on the atmospheric conditions. In Earth’s
atmosphere SA affects the intensities of the emission lines strongly and breaks the linearity
of calibration curves which limits their accuracy [3]. While SA is expected to be lower in
Martian conditions, no extensive studies on this have been reported. In this study we
investigate SA in LIBS spectra acquired in simulated Martian atmospheric conditions. LIBS
spectra of salts are obtained with two different setups: A high-resolution LIBS setup with a
high spectral range and a plasma imaging setup allowing for spatially resolved
measurements of the full plasma at a selected small spectral range. In measurements made
with the plasma imaging setup, the effect of SA on the Ca(Il) doublet at 393 nm and 396 nm
can be observed. Fig. 1A shows the intensity ratio of the two emission lines for line-of-sight
measurements through the plasma plume at different distances from the plasma axis. With
negligible SA the ratio would be 2.1. We find a strong influence of SA, especially for large
effective path lengths through the plasma center. For the calculation of the SA effect in
spectra of the high-resolution LIBS setup, the plasma is modelled as a two-layer plasma in
local thermal equilibrium. Temperature, electron density, and effective path length of each
layer are varied and the resulting simulated spectra are compared to the measurements to
find the best fit, see Fig. 1B. From the values of the best fit we find that many strong emission
lines are significantly affected by SA, even though the effect is not obvious from the line
profiles because of the instrumental broadening.
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Fig. 1.: (A): Doublet ratio for different line of sights in a horizontal slice of the plasma. Deviation from
the optical thin ratio indicates the amount of SA. (B): Chi-square between measured- and simulated
spectrum for different temperatures of the two layers.
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To exploit the analytical capabilities of the LIBS technique, the characterization of the LIBS
plasma, i.e. the evaluation of plasma parameters, is a crucial step. In this work, laser-induced
plasmas were characterized by means of the Columnar Density Saha-Boltzmann (CD-SB)
plot method, a modified Saha-Boltzmann plot approach that uses the columnar densities of
the species instead of their line intensities. The columnar densities are here calculated by
quantifying the self-absorption of resonance lines. It is demonstrated that this is a
promising method for the accurate determination of plasma temperature. In fact, the
temperatures of the ground and excited states were studied at different delay times after
plasma formation and it was observed that they almost have the same value which
experimentally validates the proposed approach. The results suggest that at long delay times
when thin ionization lines from highly excited levels are barely observable, the CD-SB
method is still able to measure the plasma temperature. Furthermore, it was shown that in
many cases of interest, the CD-SB approach can be more accurate than conventional Saha-
Boltzmann plot since its application is not affected by possible breaches of the LTE
approximation and by the uncertainty related to the spectral efficiency of the detection
system. These findings provide a new approach for the physical characterization of plasmas
and give access to a wealth of information about the state of plasma.
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Laser-induced plasmas can be used to determine the multi-elemental composition of solid,
liquid or gaseous samples. Using a pulsed laser beam focused on the sample, the resulting
absorption leads to temperature increase of several 10,000 K [1], therefore to a neutral
phase to plasma transition. During the relaxation phase over which the recombination takes
place, a continuum then lines radiation is emitted. Its analysis based on Optical Emission
Spectroscopy (OES) may lead to the composition of the plasma, therefore to that of the
sample if fundamental assumptions are fulfilled [2]. The most restrictive one is the
achievement of the Local Thermodynamic Equilibrium (LTE). Indeed, since only OES is used,
the excited states number density is determined. Then, the ground states number density is
obtained if LTE is observed and if electron temperature T_e is known, the electron density
n_e being enough high. The characterization of LTE is therefore one of the key points of
this analysis method, also known as Laser-Induced Breakdown Spectroscopy (LIBS) [3].
Using only one pulse may limit the capacity of LIBS to perform the complete analysis of the
target. We think about the particular cases of low elemental mole fraction in the sample or
species difficult to excite for instance. Using a second pulse may lead to significant
improvements in terms of limit of detection. It consists in irradiating the plasma produced
by a first laser pulse by a second one, whose characteristics (wavelength, duration, energy)
may be different from the first laser pulse. The delay D_t between the two pulses is a key
parameter of the experiment : it directly leads the efficiency of the plasma absorption (by
Inverse Bremsstrahlung) of the second pulse. We have performed experiments in such
configurations. The first pulse (1064 nm, 30 ps, 14 mJ) is used to produce plasmas on metallic
samples (aluminum, tungsten) using a lens of 10 c¢m in focal length. The second pulse (532
nm, 6 ns, 65 mJ) is focused D_t later with a second lens of 15 cm in focal length on the
plasma produced by the ps laser pulse. The beam directions are perpendicular to each other
in order to avoid ablating the target with the second pulse. The characterization enables the
time evolution of the total radiance, n_e and T_e by a thorough spectroscopic study. The
experiments described are set to expose the advantages of a double pulse device.
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One of the most popular ways to enhance the laser-induced breakdown spectroscopy (LIBS)
emission signal is adding an extra laser pulse - so-called double pulse (DP LIBS). There are
several possibilities of experimental geometries, but in this, work we focus on orthogonal
alignment. Moreover, based on the time order of the laser pulses (with respect to ablation
laser pulse) we recognize pre-ablation (the first pulse create air spark slightly above the
sample surface) and re-heating (the second pulse re-heat the plasma). The goal of this work
is to examine the effect of a combination of both pre-ablation and re-heating. For the
purposes of this work, we call such arrangement Triple pulse LIBS (3P LIBS). The interpulse
delays for both pre-ablation and re-heating are optimized and afterward, the emission
signal intensity of 3P LIBS is compared to all possible experimental arrangements - single
pulse, pre-pulse, and re-heating DP LIBS. Moreover, the relationship of signal enhancement
and the upper-level energy of selected spectral lines was investigated.
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LIBS has undergone a significant growth as an analytical technique over the past decades.
Typical experimental set-ups rely on the use of ns-pulsed lasers for the ablation, but fs-laser
systems are becoming more relevant in recent years due to their interesting properties such
as the increase of spatial resolution [1]. However, the optical emission from the fs-induced
plasma is significantly lower. In order to enhance the analytical signal, an orthogonal laser
pulse can be used to produce re-excitation processes [2]. This results in an important
improvement of the analytical performance while maintaining the benefits of fs-ablation. In
this work, we developed a LIBS system allowing two different configurations: single ns-pulse
ablation and double fs/ns pulse ablation, in which the fs-laser is used to produce the
ablation and the ns-laser orthogonally re-excites the plasma. The experimental set-up was
then tested with real samples, comparing the results obtained with both configurations.
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For an efficient laser processing of a material, the selection of laser parameters that couple
with the sample holds great importance [1,2]. With respect to pulse width, femtosecond
laser ablation in comparison to the nanosecond one, is characterized by a significantly
different behavior in the laser-matter interaction resulting in minimum thermal damage and
therefore a better spatial resolution. The most significant feature is the lack of laser -
plasma interaction, which has been demonstrated in pump-probe phase-change
experiments [3]. Such experiments demonstrate that surface alteration occurs in the several
hundred picosecond scale, while phase-change starts at around 1 ns after the reaching of
the laser pulse. From the spectroscopic point of view, signal emission does not occur before
5 ns. Our communication is focused on the influence of the pulse width, ranging from
femtosecond to picosecond, on the laser — matter interaction during laser ablation of solid
materials. Modifications in the stretcher-compressor do allow the continuous selection of
amplified pulses in the range between 35 fs to 4 ps. The pulses are characterized in the
autocorrelation, spectral bandwidth and energy per pulse. A 0.5 m focal-length
spectrograph fitted with an intensified CCD or fast single-channel detectors are used to
determine the time constants, to establish the fluence threshold, and to record multi-
channel spectra from the generated plasmas.
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The spatial heterodyne spectrometer (SHS) concept, which is based on an interferometric
optical setup, boasts both the Fellgett and Jacquinot advantages. Theoretically it can provide
boosted sensitivity and spectral resolution with respect to dispersion spectrometers in a
compact, reasonably cheap arrangement without any moving components - this set of
characteristics can be attractive to a number of industrial, space and other field applications
[1]. The potential of SHS has already been demonstrated in IR and Raman spectroscopies
(e.g. [2]), and more recently also in LIBS [3]. The scientific goal of our present project is to
apply the SHS concept to the development of an optimized, but practical dual-grating,
tunable SH-LIBS setup, which would possess appealing spectroscopic characteristics.
During this development, we extensively rely on the computer-based simulation of the
optical setup, which is an efficient approach that we found to have been missing from earlier
SHS efforts published. It can provide application-specific optimization of the SHS system
and predict the performance of the final system. In particular, we use optical simulation to
study the effect of various important parameters on the relevant spectroscopic figures of
merits of the system. We used the non-sequential ray-tracing mode of the Zemax/Optic
Studio software for optical modelling of the SH-LIBS setup (Optical distortions were studied
in sequential mode). Characteristics of the setup and interferograms were calculated with at
least one million rays. All calculations were carried out for the visible spectral range
(400-700 nm), using stepwise extension of monochromatic simulations with 5 nm steps.
Wherever applicable, characteristic discrete visible wavelengths from the emission
spectrum of Hg discharge lamps (404.7 nm, 435.8 nm, 546.1 nm, 579.0 nm) were used for the
calculation of spectroscopy figures of merit and for the validation of simulation.
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Laser-Induced Breakdown Spectroscopy (LIBS) is a method of analytical chemistry that
provides a qualitative and quantitative analysis of a sample. The ablation process of a sample
is fast and dynamic and the change of plasma in time and space is a question of a few
microseconds. An examination that provides a good time and space resolution is necessary
to understand better the physical processes.

For this reason, the goal of this work is to design a basic optomechanic construction for this
type of experiment. Optomechanic modul consist of objective that collects the emited
radiation and focus it on the CMOS detector. For each experiment multiple images of the
plasma are collected for better accuracy. Firstly basic comparison between the
spectroscopic and imaging data is observed. For this experiment size of the plasma is
compared with emited radiation colleted with spectometer. Also, the time development of
plasma will be observed under different experimental conditions. The goal of this work, in
general, is to prove that the morphology of plasma is as it is described in available related
literature.
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Asymmetrical laser-induced plasmas were investigated by a tomography approach based on
the inverse Radon transform. Two distinct sources of asymmetricity were investigated:
double-pulsed laser-induced plasmas in the orthogonal configuration and single-pulsed
laser-induced plasmas under an inclined incidence angle. Both cases were observed at
various delay times. The optical thinness of the laser-induced plasmas was achieved by
appropriately adjusting the pulse energies. High temporal resolution was achieved by a
gated intensified charge-coupled-device camera. The asymmetrical laser-induced plasmas
were investigated in terms of their total emissivity, spectrally resolved emissivity, and
temperature. The latter was obtained by the Saha-Boltzmann plot method. The images
required for the inverse Radon transform technique were obtained with a high angular
accuracy and reproducibility provided by mounting the spectrometer on a high-precision
nano-positioning rotary stage. The plasmas were induced in the center of rotation of the
stage. This arrangement enabled the reconstruction of emissivity which was integrated over
the full spectral range (200-800 nm) or over a desired spectral range selected by a bandpass
filter (~10 nm). It also allowed for the reconstruction of spectrally-resolved emissivity in
each cross-sectional plasma slice by scanning the plasma across a spectrometer slit. The 3D
maps of the temperature and electron density were thus obtained for different types of
asymmetric plasmas. The work will provide a more detailed description of the two
asymmetrical laser-induced plasmas. This might help with the development of LIBS
instrumentation using the orthogonal double-pulse geometry, or remote LIBS applications
which inherently rely on inclined-angle ablation.

Acknowledgement

This research has been financially supported by the Ministry of Education, Youth and Sports
of the Czech Republic under the project CEITEC 2020 (LQ1601). This was work additionally
supported by the CEITEC Nano Research Infrastructure (MEYS CR, 2016-2019), CEITEC
Nano+ project, ID CZ.02.1.01/0.0/0.0/16_013 /0001728. the research grant CEITEC VUT-
J-19-5998 of the Brno University of Technology. EK is grateful for the support provided by
the Brno Ph.D. Talent project.

114



Improvement in analytical performance of
underwater LIBS signal by using the plasma
image information

Qingyang Li ', Ye Tian ', Boyang Xue ', Nan Li ', Yuan Lu ', Ronger Zheng

1. College of Information Science and Engineering, Ocean University of China, Qingdao 266100, China

E-mail: rzheng@ouc.edu.cn

Laser-induced plasma in water always suffers strong pulse-to-pulse fluctuations due to the
multiple breakdown phenomenon, leading to a poor stability of the underwater LIBS signals
[1]. Traditional normalization method by using internal standard element is often limited in
practical cases due to the lack of proper element as the reference. Using plasma physical
parameters to standardize the spectrum has been proven to be an effective way to improve
the analytical performance of LIBS [2,3], and the emission distributions of plasma images are
closely related to the plasma physical conditions as well as the spectral characteristics. In
this work, the correlation between the plasma images and LIBS spectra was studied for
underwater LIBS analysis. The spectral lines were standardized by using the corresponding
image information and then used for the quantitative analysis. Figure 1 shows the
comparison of the calibration curves with different standardization methods. The obtained
results showed a good linear relationship between the spectral intensity of different
elements and the plasma image intensity (maximum or sum). By extracting the core region
of the plasma image, a well regression model between the spectrum and the plasma image
can be established by using partial least squares regression (PLSR). With the proposed
method, the average relative standard deviations (RSDs) of Li, Mn and Sr were reduced from
9.38%, 9.81% and 11.57% to 5.31%, 3.81% and 2.51%, and the average relative error (ARE) were
reduced from 0.1716, 0.0233 and 0.0393 to 0.1128, 0.0206 and 0.0153, respectively.
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Fig. 1.: Calibration curves of Sr I 460.7 nm line using (a) the original intensity method, (b) the image
auxiliary method, (c) the internal standard method, (d) the image auxiliary combined with internal
standard method.
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The need for high energy density storage has increased the demand for Lithium Ion
batteries, especially for applications like electromobility and storage of renewable energy.
However current technology suffers from safety concerns, because of the commonly used
organic electrolytes. A way to overcome this is replacing them with inorganic solid ion
conductors. Cubic Li 7 La 3 Zr 2 O 12 (LLZO) garnets show high conductivity and
electrochemical stability, what makes them interesting candidates for solid state Lithium ion
batteries. Despite the research effort, the conductivity of LLZO varies significantly and is
hard to control. Former studies show [1, 2] that the composition of samples is not
homogenous, however, no direct relationship between composition and conductivity could
be found [2]. Here we present a LIBS based approach to access the stoichiometry of
aluminum stabilized LLZO. The capability of LIBS to measure every element of the periodic
table give a significant advantage over previous used approaches, as nonmetals such as
oxygen as well as carbon and hydrogen can be measured. The acquisition of the whole
spectra allows a non-targeted search for further contaminations. For quantification, matrix
matched standards prepared from Al- doped LLZO powders were used. Using imaging, the
two-dimensional distribution of the sample stoichiometry was investigated and compared to
recent LA-ICP-MS and LA-ICP-OES results. Chemometrical analysis is used to further
classify regions on the samples and gain insight into the complex behavior of this class of
materials.
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Besides the most common use of ns laser for LIBS spectroscopy, ps and fs laser pulses can
also be used to excite high-quality laser induced plasma. In the ultra-short pulse duration,
LIBS does not cause the overheating of the matrix. Therefore, the ultra-short pulse duration
is more suitable and accurate for LIBS detection of the retained fuel in future thermonuclear
reactor walls [1]. The use of ps and fs laser improves the homogeneity of laser ablation
process and shape of craters. Using the lower energy per pulse (case of ps and fs lasers), the
ablation rate would be lowered and thus a better depth resolution can be achieved. The
ablation rate of fusion relevant BeW mixed layers at low gas pressure with ns Nd:YAG is of
the order of several tens of nanometers per laser shot [2]. In our experiments, the ps laser
Pikar-1 (Nd:YAG laser working at o = 1064 nm, 30 ps duration, operates in the active-passive
mode locking and negative feedback ) was used for LIBS application. The analyzed sample
was placed, under atmospheric pressure, onto the xyz micrometer positioning stage. The
emission from the laser plasma plume was measured by the Echelle spectrometer (ME 5000,
Andor Technology) equipped with the iCCD camera (iStar, Andor Technology) in the spectral
range 200-1000 nm. Afterwards, the spectrum was divided by the sensitivity curve of the
spectrometer. For the analysis of W based mix layers we used calibration free (CF) approach.
We have calculated the electron temperature by using the Saha-Boltzman plot of W I and II
spectral lines and the electron density by the Stark broadening effect of Ho-line. We have
also simulated the W I-1I spectra from NIST LIBS application database and compared them
with the experimental spectra [3]. The picosecond laser allows working with lower fluency
which leads to a lower ablation which means better spatial resolution. This could help in
future analysis of depth profiling of nanolayers in real fusion relevant wall materials.
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Ferromanganese nodules (FMNs) are rich in rare-earth and rare-metal elements and,
therefore, they are considered as a promising source for them. The main spectroscopic
challenge to analyze FMNs by emission spectroscopic techniques, such as LIBS, is spectral
interferences from iron and manganese which have rich emission spectra. As a result, the
strongest Nb I line at 405.85 nm is completely merged by Mn I and Fe I lines. Therefore, a
task to search for appropriate analytical lines should be solved for analytical application of
LIBS to FMNs. In this work, we have demonstrated how spectra modeling by our algorithm
described in [1] can provide us an information about possible analytical lines of niobium. As
samples we have used the certified reference samples of FMNs produced in Russia (OOPE
series, Nb content 20-90 ppm). After spectra building, we selected several spectral ranges to
experimentally measure emission spectra of plasma in these ranges for different plasma
conditions: “soft” conditions (long delay, cold plasma) and “severe” conditions (short delay,
hot and dense plasma). After inspection of 5 spectral ranges where strong Nb lines can be
observed we have obtained that only two lines (as predicted by the algorithm) Nb I 509.53
nm and Nb I 410.09 nm are appropriate for analytical usage because of absence of spectral
interference. Although the intensity of Nb I 410.09 nm is larger than one of Nb I 509.53 nm,
the latter provided smaller detection limit (5 ppm) due to high efficiency of spectrometric
system in the range near 500 nm. So, the work has clearly demonstrated the efficiency of
spectra modeling to search for analytical lines in complex matrix, such as FMNs.
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Laser-induced breakdown spectroscopy (LIBS) is known as an elemental analysis technique
especially suited for in situ (including remote) and online detection and control . Such
applications however present a certain number of constrains which can reduce the
performance of the technique due to loss of control of a part of the experimental conditions.
Among such conditions, there is the surface state of the samples and especially the surface
roughness and asperities. The use of pre-pulses can contribute to reduce the roughness
initially present on the material surface, such treatment introduces however other types of
surface asperities, by forming ablation craters for example. Study of the influence of ablation
crater can also have importance for depth profiling measurements with LIBS, where the
signal variation as a function of crater depth should be corrected with the effect of change
of laser-surface interaction geometry. The effect of a cavity under the plat surface of a fused
silica sample has been experimentally studied, increases in plasma temperature and electron
density were observed inside the cavity [1,2]. An enhancement of plasma emission intensity
above the sample surface has also been observed when successive laser pulses drew a crater
under the sample surface [3]. In this work, we study the effect of crater formation on a
sample surface ablated by successive laser pulses on the emission intensity of the induced
plasma, we especially correlated the observed intensity variation to the physical properties
of the induced plasma. The used target was an aluminum alloy with as minor element, 0.146
wt% of titanium. Ablations were performed on an initially polished sample surface with 1064
nm pulses from a Nd:YAG laser (pulse duration 7 ns and a spot of 130 pum in diameter on the
sample). Three incident energies of 7 mJ, 35 mJ and 70 mJ were used in the experiment. The
plasma emission was acquired along the lateral direction and at a position 600 om above the
sample surface with an echelle spectrometer coupled to an ICCD camera. As an example of
emission intensity change, we shown in Fig. 1 (a) to (b) the intensity variation ratios
(compared to the initial intensity on the sample surface) of a neutral line (Al I 309.3 nm line)
and an ionic line (Ti II 335.0 nm line). We can see that the emission intensities sensitively
depend on the number of laser shots, and for different laser pulse energies, different
variation behaviors can be observed. For a small pulse energy of 7 mJ, the emission intensity
fast increases with the first laser shots, and undergoes oscillations in a global decreasing
evolution, which leads the intensity to become smaller than its initial value at the sample
surface after ~ 200 shots. The observed temperature exhibits a similar evolution, which
would allow explaining the increase of emission intensity by an increase of the temperature.
The evolution of the electron density globally confirms that of the temperature. For higher
laser pulse energies of 35 mJ and 70 mJ, the emission intensity first decreases (especially for
35 mJ), than increases before decreasing again. For the both energies, the variation ratio is

121



always higher for Al line (matrix element) than for Ti (a minor element). The difference
becomes quite large for 70 mJ. The correlation between the intensity and the temperature is
quite good for 35 mJ, but exhibits a clear discrepancy at 70 mJ for the Al line. Again the
evolution of the electron density globally confirms those of the intensity and the
temperature. Beyond the above first observations, the detailed explanations of the observed
emission intensity variation remain quite complicated and would involve several
mechanisms related to the laser ablation and the propagation of the ablation plume into the
background gas, such as the modification of surface optical property, the shockwave
propagation and the laser-supported absorption waves.
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Fig. 1.: Fig. 1 variation as a function of successive ablation laser shots of (a) —(c): emission intensities; (d)
- (f): plasma temperature; (h) - (i) electron density for different ablation laser pulse energies of 7 mJ, 35
mJ and 70 mJ.
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The development of methods for increasing the sensitivity of LIBS is an area of research that
is relevant for many LIBS applications - elemental surface mapping, depth analysis, etc.
Spatial confinement is a very cost-effective method for increase of LIBS sensitivity [1-3]. It
consists of geometrical confinement of the expanding laser-induced plasma by insertion of
geometrical boundaries which leads to substantial emission intensity enhancement. In this
work, we present study the dependence of intensity enhancement by plasma spatial
confinement on the ambient pressure of neon in the range 1-760 Torr (varying step) and on
the diameter of surrounding cylindrical metal walls with diameters from 2 mm to 8 mm (2
mm step). We compared the laser-induced plasma emission intensity inside and outside of
the cylinders in neon gas. The laser-induced plasma is produced by irradiating a certified
reference material MBH-212XNA4A (Nickel base, Monel, Ni 62,8% /Cu 29.34%). The results
show around 2-fold enhancement at different pressure values and cylinder diameters
compared to free expansion without confinement. We evaluated the values of the laser-
induced plasma parameters - electron density and electron temperature, as a function of
the ambient gas pressure and diameter of the confining cylinders. We used these results to
develop a spectroscopic source combining laser-induced plasma and cylindrical hollow
cathode glow discharge. This spectroscopic source can enhance the emission intensity by
two mechanisms - spatial confinement and additional excitation in the glow discharge. For
operation at optimal conditions, a diameter of 6 mm and pressure of 4 Torr, we obtained for
this source maximum of 8-fold signal increase and evaluated the contributions of each of
the mechanisms. These results are promising for obtaining better sensitivity at low pressure
for optical spectroscopy studies, e.g. on-line monitoring of pulsed laser deposition
processes.
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Fig. 1.: Enhancement of the laser-induced plasma emission intensity with cylindrical confinement with
different diameters (2-8 mm) compared to free expansion in 10 Torr neon.
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Laser-induced Breakdown Spectroscopy (LIBS) is a conventional method for the analysis of
materials for different applications, such as analysis for industry, biomedical applications,
forensic sciences, space exploration, and many others. There has been a significant research
effort focused on LIBS, however, it suffers from certain limitations like low sensitivity and
higher limits of detection as compared to the conventional analytical techniques. Several
methods have been adopted to overcome these limitations, e.g. dual laser pulse excitation,
spatial or magnetic confinement of the laser-induced plasma, additional plasma source
(glow discharge, microwave or spark discharge, inductively coupled plasma) for increased
excitation. In this work, we report the results obtained from spark discharge assisted LIBS.
The spark discharge is obtained by discharging a capacitor. We studied the plasma of the
spark discharge assisted LIBS and of stand-alone laser-induced plasma by OES. The study is
done for a Cu-Fe alloy sample (Cu = 95%, Fe = 5%). Nd:YAG laser (Quantel, 0=1064 nm) was
used for the experiment. The laser beam was focused between two tungsten pointed
electrodes and it ablated the surface of the sample that resulted in the plasma generation.
The separation gap between the electrodes was set at a few mm. The capacitor was
discharged to produce the spark discharge in order to reheat the laser ablation plasma. The
laser source triggered the DC spark discharge. The spectral signal was recorded by Mechelle
spectrometer connected to iCCD (iStar DH743, Andor Technology, temporal resolution = 5
ns). We have demonstrated a significant enhancement of the signal emitted from the plasma
for the spark discharge assisted LIBS. We studied the enhancement effect by varying
different experimental parameters like the orientation of the electrodes, the capacitance of
the capacitors, and registration delay times. An enhancement of the plasma emission was
observed to be of the factor of ~100.
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It has been proved that the detection of laser-induced breakdown spectroscopy (LIBS) could
be improved by the flame [1,2]. In this work, we applied flame enhanced LIBS for the
detection of elements in water, while the flame was generated from the mixture of alcohol
and aqueous solution. In the measurements, the flame is functioned as an assistance to
enhance the LIBS detection, and also worked as a sampling way for the solution. The
obtained results indicate that the detection of manganese, calcium, lithium and magnesium
were significantly improved by the proposed method. It is found that the flame actually
forms an environment for the laser-induced plasma with high temperature and low electron
density. With the method, the quantitative analysis was tried out for the element of
manganese, and the internal reference of calcium was used. It is interesting to find that,
when mixing with the calcium, the minimum detectable concentration of manganese could
be lowered and the intensity was greatly increased. According to the result, it is suggested
that the proposed method might be a practical way for liquid detection of LIBS because of
the simplicity and the effectiveness.
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Fig. 1.: Detection comparison between flame-enhanced LIBS, LIBS underwater and the flame: a) Li, b)
Ca, c) Mn, d) Mg, e) Sr, f) flame.
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Promising laser-light sources for LIBS application are the passively Q-switched diode
pumped microchip lasers. [1] Although the generated single pulse energy is relatively low,
compared to lasers conventionally used in this application, the diffraction-limited beam of
the passively Q-switched microchip laser can be focused to a spot size as small as 1 um in
diameter and intensities 1 TW/cm2 could be reached. Up to now in most of the
experimental works, neodymium doped crystals like Nd:YAG or Nd:YVO4 as the gain
medium emitting at 1064 nm, and Cr:YAG as the saturable absorber were used. [2] We
developed a new microchip laser based on combination Nd:YAG/V:YAG, emitting at other
neodymium transitions, allowing to generate nanosecond pulses at wavelength 1338 nm. [3]
Unlike 1064 nm the radiation at this wavelength is much higher absorbed by water which
reduces the dose of radiation reaching retina about hundred-times, making this radiation
more "eye-safe”. Also the silicone-based detector sensitivity at wavelength 1338 nm is
negligible, no special filtering is needed to overcome the CCD dazzling. Both these
properties make this radiation source interesting for LIBS. The developed longitudinally
diode-pumped Nd:YAG/V:YAG Q-switched microchip laser generated stable and highly
reproducible nanosecond pulses with repetition rate 250 Hz at wavelength 1338 nm. The
pulse length was 6.2 ns (FWHM) and the mean output power was 33 mW. The single pulse
energy and peak power were 0.13 mJ and 21 kW, respectively. Laser was operating in
fundamental TEM0O mode. Compact head was developed to integrate the microchip laser
system together with the optics for focusing of laser radiation and for collection of laser
plasma emission. The laser-induced break-down was successfully reached and
corresponding laser-induced plasma spectra were recorded for set of metallic elements and
alloys.
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Laser-Induced Breakdown Spectroscopy (LIBS) has been getting an increased interest due
to its multi element detection and sample preparation free capabilities. Such qualities make
LIBS a good promise for in-situ analysis. Currently, portable LIBS systems with small, high
repetition rate, laser sources are already present in the market targeting different
applications. Such system, however, still present several limitation when dealing with
complex samples or underwater operation, due to limited pulse control and low energy
range. In this context, more recently, preliminary studies of the use of Fiber Lasers in LIBS
applications were presented1-3. These lasers are air cooled and fairly compact allowing for
an easier miniaturization, having high quality beams, high average power, good power
repeatability and relatively low cost, having a strong potential for LIBS operation, which is
still to be fully explored. In this work, a new Fiber Laser with a high degree of control of
pulse duration and pulse shape is investigated as a source for LIBS applications. Pulse
durations from 10 to 200 ns, repetition rates from single pulse to 250 kHz, and the ability to
design tailored multipulse bursts are explored towards the optimization of LIBS operation.
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The elemental analysis of seawater is often critical to the understanding of marine
chemistry, marine geochemistry, and the deep-sea ecosystems. Laser-induced breakdown
spectroscopy (LIBS) with the advantage of rapid multi-elements detection, has a great
potential for in-situ elemental analysis of seawater. In practice, it is crucial to create a
compact, low cost and power saving instrument for the long-term deep-sea observation. A
recently appeared diode-pumped solid-state (DPSS) laser seems to be a promising candidate
as it is both compact and robust. Additionally, its high repetition rate up to hundreds of kHz
can provide a considerable throughput for LIBS analysis. However, the DPSS lasers operate
at moderate pulse energies, usually less than one mJ, which cannot sustain stable
breakdowns in bulk water. To ensure stable laser-induced plasmas underwater with such a
nJ-DPSS laser, we introduced an ultrasound source to assist the breakdown process. The
phase interface and mass flow generated by the near-field ultrasound can greatly reduce the
breakdown threshold and enhance element-specific emissions. Meanwhile, the high
repetition-rate pulses can also improve the breakdown probability and generate unique
emission lines originated from the water molecule. We further demonstrate that the high
repetition-rate DPSS laser combined with the Echelle spectrometer can provide effective
quantitative analysis for metal elements in bulk water.
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Laser-induced breakdown spectroscopy (LIBS) has been proven to be an attractive
technique for in-situ elemental analysis in marine applications, with the advantages of
multi-elemental and stand-off analysis capabilities. However, compared with that in gases,
laser-induced plasma in liquids is far from the ideal case as an emission source for
spectroscopic analysis. The plasma generated in water suffers strong confinement and
quenching effects, which degrade significantly the quality of LIBS signals and cause strong
pulse-to-pulse fluctuations. From a fundamental point of view, laser-induced breakdown
process in liquid is quite complicated because of the laser absorption by water, moving
breakdown, plasma plume-water interaction, the creation of bubbles, shock wave
generation, etc. The mechanisms of laser-induced plasma and LIBS measurement in water
are still less well understood compared with those in gas environment. In this work,
different plasma diagnostic methods were developed for both single- and double-pulse LIBS
in bulk water, including the time- and space-resolved spectroscopy, fast imaging, spectral-
resolved imaging, and shadowgraph techniques. Typical composite images of plasma
emission together with the surrounding bubble and shock wave were shown in Figure 1. In
this presentation, we will show the effects of laser focusing geometry on single- and double-
pulse LIBS in bulk water [1-3]. For single-pulse LIBS, we demonstrate that the spherical
aberrations lead to an increase in the threshold energy of breakdown, to a formation of an
elongated multiple plasma with weak emissions, and to a decrease in the signal intensity as
well as LIBS stability. With the aberration minimized focusing, larger focusing angles
produce a lower breakdown threshold, a compact plasma with stronger emissions, and a
higher signal intensity as well as higher LIBS stability. For double-pulse LIBS, it is shown that
by properly post-focusing the second laser pulse beyond the first laser formed bubble,
brighter and larger plasmas could be produced due to the higher breakdown efficiency and
higher expansion efficiency, which is attributed to a distinct mechanism that the plasma
mostly forms at the bubble-water interface and then expands into the gaseous bubble.
These results suggest the critical role of laser focusing geometry in producing the ideal
plasma source for underwater LIBS. In this presentation, we will also show our latest work
on high pressure LIBS and molecular LIBS for bulk water analysis.
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Fig. 1.: Composite images of plasma emission together with the surrounding bubble and shock wave.
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Additive manufacturing is an actively developing method for producing parts of complex
geometry and composition by techniques like coaxial laser cladding. However, to achieve
reproducible quality of manufactured metal parts it is necessary to monitor numerous
parameters like elemental composition of the deposited material. One of techniques
allowing non-destructive online elemental analysis is laser induced breakdown
spectroscopy (LIBS). Typically, LIBS is performed at room temperatures, but during laser
cladding both the substrate and the deposited material undergo strong heating by a
powerful continuous wave (cw) laser. To estimate the effect of high sample temperature on
LIBS analysis results a steel sample was heated by a cw laser and then probed by LIBS.
Sample temperature, controlled by an optical pyrometer with 50°C accuracy, varied from
ambient to melting point. Sample temperature influence on laser plasma spectra and plasma
parameters have been systematically studied [1].
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Diatomic molecules are observed in emission spectra of meteorites, bolides due to their
interaction with Earth’s atmosphere [1]. These spectra are usually the sources for calculating
of meteor content. However, several molecules (such as FeO) have a complex structure of
electronic states that is significantly complicated modeling of spectra at various conditions.
The main goal of this work is observation of FeO emission spectra in laser-induced plasma
and accurate determination of plasma temperature for these spectra. The evolution of the
orange system of FeO bands in the range of 540-650 nm with laser-induced iron ablation is
studied. The plasma temperature was calculated by Bolzmann plot for Fe I lines in 510-530
nm. Since late stages of plasma expansion are of our interest we have used a set of 35 Fe I
lines, which have relatively low excitation potential. It was demonstrated that the structure
of the emission spectra of iron monoxide changes greatly when plasma temperature
decreases by a factor of ~2 - from 6400 K at 10 ps to 3100 K at 50 ps. Note that atomic iron
lines in the spectra are observed for delays of 10-25 ps. Molecular FeO bands explain well
the nature of continuous intense background radiation during laser ablation of steels at late
observation times in the range of 530-540 nm. Unfortunately, there is still no detailed
assignment of all observed bands, except for bands at 591, 611 nm. Comparison of the
obtained spectra with the literature data [2] showed a significant difference between them.
It is assumed that the spectra of a laser plasma at temperatures above 2000 K will better
describe the burning of meteorites observed in the atmosphere.
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LIBS mapping has high potential as an analytical tool. Nowadays, the maps are reaching
millions of pixels and the subjects of the recent studies (1,2) are complexier. Combining LIBS
mapping with other technics shows that it brings new understandings (3). In order to help
the user, we codeveloped specifics hardwares and softwares to enhance the LIBS mapping
performances. For example, we co-developped the patented solution ‘SYSCO’ which is an
optical system following continuously the position of the plasma in order to adjust the
position of the sample. It has been a breakthrough to map irregular surfaces. About the data
treatment, as we are often acquiring about a million of spectra, it is impossible to treat
manually the whole dataset. Some dedicated softwares have been developed in order to try
to keep the quality of the extraction despite the volume of the data. We will also show
various tools like an advanced home-made software for mapping which is also including
tools to prevent several problems (interference, limits of detections) during the data
treatment.
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We present femtosecond laser-induced breakdown spectroscopy (fs-LIBS) methods for
element imaging with high spatial resolution and subsequent digital reconstruction of
chemical images. Fs-lasers produce well defined ablation craters due to limited heat transfer
out of the laser-matter interaction volume which is beneficial for high resolution LIBS
imaging. Measurements were conducted using a fs-laser that is capable of producing 175 fs
pulses at a wavelength of 800 nm which was converted to 400 nm for plasma excitation
using a second harmonic generation unit. Samples were placed on a 2D translation stage
and each site at the sample surface was measured by one laser pulse. Plasma radiation was
detected in backwards direction. LIBS imaging was conducted on different samples: a)
commercial Cu grids (150 um mesh) on polished Mn metal substrate and b) Cu microdot
arrays (dot size: e.g. 8 um x 8 um, thickness 30 nm) on Si wafer substrates produced by
nanoimprint lithography. Our results show accurate digital sample reconstruction for both
types of samples. Individual Cu microdots of mass m(Cu) approx. 35 fg and equivalent
particle diameter d(Cu) approx. 970 nm were detected by single fs-pulse. Our next
measurements will be conducted using a fs laser with 1040 / 520 nm wavelength and 400 fs
pulse duration and detecting the plasma emission under oblique angle to verify the results
and to attempt fs-LIBS imaging with even higher spatial resolution and lower sampled mass.
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Quantum dots (QDs) are spherical semiconductor nanocrystals with unique electrical and
optical properties. Their use in bioimaging, electronic and optical industry is enabled by

their highly stable, size dependant, and consequently tuneable fluorescence."”” The most
common Cd containing QDs have a core consisting of CdSe, CdS or CdTe. However, the
possibilities of Cd-based QDs applications are limited by the fact that they contain toxic Cd

which, depending on the shell of QDs, could be released as highly reactive free Cd** and
could find its way into the environment.’ Therefore, it is necessary to evaluate the possible

risks of Cd containing QDs on various environmental organisms.”

The purpose of this study was to determine the difference in toxicity and bioaccumulation
of two different types of Cd-based QDs dispersed in aqueous medium in white mustard
(Sinapis Alba). Core QDs (CdTe) and core/shell QDs (CdTe/SiO,) were tested and CdCl, was
used as a positive control. After a 72-h exposure, the total content (M) was determined
using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), and
bioaccumulation factors (BAFs) were established in aboveground and belowground plant
parts, the total length of the root was monitored as a toxicologic end-point. Laser-Induced
Breakdown Spectroscopy (LIBS) was used to determine the spatial resolution of Cd in model
plants. The sample surface area of selected plants was analysed in a raster of spots (map)
with a 100oom step, giving the lateral resolution. Specific areas that showed interesting
behaviour of QDs were measured with micro LIBS.

As the obtained results from LIBS measurements have shown, spatial distribution and
bioaccumulation patterns of QDs differed from the positive control. The boundary between
the root and hypocotyl, where the distribution of QDs varied in between all the Cd sources,
was measured by micro LIBS as it was another method of observing the differences in
distribution and bioaccumulation of used Cd sources.
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Scanning Laser Induced Breakdown Spectroscopy (LIBS) is an upcoming technology for the
characterization of geological sample material in particular fields of application. It has
potential for rapid non-destructive and in-situ multi-element geochemical screening, which
could in particular be useful for relatively large and unpolished geological samples, such as
drilling cores. Geological samples are very complex materials. They consist of numerous
different mineral assemblages that usually show a rather heterogeneous distribution. The
analysis of materials composed of several different matrixes is very challenging both in
quantification and in validation. One of the challenges to be addressed is the choice of
reference measurements both for calibration and for validation purposes. The surface (2D)
of a geological sample may not represent the bulk (3D) composition of the sample. For
coarse-grained geological samples, classification seems very effective for handling matrix
effects in LIBS-based images. Classification makes explicit use of the heterogeneous nature
of the sample material and the resulting matrix effects. Chemically similar phases will
produce similar LIBS spectra with similar matrix effects. Very promising results have been
obtained for supervised classification of imaging LIBS data for chromitite ore, as well as for
the subsequent quantification of the mineral and metal content. Based on the results, a
guideline for supervised classification of LIBS-based imaging data for course-grained
geological samples has been developed. Promising results have also been obtained for
polymetallic massive sulphide ore. With the appropriate reference measurements and the
application of common classification and calibration techniques, it was possible to calibrate
the LIBS-based images with respect to the base metals, and provide a semi-quantitative
analysis of the base metal distribution in the ore material.
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Nowadays, the purification of petroleum products has become a highly challenging task.
Such processes involve heterogeneous catalysts, poisoned by carbon and metallic species
over time. Improvement of these processes is therefore a prior objective for refiners to
reduce the environmental footprint and to answer the world increasing demand for fuels
and chemicals. Carbon and metallic poisons on catalysts imply spatiotemporal gradients in
the ppm-range that have never been investigated at the grain scale at such low
concentrations. Even so, an accurate knowledge of these elemental distributions is today
required to enable a more realistic process modelling. For the first time, we propose a
spatially resolved quantification of carbon, nickel, and vanadium up to the ppm-range in
porous heterogeneous catalysts. Carbon elemental detection and imaging can be reach only
by few techniques (TOF-SIMS, LA-ICP-MS, STXM), which are either not convenient for large
samples, not suitable for quantification analysis, or have a too low sensitivity regarding such
light elements. We developed a LIBS-based elemental analysis combined with a particular
sample preparation method and a specific distance transform based processing. That is the
first approach able to show 2D LIBS imaging with a micro-scale resolution, covering a
concentration from few ppm to %, as well as quantitative distribution profiles for carbon
and metallic trace impurities in catalyst materials at the grain scale (c.f. figure 1). This study
highlights the growing interest of LIBS in industry and opens the way of a revolutionized
understanding of refining allowing the establishment of accurate models to better predict,
control, and improve the purification processes.
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Fig. 1.: Figure 1: Example of results for vanadium impurities. a) LIBS images of catalysts sections for 3
different process times. b) Calibration curve for quantification. ¢) Quantitative profiles.
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For the element imaging of steel samples, we combined two optical emission spectroscopy
techniques, LIBS (Laser Induced Breakdown Spectroscopy) and Spark OES (Spark Optical
Emission Spectroscopy) and we investigated differences and advantages of the individual
methods to the combination: Laser Ablation-Spark Discharge-Optical Emission
Spectroscopy (LA-SD-OES). The combination of both methods uses a voltage of up to 3 kV
which is applied to a tungsten electrode connected with a 25 nF high voltage capacitor. A
short laser pulse (Nd:YAG, 1064 nm, 7 ns) with pulse energy of 1-90 m]J triggers the excitation
of the electric spark. The spark discharge was guided to the laser spot on the sample
surface. Hence, a localization of the electric spark and good spatial resolution in element
imaging was achieved. A comparison of emission spectra of various materials measured with
LIBS and LA-SD-OES displayed differences concerning the line intensities and the
appearance of spectral lines exclusively in LA-SD-OES.
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Fig. 1.: Laser-induced plasma (left) and laser-triggered spark discharge plasma (right) on aluminum in
air.
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Abstract Analysis of trace elements in human blood has the potential to reveal retrospective
information about an individual's health status and exposure. The most characteristic
patterns of a modern human being are deficiency of essential and excess of toxic trace
elements. Such a deficiency or excess frequently occurs due to defects in trace element
content in some organs or increased requirements of an organism. As trace elements are
incorporated into the human body according to the nutritional and health growth process,
serum samples of the cancer patients can reflect the body burden during disease
probability. Therefore, the most recent basic data on participation of essential trace
elements in physiological processes, metabolism, routes and volumes of entering to the
body, relation to various diseases, medical applications with a special focus on some
minerals. For each element there is an optimum range of concentrations to perform vital
functions. At deficiency or excessive accumulation of elements, serious changes can occur
in the body, violating activities of enzymes, directly or indirectly dependent on them. The
equipment used for the analysis typically involves sophisticated and costly analytical
instruments such as the Inductively Coupled Plasma Mass Spectrometer (ICP-MS) and
Atomic Absorption Spectroscopy (AAS). The aim of the present work is to investigate the
possibility of using LIBS as a new, non-invasive and promising tool for detection of trace
elements in biological tissues such as blood samples which represent a chemically inert and
highly mineralized tissue using. So the target was to use LIBS technique in the same analysis
for detection of minerals as K, Ca, Mg, Si, Fe, Pb and Zn in cancer patients’ serum.
Qualitative analysis has been done to detect the presence of trace elements in serum
samples where the plasma spectrum showed information about these elements in the
sample. This information was in the form of emission lines located at specific wavelengths as
well as the intensity and the relative intensities of the lines which are important for
analyzing the samples and for detection of heavy metals and minerals. The effects of the
experimental parameters on the emission lines were studied and the local thermodynamic
equilibrium (LTE) in produced plasma was investigated. The transient plasma condition was
verified at specific time region (300-500ns) in the plasma evolution corresponding to its
dynamic expanding characteristic. The information obtained from the trace elements’
spectra of blood serum in this study substantiates the potential of blood minerals as a
biomarker. Keywords: LIBS, blood, Plasma
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Skin cancer is the most common type of malignancy in the Caucasian population and its
incidence is increasing epidemically. Skin cancer is classified into two groups: non-
melanomatous skin cancers, represented by two major forms, Basal Cell Carcinoma and
Squamous Cell Carcinoma. The second group figures Malignant Melanoma. The most
frequent cutaneous malignancy worldwide isBasal Cell Carcinoma which accounts for
80-85% of all skin cancer, Squamous Cell Carcinoma accounts for 15-20% of non-
melanomatous skin cancers. The lowest incidence of the above-named types of skin cancer
is Malignant Melanoma which accounts for 4,5% of new cases. On the other hand, it
represents the deadliest form of skin malignancy.

Nowadays, the only diagnostic method to perform a histological examination which is
typically based on a visual inspection of the tissue sections by light microscopy. The
examination itself and determining the type and extent of the skin lesion depends on the
pathologist's experience. One of the mean to obtain more information about a particular
case is to find out a chemical composition and its distribution in the tumor itself. The
presence of increased concentrations of heavy metals was detected in the skin
tumors. Laser Spectroscopy techniques (namely Raman spectroscopy and Laser-Induced
Breakdown Spectroscopy) may be applied to detect this chemical composition (molecular
and elemental) and its distribution.

The objective of the project is the implementation of laser spectroscopy methods to
determine the molecular and elemental composition of collected samples of the skin
tumors. Provided spectroscopic analysis will extend the information obtained from a
standard histological examination. The output will contribute to the emerging field of digital
histopathology, providing more accurate information about the tumor itself and its margins,
which is one of the main indicators of radicality of the operation.
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Malignant tumors are a growing problem that threatens the health of human life today.
Among them, brain tumor is one of the most serious disease. In 2017, it is estimated that
there are more than 23,000 brain and other neurological tumors in the United States with a
mortality rate of 70%. Furthermore, the most common type of brain and central neurological
system tumors is malignant glioma, with a 4-year survival rate at only 7.1%. One of its main
features is to grow in a diffuse manner beyond the location of the primary tumor. Because of
this, tumor infiltration boundary is not clear, resulting in difficulty in resecting the total
tumor. Nowadays, Magnetic Resonance Imaging (MRI), Ultrasound and Fluorescence
angiography have been proposed to identify the glioma infiltrating boundary. However, it is
difficult to meet the needs of practical applications in terms of boundary determination
accuracy, detection sensitivity, and surgical cost. Meanwhile, the brain shift during the
surgery also causes some influences. In this work, we proposed to identify the different
regions of the glioma and around tissues by Laser-induced Breakdown Spectroscopy (LIBS)
combined with machine learning methods. Several unsupervised learning methods like
principal component analysis (PCA) and K-means were used to cluster the spectral data of
glioma and besides area. After selecting feature lines with Random Forests (RF), Supervised
methods like Support Vector Machines (SVM) and k-Nearest Neighbor (kNN) were used to
do the identification. The classification accuracy achieved at 96.0% and 100.0%,
respectively. This laid the foundation for the further use of LIBS technology for the
determination of glioma infiltration boundaries.
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Fig. 1.: The unsupervised clustering and supervised classification results of LIBS spectra from
infiltration region and glioma. (a) the clustering results of PCA; (b) the clustering results of K-means;
(c) the classification results of SVM; (d) the classification
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Biological tissues contain essential trace elements, such as Zn, Cu, Fe, which are known to
have an important role in various metabolic processes taking place in the human body. The
optimum level of concentration of these elements is needed to maintain the proper function
and health of the human body [1]. In this work, we focused on the optimization of laser-
induced breakdown spectroscopy (LIBS) methods used for a detection of these elements in
soft tissues. Analysis of such samples using LIBS could be used for numerous biological
applications in the future, such as the utilization of listed trace metals as the potential
biomarkers for cancer tissue diagnostics [2, 3]. Laser-induced breakdown spectroscopy was
applied to perform the elemental analysis of soft tissue samples - mouse kidneys. In order to
get the optimum signal in the multi-element LIBS measurements of kidneys, the following
experimental parameters: side input slit, grating, central wavelength, gate delay, laser
energy, and wavelength were adjusted and the signal dependence was studied. The process
of optimization of experimental settings and conditions was described. The main goal was to
achieve the highest possible signal to noise ratio data. Due to the different sample size, a
system of unification and mutual comparison was proposed. All the parameters were tested
for zinc and the limits of detection (LOD) were estimated. The analysis accuracy and
repeatability were further demonstrated by the determination of the concentration of
detected elements. Obtained results suggest the ideal experimental parameters settings in
order to obtain the best possible signal to noise ratio to analyze soft tissues using LIBS.
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The issue of laser-matter interaction is of great importance in the material analysis using
laser-ablation-based techniques, such as Laser-Induced Breakdown Spectroscopy (LIBS).
The distribution of elements in soft tissues is an important source of information, which can
facilitate diagnosing. LIBS is shown to be a viable option for qualitative imaging of specific
elements in biological tissue material. The laser ablation is driven namely by the proper
selection of laser wavelength and irradiance. Optimal soft tissue measurement parameters
were determined by the pulse wavelength optimization process. Tested samples were
mouse kidneys fixed in paraffin. Gradually, all possible wavelengths of laser pulse were
tested: 1064 nm, 532 nm and 266 nm. The energy within the range from 1 mJ to 25 mJ,
setting with a step of 5 mJ, was tested for energy laser pulse. The signal dependence of
individual elements was monitored with respect to their concentration. Moreover, the
resulting wavelength and laser energy values were determined based on the signal-to-noise
and signal-to-background ratio calculation. The essence of this research is a fundamental
study for future research on the distribution of the selected elements in the tumours. That
could lead to the robustness increase in determining the type and extent of malignant
lesions based on the deeper knowledge of tissue metabolism.
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Biofouling has been a serious problem affecting marine industry for a long time. Marine
biofouling refers to the undesirable growth and adhesion of marine organisms such as
barnacles, macro algae and microbial slimes on immersed structures. Biofouling
composition is determined by collecting samples from marine structures and vessels and
analyzing them in laboratories. Alternatively, an approach of online sensing based on Laser
Induced Breakdown Spectroscopy(LIBS), which consists of analysis of the spectral emission
from laser induced plasma, can be considered for the elemental composition of biofouling.
Since, marine biofilm is an intricate community of bacteria and algae, LIBS spectra can
provide an insight into the chemical composition of the biofilm constituents. The analysis of
marine biofouling using LIBS has not been attempted previously. In the present work,
laboratory scale LIBS technique is used to analyze biofouling samples and its constituent
common water-borne algae and bacterial species. LIBS spectra were acquired for Biofilm
samples grown on fiber-reinforced plastic (FRP) substrates suspended in the tropical Indian
Ocean for a period of 10 days at a depth of 1 m, in the intertidal region at a distance of 480 m
from the shore. LIBS database were created under lab controlled conditions for the selected
biofilm constituent algae (Nitzchia sigma and Chaetoslorenzianus) and bacterial
(Pseudomonas aeruginosa, Bacillus subtilis, E.coli) species. As shown in fig.1, it has been
possible to establish the LIBS technique in in-situ conditions for acquiring the spectra and
its rapid classification using PCA technique. The database would serve as a means for rapid
identification of marine fouling bacteria and algae species. Further studies are planned by
introducing an appropriate delay during spectral acquisition in order to avoid adverse
influence of continuum.

153



Bacillus subtilis

Biofouling
Chaetoceroslorenzianus
E.coli

Nitzschia sigma

Pseusomonas aeruginosa
|

(%6'1) €0d

Fig. 1.: Figure shows Principal Component Analysis (PCA) results classifying the LIBS spectra acquired
for biofouling and its constituents qualitatively. Three principal components account for 94.5% of total
variation.
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Laserosteotomes will only be clinically applied if they do not carbonize the tissue. This can
only be ensured with an irrigation system with correctly tuned water and air flow rate. Well-
designed irrigation helps avoiding thermal damage, increases ablation speed, and
accelerates healing while too little water leads to bone carbonization, and too much water
decreases the ablation efficiency [1]. State-of-the-art for determining the irrigation
parameters is to apply water and air flow rates based on pre-performed experiments
without monitoring the bone surface in real-time. The lack of real-time monitoring of the
laser-induced thermal damage can thus result in carbonization, caused by either a
malfunction in the irrigation system or by unexpected changes in the properties of the
tissues from patient-to-patient (or even point-to-point due to an inhomogeneous
structure). Authors recently demonstrated that LIBS can classify fully carbonized bone from
not carbonized one [2]. While such a classification can avoid further carbonization, even
localized carbonization on the surface of the bone can still prolong the healing process.
There are several stages before full carbonization occurs, such as dehydration and early
carbonization. The detection of these early signs makes prospective carbonization
prediction possible. This study aims at finding a regression between all steps of laser-
induced thermal damage. Therefore, the spectrum of localized plasma generated in the
ablation spot, together with the number of shots sent to the bone without irrigation was
recorded using an in-house fiber-coupled Echelle spectrometer. Later on, based on the
recorded spectra, regression models were trained. The model used were regression tree
(single tree and also an ensemble of several trees), support vector machine, and a
convolutional neural network. Finally, we calculated the root mean square error of each
model and applied the trained models to the data collected afterwards in real-time.
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Lithium toxicity limits the use of lithium during pregnancy, whereas few studies with very
limited sample size have been reported on the impact of lithium on the lactation processes
and health of mother-baby pair. Here, we have employed laser induced breakdown
spectroscopy to trace lithium in the kidneys of breast feed infants (baby rats) of lithium
medicated mothers (rats). The mother was assumed to be a bipolar disorder and was being
administered with lithium therapy. With the presence of lithium in the breast milk of lactating
mother, the infant’s blood demonstrated presence of lithium and elevated urea nitrogen. With
further investigation, we found enhanced potassium level as principle component for
classification of the subjects other than lithium. The renal enhanced potassium was
associated to low Nephrine expression calculated from immunohistochemical stained kidney
section of subjects caused by lithium. Previously, we detected lithium traces in the breast
milk of mother (rat) administered on lithium. In this article, we employed laser induced
breakdown spectroscopy (LIBS) and energy dispersive energy dispersive X-ray fluorescence
(XRF) to assess lithium effects in kidney. We applied principle component analysis on LIBS
and XRF measured spectra to classify the control and lithium group followed by a supervised
linear discriminant analysis (LDA). To measure lithium plasma levels, we employed mass
spectroscopy. To assess the primary indicator of likely affected organs suggested by
literature, we measured T, hormones and blood urea nitrogen (BUN) from the blood of baby

rats using enzyme linked immunosorbent assay (ELISA). Further, we also performed
immunohistochemical staining on section of infant’s kidneys with Nephrin for further
investigation.

158



Characterization of LIBS as the distribution of
Lithium and elements throughout the Body
Muhammad Shehzad Khan

1. City University of Hong Kong

E-mail: mskhan5-c@my.cityu.edu.hk

Lithium-based salts and drugs have been successfully used to treat many mental disorders
Including bipolar disorder and Alzheimer’s. However, the therapeutic mechanism is not well
characterized due to the limitation of detecting lithium in organs and cells. Here, we have
employed laser induced breakdown spectroscopy (LIBS) for in situ detection of lithium in bi-
ological tissues and organs along with multi-elemental analysis. Besides, we have developed
methods to employe LIBS for biological applications. Lithium spectral emission was observed
at 670.7 nm in thyroid, salivary gland, mammary gland of subjects (rats) when treated with
lithium. We also traced lithium in breast milk of mother rat when administered with lithium.
The lithium emission intensity was positively correlated with tissue lithium concentration,
which is ~lppm. LIBS is ideal for characterizing the distribution of lithium and other elements
throughout the body.
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It has recently been discovered that some zooplankton organisms (viz. several taxa of sea
crustaceans) accumulate trace elements like lithium, arsenic and uranium [1]. Causes and
mechanisms underlying this phaenomenon are unclear. It is therefore of interest to find out
which changes of chemical composition of tissues accompany the accumulation of the
elements. The goal of this study was to establish correlations between analytical signals of
Li, As, and U, on the one hand, and analytical signals of other elements and molecules
comprising the tissues, on the other hand. To this end, atomic and molecular spectroscopy
data were recorded and compared. Atomic spectroscopy was represented by laser-induced
breakdown spectroscopy (LIBS) and ICP-MS with laser ablation (LA-ICP-MS). LIBS was
chosen based on its rapidity and sensitivity towards light elements (like Li), while LA-ICP-
MS was needed to ensure sufficient sensitivity towards As and U. The instrumentation used
enabled to obtain emission spectra in a wide wavelength range (186—1049 nm). Molecular
composition was studied by Raman scattering spectroscopy (excitation at 780 nm). Bulk
composition data, obtained by ICP-AES and ICP-MS after digestion, were also available.
Correlations between intensities of atomic emission lines, mass spectrum peaks, and
parameters of Raman bands were calculated. We have also made an attempt of sample
classification. All this was achieved by well-known chemometric approaches (PLS, PCR, PCA,
classification tree, and ordinary LS). The results show that, in general, high level of
accumulated trace elements positively correlates with a band-rich Raman spectrum with
relatively low fluorescence background. Our collection of samples (ca. 30 pcs.) comprised
several crustacean species, and Raman spectral fingerprints of subclass Copepoda were
substantially different from those of other taxa. Apart from that, uranium content exhibited
weak negative correlations with content of most other elements.
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The object of this study is zooplankton, and more specifically, several taxa of crustaceans,
some of which show an unusual enrichment of trace elements (mainly Li) in their tissues. A
rapid and sensitive method for elemental analysis of zooplankton is required, which would
be easy for on-site implementation (i.e., on board during cruises). The LIBS is well suited for
this purpose. Due to a lack of certified reference materials, it seems reasonable to use
calibration-free (CF) LIBS in this case. We also present a comparison of the CF-LIBS results
with those obtained by a conventional (calibration-based) technique. Pelletized samples of
zooplankton were ablated by the 4th harmonic of Q-switched Nd:YAG laser (266 nm).
Emission spectra were recorded using a Czerny-Turner spectrograph (resolution of 0.05 nm
at 589 nm) with a gated ICCD camera within the range of 201-681 nm. Line selection for
reliable plasma diagnostics as well as for analytical measurements was guided by modeling
which involved solving radiative transfer equations under the assumption of LTE. In general,
the obtained element ratios in CF-measurements are consistent with ICP-MS and ICP-AES
data. Due to the nature of the samples, analysis involved mainly alkaline and alkaline earth
elements (Li, Na, Mg, Si, P, K, Ca, Sr). As for the calibration-based approach, its
straightforward use was hampered by differences in colours and reflection coefficients of
samples, so that we had to use normalization to obtain valid calibration curves. Differences
in sample densities also made contributions to signal uncertainties.
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Elemental hair analysis gives an opportunity to detect a disturbance in mineral metabolism,
to identify the ratios of vital and toxic microelements in a human body. What is more, it can
detect possible reasons for deviations in the neuro-development of children and a source of
deterioration of health at an elderly age. [1]. The method’s sensitivity helps to accurately
detect the elements found in hair. Our methodology is suitable for the routine analysis of 30
micro- and macroelements in human hair. Minimal sample processing is conducted
according to the IAFA [2] requirements. Small sample quantity makes it possible to conduct
the analysis in different parts of a hair lock. It gives an opportunity to study the evolution of
elements concentration that happened within short periods of time, not disturbing the
examined person at the same time. Water is essential for the normal functioning of a human
organism. The analysis of the solid residue of water on laser elemental analyzer LEA S500
using LIBS methodology is targeted towards getting the most accurate information about
the water’s elemental composition. Less than 15 mg of solid residue is needed for elemental
analysis, hence, the LIBS method can compete with the widespread ICP-OES and ICP-MS
methods [4, 5]. The solid residue is pressed into a pill made from polyvinyl alcohol and then
used as a base. This way is used for creating calibration samples (e. g. based on calcium
carbonate, calcium chloride, magnesium sulfate, etc.). They replicate the contents of a solid
residue that contains or does not contain supplements of different microelements.
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have developed the methodology for the analyses of 30 chemical elements in human hair, of
a wide range of chemical elements in drinking water.
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Laser-induced breakdown spectroscopy (LIBS) allows achieving quantitative multi-
elemental analyses. However, the LIBS spectra are very sensitive to the sample chemical and
physical properties, as well as to fluctuations of the experimental conditions. The
consequence is that significant fluctuations of the LIBS spectra can be observed with a
negative influence on the analytical performance of the technique. Finally, many analysts
often try to reduce these fluctuations by normalization techniques in order to improve the
performance of further quantitative analyses. However, adopting the most relevant
normalization approach remains today an open question. A comprehensive state-of-the-art
regarding LIBS spectra normalization will be presented, with an emphasize on the most
frequently applied techniques. We will present, through selected examples, a critical point-
of-view about the different normalization approaches and the necessity to accurately assess
them and compare their performance.
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Laser-induced breakdown spectroscopy (LIBS) is applied to quantitative analysis of 304 and
316 and 4140 steel alloy samples. The plasma is generated by focusing a nanosecond pulsed
Nd:YAG laser operating at its fundamental wavelength ; 1064 nm, in ambient air on steel target.
Plasma optical emission is collected via an optical fiber of 400 um diameter and conducted to
the 40 pm entrance of an Echelle spetcrometer (ARYELLE 200, LTB) with a spectral resolution
of 9000. The spectrometer is coupled to a gated ICCD camera (Andor 334-18F-03). Experi-
mental conditions (i.e. laser energy, delay time, gate width and gain) are optimized for high
S/N ratio principally for trace elements. Laser induced plasma are characterized in terms of
registered spectra, electron density and electron temperature assuming the LTE and optically
thin plasma conditions. The quantification results of samples using the CF-LIBS method were
in a good agreement with the micro X ray fluorescence (uXRF) measurements. The correction
of self-absorption using internal reference method on CF-LIBS has been discussed. The aver-
age relative errors on Cr, Ni, and Fe calculated concentration were less than 5%.
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One of the main problems that cause fixation loosening in prosthesis and implants is the
stress shielding due to bone reabsorption with time. This problem can be solved through the
development of low Young-modulus alloys like Ti-Nb alloys. In this work, the capability of
laser-induced breakdown spectroscopy (LIBS) for the quantification of sintered binary
samples with different proportion of Nb and Ti is tested. For that purpose, nine sintered
samples where the concentration of niobium varied between 5% and 45% were analyzed and
several emission lines from Nb and Ti were compared. In a preliminary step, laser pulse
energy and acquisition delay time were optimized taking into account the intensity and the
signal-to-background ratio. For the quantification, different procedures were tested (signal
intensity, signal-to-background ratio and intensity ratio of Nb and Ti emission lines) and the
best results in terms of low data dispersion and good linear fitting were obtained when
plotting the ratio of niobium intensity to titanium intensity vs. niobium concentration.
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Quantification and certification of the caratage of precious alloys are carried out
conventionally by fire assay which is considered to be gold standard and is also very
accurate. On the flip side, this method is very cumbersome and also destructive. In recent
years, Laser Induced Breakdown Spectroscopy (LIBS) has developed as a versatile elemental
analysis tool which attracted enormous attention, owing to its broad range of applications.
The advantages of this method are: rapid and sample preparation free analysis with
microgram destruction to the sample and possibility of cost effective instrumentation. In
view of this, a LIBS based methodology for testing the purity of gold & its alloys with a better
accuracy compared to the existing process is carried out. A 532nm optical emission from
Nd:YAG (Q-Smart, Qunatel) having pulse duration 6ns is used to achieve breakdown
threshold irradiance for gold alloys. The plasma emission from the sample surface is imaged
on to the spectrograph slit by using an optical fiber. A high resolution, cross dispersion
echelle spectrograph (Mechelle, Andor) system coupled with an ICCD (iStar, Andor) is used
for this study. Various experimental parameters such as gate delay, gate width, laser energy
etc. have been optimized. Different data analysis methodologies such as calibration free
LIBS (CF-LIBS) are attempted to extract meaningful data for accurate quantification. Single
shot LIBS measurements, which is of great importance considering the commercial value of
the sample, has been successfully tested and the results are encouraging and demonstrating
the robustness of LIBS for such applications.
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The Laser Induced Breakdown Spectroscopy (LIBS) technique has several advantages, such
as minimal sample preparation, faster results and less damage to the sample compared to
other techniques such as X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
[1-3]. In addition to that, it is also a more successful technique for the analysis of light
elements. In this work, low atomic number element boron was analysed using a 4.4 ns
pulsed Nd:YAG laser and high resolution spectrometer. We performed a quantitative
analysis using a line at 249.77 nm of boron atom and developed LIBS application for mining
industry. For quantitative analysis Aluminum Oxide powders with different amounts (25%,
50%, 75%) of Boron Anhydride powders were homogenously mixed to form pellets. Fig. 1
shows the LIBS spectrum of Boron and Aluminum Oxide taken from pellets. It is observed
that LIBS gives successful results in quantitative analysis of low atomic elements such as
Boron, Aluminum and Oxygen.

LIBS Quantitative Analysis for Boron and
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Fig. 1.: Figl.: LIBS spectrum of Boron and Aluminum Oxide
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According to the LIBS technique, the elemental analysis is carried out by directing a pulsed
laser beam on the surface of a layered metal sample. Soon after laser irradiation, the
spectroscopic emission is observed and spectra are recorded simultaneously by two
detection systems: the first with a wide spectral coverage and moderate resolution, and the
second with a higher spectral resolution over a narrow spectral region centered around the
emission of a specific trace element (in our case around hydrogen D-alpha line). This set-up
offers the possibility to spectrally resolve the line emission from hydrogen and its isotopes,
and to make a reliable estimate of the plasma parameters thanks to the numerous atomic
and ionic spectral lines collected by the low resolution system. The measurements,
conducted at atmospheric pressure, are finalized to combining the data obtained from the
two detection systems for the determination of sample composition by application of CF-
LIBS technique.
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Laser-induced breakdown spectroscopy (LIBS) has been identified as a high potential
technique for on-site multi-elemental analysis of agronomic matrices such as soilsl. On-site
analyses still remain a challenge since external experimental factors such as humidity and
heterogeneity can badly impact the acquired signal. Laboratory experimental design
represents a potential tool to evaluate this impact before considering in situ analyses.
Experimental design results revealed that humidity will be the most significant
environmental factor impacting on-site LIBS measurements. It was not possible to record
any signal above 30 % humidity, because of the difficulties of creating a plasma on too wet
soils. However, spectral normalization seems a efficient tool to overcome the fluctuations of
LIBS signal due to humidity.
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Agronomic research has a growing interest in collecting faster, cheaper and still efficient
information about agricultural matrices in order to achieve a better monitoring of soil
quality and fertility. Laser-induced breakdown spectroscopy (LIBS) and X-Ray fluorescence
spectrometry (XRF) have been identified as high potential techniques for on-site multi-
elemental analysis of agronomic matrices such as plantsl and soils2. The study of
agricultural soils and plants, more precisely the multi-elemental quantification of several
chemical elements of interest, was realized using portable LIBS and portable XRF systems.
Both XRF and LIBS quantitative analysis were compared to the concentration values
determinate by ICP OES. Good practices related to sample preparation and experimental
conditions to achieve relevant LIBS /XRF measurements in laboratory will be discussed. The
influence of environmental parameters has been examined in order to assess the robustness
of on-site analysis.

References

[1] DOI: 101039 /C7IA00293A.
[2] https://doi.org/10.1016 /j.trac.2016.08.015

Acknowledgement

We thank the Région Nouvelle-Aquitaine for the funding of Julian Guezenoc’s doctoral
position in the frame of the project AGROLIBS.

173



On-site chlorine determination with a mobile
LIBS system

Tobias Giinther ', Cassian Gottlieb *, Tobias Volker !, Gerd Wilsch '

1. BAM, Federal Institute for Materials Research and Testing
2. SECOPTA analytics GmbH

E-mail: tobias.guenther@bam.de

A mobile LIBS system was developed in cooperation with industrial partners for on-site
detection of harmful substances in concrete structures. With this system, chlorine detection
is possible directly on the structure, such as parking deck or bridges. The mobile system
uses a low energy laser with a pulse energy of 3 mJ, a wavelength of 1064 nm, a pulse width
of 1.5 ns, a repetition rate of 100 Hz and a NIR-spectrometer in combination with a scanner
for two-dimensional mapping. This work presents the quantitative chloride determination
of an on-site application of the mobile system. The obtained chloride results on the
concrete surface are important as fast indicator for possible damaged areas. During damage
assessment or reconstruction work, the civil engineers may use the LIBS data to get a
detailed view of the concrete condition. A comparison of the calibration curve and the LOD
determined on-site with the mobile system with that of the laboratory system is shown. In
some places, drill cores were taken and measured in the laboratory. This makes it possible to
determine a chlorine ingress profile. To verify the LIBS results standard analysis using wet
chemistry have been done.
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Laser-induced plasma spectroscopy (LIBS) is well suited for the detection of chlorine in
concrete. However, for the determination of the chlorine spectral line 837.59 nm helium
atmosphere is necessary. Chlorides that penetrate the concrete structure, for example from
seawater or de-icing salt, can cause corrosion of the steel reinforcement. The critical
triggering chloride content is 0.4 wt%. In this presentation, the possibility of electrical spark
discharge for using low energy lasers will be investigated. Lasers with different energies,
pulse lengths and repetition rates have been compared in order to have a system that is able
to detect chlorine even without expensive helium. Calibration lines with and without
electrical spark discharge are measured and the limit of detection is determined and
compared. With the experimental setup a two-dimensional mapping of different concrete
samples will be presented.
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The Laser-induced Breakdown Spectroscopy (LIBS) is a fast and reliable technique for the
detection of harmful species in concrete structures. The ingress of chlorides from sea water
or de-icing salt in winter time leads to corrosion of the reinforcement. If chlorine exceeds a
specific concentration threshold, the stability of the structure will be reduced which affects
the lifetime of building structures. The critical chlorine content based to cement is 0.4 wt.-
% based to the cement for reinforced concrete. For the detection of Cl in concrete with
LIBS a He purge is necessary. This presentation deals with the enhancement of the laser
induced plasma by using electrical spark discharge. The plasma life-time and the atomic line
emission have been increased significantly by optimizing the experimental LIBS setup in
combination with an electrical discharge. Therefore, the plasma dynamic and the temporal
behavior of different spectral lines have been analyzed using a fast iCCD camera. The time-
resolved analysis of different elements has been evaluated with respect to their optimal
signal-background ratio. In order to compare the setups (with and without electrical spark)
different figures of merit (e.g. R?, limit of detection) using known calibration samples have
been evaluated. This work shows the enhancement of elements for the analysis of concrete
samples. For the evaluation of a two-dimensional element map a LIBS setup with electric
spark discharge have been used. The 2D-map is important to determine and visualize the
external ingress of harmful species and to extract an ingress profile. The spark
measurements allow to detect Cl without He purge directly in air atmosphere.
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Recycling of building materials, namely asphalts is an economical and ecological issue.
Knowledge of the elemental composition is an important step in the chain of material
processing. Determination of minor and trace elements is a frequent task of Inductively
Coupled Plasma Optical Emission or Mass Spectroscopy (ICP-OES or MS). Results of this
method may be crucial for decisions made on the future re-use of the asphalt mixtures.
Ecological and technological aspects should be taken into account. For ICP analysis sample
decomposition is required which is a time consuming and complicated procedure. As an
alternative Laser Induced Breakdown Spectroscopy (LIBS) can be employed in some cases. It
can be applied on solid samples in some selected spots of interest. This is also the case of
our study. Determination of sulfur has been especially in our focus. Results of the LIBS
analysis in randomly selected spots of the samples were compared with those from ICP-MS.
The selection of the spots was governed by the rule that only dark asphalt space among
filling stones was ablated. To facilitate the LIBS analysis calibration standards based on
cellulose and limestone pressed pellets were used. Because of poor analytical signals of
sulfur in OES the LIBS analysis was realized in an enclosed interaction chamber filled with
He or at further simplification He was just blown onto the sample surface. The used
analytical line was S 1 921.29 nm for which no extra optics is necessary. The yielded results
show that both the synthetic limestone and the cellulose need some corrections but results
of the cellulose calibration were much closer to the reference ICP-MS values. The asphalt is
a completely different matrix, however, no asphalt standards are known to us. Both the sets
of pellets were prepared by adding a weighed amount of sodium sulfate decahydrate to the
limestone or the cellulose powder. The mixtures were homogenized in a mortar by a hand
friction process using a pestle and a plastic spoon for several minutes. Especially a very
linear calibration dependence for the cellulose standards showed that the homogenization
and the measurement were well-made. Finally it can be concluded that the LIBS analysis can
be successfully applied on the sulfur determination in asphalts provided that a systematic
correction of the intensities is used.
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The subject of this work is the quantification of Zn in aqueous solutions using laser induced
breakdown spectroscopy (LIBS) with a focus on possible industrial applications. State of the
art measurement methods for Zn quantification in solutions use time extensive chemical
processes which do not allow real time measurements in the production process. Although
LIBS measurements are rather fast, a measurement directly in the liquid produced poor
results regarding sensitivity and repeatability. Furthermore, the splashing of the liquid
required extensive cleaning after each single measurement, which made this method
unsuitable for practical applications. To bypass these problems, a liquid-solid matrix
conversion was applied. Commercially available filtration paper was soaked in the test
liquids, then dried and finally measured using LIBS. Submerging the paper in liquid for short
time resulted in an inhomogeneous spatial distribution of Zn as revealed by element
mapping. However, for longer exposure time this method produced encouraging results,
including suitable calibration curves to determine the Zinc concentration in unknown
liquids with an R™2 of 0.99 to 0.997.
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Fig. 1.: LIBS element map of Zn in filtration paper for short-time immersion of the paper in the liquid.

Acknowledgement

Financial support by the Austrian Research Promotion Agency FFG is gratefully
acknowledged (K-project PSSP 871974).

180



~pioss (5

Elemental Analysis of Aqueous Samples:
Challenges and Counter Experimental
Strategies for LIBS Measurements

Sahithya Atikukke ', Vishal Dwivedi *, Santhosh Chidangil ', Pavel Veis *, V.K Unnikrishnan '

1. Department of Atomic and Molecular Physics, Manipal Academy of Higher Education, India

2. Department of Experimental Physics, Comenius University of Bratislava, Slovakia

E-mail: unnikrishnan.vk@manipal.edu

Laser-Induced Breakdown Spectroscopy (LIBS) is a very appealing technique for
spectrochemical analysis. The technique basically is the determination of the elements in
materials based on their characteristic atomic emission spectra. LIBS can be applied to
analyze liquids since it shows great potential for in situ monitoring of water in the
environment, particularly for sewage, chemistry of slurry, mine drainage, impurity in oil,
nuclear fuel industry, etc. All the results mentioned in this work have been carried out using
a gated detector coupled with echelle spectrograph (i-Star, ME5S000-DH734, Andor, Ireland)
and a nano second pulsed laser (Q-smart 450, Quantel). We have studied different
experimental strategies for elemental analysis of aqueous samples. These include: LIBS
studies on (i) the bulk form of the sample solution, (ii) the liquid jet, (iii) on dried sample
solution and (iv) Nano-particle Enhanced LIBS (NELIBS). In this work, major challenges for
LIBS studies on bulk liquid samples have been analyzed and counter measures have been
attempted and reported. In order to check the Limit of Detection (LOD) of the system, LIBS
studies have also been carried out on various concentrations of CuSO4 solution and LOD
was calculated from constructed calibration curves. The quantification capabilities for most
of the aforementioned experimental strategies are found to be at ppm levels. In order to
extend the applicability of LIBS, efforts have been made to enhance the signal by depositing
Ag nanoparticles on the dried sample solution and then exposed to LIBS. Finally,
performanace evaluation of LIBS have been done on realistic samples like milk (both liquid
and solid forms) using the developed strategies and the results observed are really
motivating to take works in this direction forward which also exhibit the uniqueness of LIBS
for such applications.
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Laser-induced plasma spectroscopy (LIBS) is a technique for qualitative and quantitative
elemental analysis of solid, liquid and gas samples. It is worth to mention that the elemental
analysis of liquids samples is a great challenge for laser ablation. This technique requires
minimal or no sample preparation, because ablation and excitation occur simultaneously at
the same site. For quantitative analysis, LIBS technique usually uses calibration curves,
which generally show a linear relationship between the intensity of emission lines vs.
concentration from known reference samples. The present work was focus in the
application of the surface-assisted laser induced breakdown spectroscopy (LIBS). In this
work, we were devoted to the improvement of the accuracy of the measurements with
simultaneous reduction of detection limits (LOD) repeatability, and sensitivity. In this work
we have studied thin layers of synthetic urea, as the sediment formed after drying the liquid
samples on a high reflective surface such as aluminum wafers and in agar gel, to perform the
surface-assisted LIBS analysis. We have measured heavy metals in synthetic urea with
different concentrations to determine their calibration curves. Also a validation sample has
been employed to test the accuracy of the established calibration curves. The main objective
of this work is to obtain the calibration curves of all the samples studied for a future
determination of heavy metals contamination that can be determinate in real urine for
human health diagnostics purpose.
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Laser Induced Breakdown Spectroscopy (LIBS) has been recognized as a powerful, versatile
technique for materials analyses. There is no need of sample preparation for solid, liquid,
and gaseous sample analyses. Double pulse LIBS has been used for the analysis of TiB2 and
AI203 thin films. Depth profile information was obtained from the spectra of consecutive
laser pulses. Til (334 nm), All (309) and Sil (288 nm) spectral lines were selected for depth
profile analysis. There were no spectral interfaces at the position of lines. Low Z elements
(N,0,B) in thin films can be detected by LIBS technique under normal atmosphere
conditions. The Q-switched Nd:YAG laser with pulse width of 4.4 ns at 1064nm wavelength
was used for the analysis. The laser is capable of maximum energy output up to 700 mJ and
can be run at the maximum repetition rate of 20 Hz (see Figure below). The laser beam is
focused by a fused slica lens with 150 mm focal length. The laser and spectrometers were
triggered and syn

Remote Control

Computer System

Fig. 1.: Figure 1: Exerimental setup.
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Depth profiling analysis by use of Laser-Induced Breakdown Spectroscopy (LIBS) has been
shown to be a promising technology for the characterization of different types of materials
exhibiting longitudinal variations in their compositional profile. A challenging area of
application of LIBS depth-profiling is the characterization of very thin films due to the
minimum ablation depth that should be achieved for ensuring fine profiling, while
maintaining proper conditions for generating laser plasma that is analytically useful. To
address these issues we propose an extending plasma emission observation in the vacuum
ultraviolet (VUV). The fact that several elements display intense resonant emission lines in
the range of 100 - 200 nm could offer enhanced analytical sensitivity that might
counterbalance the experimental complexity. The present work focuses on the study of LIBS
analysis of 100-150 nm thin films of Indium-Tin-Oxide (ITO). A Q-switched nanosecond laser
is employed (o = 266 nm, tpulse = 10 ns) for generating plasma on the surface of the sample
housed in a small sample chamber with Ar as a background gas. The emission of the plasma
plume is analysed by use of VUV spectrograph covering the spectral range from 100 - 300
nm, and recorded on an iCCD camera. Preliminary experiments demonstrate that it is
indeed possible to obtain information of the compositional profile of the ITO films over the
plastic substrate based on the varying intensity of several spectral lines of In, Sn and C.
Critical to the success of the method is to a) run measurements at relatively low energy
fluence levels that permit slow penetration of successive pulses through the film and b)
increase collection efficiency of the plume emission into the spectrograph. Studies are
currently underway to correlate emission intensity of In and Sn lines with film thickness as
well as to extend this methodology to the analysis of similar films of different materials.
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Performing compositional analysis and depth-resolved profiling of nanometer-scale samples
(thin films) is a demanding task and requires the use of sophisticated techniques.
Furthermore, if this type of analysis is to be done in the context of a production line in an
industrial environment, additional requirements are imposed having to do with the speed of
analysis and the ability to run such diagnostics in situ. For these reasons, Laser-Induced
Breakdown Spectroscopy (LIBS) has been investigated as a potential technology for rapid
analysis of materials at different depths of thin film structures [1]. A main challenge in this
application is the need to achieve efficient analysis of each layered film with just a single
sequence of pulses. This translates to the requirement of recording reliably good emission
signals which arise from a single laser-plasma event that samples material volumes as low as
5 - 80 om3 corresponding to elemental mass quantities down to 10 picograms. In an effort to
maximally exploit the optical energy of each laser pulse for generating an intense plasma,
hence enhancing the analytical capacity of the proposed method, we have examined the
possibility of performing Double-pulse (DP) LIBS [2] which involves ablation of the sample
with a pair of pulses temporally separated by a few tens of picoseconds. The current work
concentrates on the use of UV-Femtosecond-DP-LIBS (o = 248 nm, tpulse = 450 fs) for the
characterization of multi-layered thin films, of relevance to industrial applications, exploring
critical measurement parameters and attempting to establish optimum conditions for
performing minimally invasive depth-profile analysis. The results on indium-tin oxide (ITO)
films indicate increase of the emission by as high as a factor of 3-5, depending on pulse
energy and spectral transition properties, when DP-LIBS is used in comparison to (single-
pulse) SP-LIBS, demonstrating that the proposed double-pulse approach is a promising one
for the characterisation of nanofilms.
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Molybdenum and its alloys have been chosen as suitable materials for limiters and in some
special cases as first wall materials for test operation of tokamak devices. For its good
mechanical properties and thermal conductivity has been molybdenum also used as a base
for tokamak-like samples. On the other hand, tungsten, for its low activation, has been
chosen as divertor material for the ITER. The migration of tungsten and other elements in
tokamaks is recently the subject of many studies. Sputtered material from the first wall is
consequently deposited on the divertor components and vice versa. One of the suitable
techniques for post mortem analysis of these parts is Laser induced breakdown
spectroscopy (LIBS). In this work, we used calibration free (CF) LIBS approach as a
diagnostic method for depth profiling of tungsten based mix layers on molybdenum
substrate. LIBS spectra were measured under air atmospheric pressure and under argon and
nitrogen flow as a shielding gas in a background of atmospheric air pressure. LIBS Plasma
was created using Nd:YAG laser operating at the second harmonic (532 nm). Atomic and
ionic spectral lines of Mo and W were selected from spectra and used for analysis. The
evolution of plasma parameters (ne evaluated from Stark broadening of selected spectral
lines and Te evaluated from the Saha-Boltzmann plots) has been observed by choosing
different gate delays and gate widths. Finally, the quantitative determination of elements has
been calculated by CF LIBS approach from Boltzmann and Saha-Boltzmann plots, from the
known cross sections and integration of all main undisturbed lines of the element of
interest. The results are showing depth dependence on decreasing tungsten and increasing
molybdenum concentration. The measurements under argon flow causes slightly higher
density and temperature of electron while measurements under nitrogen flow are very
similar to atmospheric air measurements. The goal of this work is to choose the right set of
molybdenum and tungsten lines for future CF LIBS in depth profile analysis, what can be
applied for quantitative analysis of deposited material on the real divertor walls.
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The chemical determination of alkali elements in LLZO (Li7La3Zr2012) layers as well as
Kesterit (Cu(In,Ga)Se2 (CIGS) and Cu2ZnSn(S,Se)4 (CZTSSe-kesterite)) thin film samples is a
challenging analytical task [1]. An elaborate digestion process combined with an ICP-MS
method is normally used. This is however not suitable for a spatially resolved and
quantitative analysis for the purpose of process monitoring. By means of LA-ICP-MS it is
possible to generate spatially resolved signals and accelerate the thin film layer analysis
(<lmin / measurement) since the digestion step is not needed. The problem with LA-ICP-
MS quantification is the lack of matrix matched calibration standards and the large standard
deviations >20% of the signals. To enhance the data quality LIBS is coupled to the LA-ICP-
MS system. By combining the signals from LIBS and LA-ICP-MS, the influence of different
surface textures and the behavior of the different analytes could be examined on NIST610.
Finally LLZO thin films were analyzed using the simultaneous measurement method-ology
LIBS / LA-ICP-MS. The signals of the main elements were combined by im-plementing a
LIBS signal corrected normalization process. On the poster we present the results of the
different measurements as well as the results of the normalization process. While LIBS
shows a favorable depth resolution (200nm LA-ICP-MS / 50nm LIBS) the LA-ICP-MS stands
out for its high detection Limit (e.g. LOD Li <2ppm).
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Non-destructive or minimal invasive analytical characterization of layered structures is a
need in forensics, in the field of Cultural Heritage or in quality control of demanding
industrial processes. The combination of Raman spectroscopy with Laser-induced
Breakdown Spectroscopy provides an excellent means of gathering chemical information as
well as information of the elemental composition of unknown samples. A newly developed
instrument combines both methods together with a microscopic sample imaging enabling
depth profiling at single points or at a grid of points. Raman measurements are performed
with two lasers at 532 nm and 785 nm wavelength respectively. For LIBS measurements a
nanosecond pulsed Nd:YAG laser at 1064nm is used. The focus diameter of the Nd:YAG laser
of about 20 pm determines the lateral resolution for the analysis. The Nd:YAG laser energy is
continuously adjustable thus allowing to adapt the rate of material removal to the sample
type and layer thickness. In order to prove the applicability of this technique for forensics
and quality control it was applied to the characterization of layers of automotive paint and
electronic components. For Raman spectra classification based of spectral correlation a
large commercial database was used. For LIBS spectra analysis advanced methods of
elemental recognition as well as principal components analysis (PCA) were applied. Depth
profiles of individual layer structures with thicknesses in the order of less than 5 pm have
been identified.
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As already well known, LIBS analysis of liquid matrices is usually less sensitive and
experimentally more problematic than that of solids. In addition, conventional
spectrometric techniques are, nowadays, able to perform elemental analysis of liquid
samples with better sensitivity and precision than LIBS. There are, however, some unique
features that turn LIBS into a very attractive technique for liquid samples analysis, such as
the ability to perform in-situ and/or on-line detection due to the field-operable and easily
automated LIBS instrumentation. A possible way for improving the analytical performance of
LIBS when applied to liquid samples, while maintaining its intrinsic in-situ and real time
capabilities, is the use of hyphenated techniques combining easily automated sample
preparation methodologies with LIBS detection. In particular, Thin-film microextraction
(TFME) is a miniaturized, fast and efficient extraction method with high possibilities for
automation, which can be easily coupled with LIBS to form a fully automated, portable and
sensitive analytical system. By using TFME methodology, analytes in a liquid sample are
adsorbed and concentrated on a very small quantity of solid adsorbent coated on the
surface of a sheet-lake base material. After extraction, the analyte-enriched thin film is
analyzed by LIBS, leading to a substantial sensitivity improvement. Nevertheless, when
TFME is to be coupled with LIBS, studies of several parameters influencing both the
extraction and detection steps are essential. Among others, the use of the most adequate
solid sorbent and base material, and the selection of the best fabrication procedure for
generating homogeneous and reproducible thin films, are critical for obtaining sensitive and
precise results. In this work, the most recent advances in the development of a TFME-LIBS
analytical procedure for trace elemental analysis in liquids are presented. Different
strategies for the generation of reproducible and homogeneous thin films of carbon-based
adsorbents are evaluated. The obtained results are shown and discussed.
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Multivariate data obtained using, for instance, Laser-Induced Breakdown Spectroscopy
(LIBS) are quite bulky and complex. Advanced processing of spectroscopic data demands a
multidisciplinary approach covering not only modern machine learning tools but also a deep
understanding of underlying physical mechanisms. Strong non-linearities of those
mechanisms are inducing problems in their processing using standard linear algorithms.
Artificial Neural Networks (ANN) seem suitable for this task, and based on their success,
they are given considerable attention within the spectroscopic community. We propose a
new methodology based on Restricted Boltzmann Machine (ANN method) for dimensionality
reduction of spectroscopic data and compare it to well known linear techniques such as
PCA. Moreover, we apply this technique to the processing and mapping of very high-
dimensional LIBS data.
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Laser Induced Breakdown Spectroscopy (LIBS) is a potential technology in the field of
spectral analysis. Due to the advantages of fast, simple operation, no sample preparation,
real-time online and multi-element simultaneous detection, LIBS has been developed
rapidly in recent years. Using LIBS combined with chemometrics models to classify and
analyze the material is an important research field. The recognition results of these models
were depended on the performance of model largely. In a meanwhile, the input variables of
spectral data can also influence the classification result. The input variables of spectral data
were largely depended on the feature selection and extraction methods. In hence, the
feature selection and extraction methods were also an important factor to influence the
recognition results of models. Therefore, it is necessary to investigate the relationship
between the feature selection and extraction method and correct classification rate of
models. The current research mainly focused on the effect of different feature selection and
extraction algorithms on the LIBS spectral data of plastics and explosive. The research was
performed with a few sample preparations. Each sample was ablated by laser pulse to
generate plasma emission spectra related to their chemical compositions. Plasma spectra
were collected and transmitted into computer by a two-channel gated charge-coupled
device (CCD) spectrometer (AvaSpec 2048-2-USB2, Avantes). The classification accuracy of
the support vector machine (SVM) model was used to evaluate these algorithms. The
experiment compared three feature selection algorithms (ReliefF, F-Score, and Fisher score).
Feature selection methods were to select features variables from the original variables. The
new feature variables constructed facilitate the visual analysis of the sample distribution.
The feature selection can remove redundant and unrelated information to improve the
classification accuracy of models.

195



T T T T T T T T 100 F T T T T T T T 3
100 |- = b) Apady Ada
a) iz
—_— [} 1~
x / anElly. =1 ] x | A A Ad i
T o} e o N e VAV i A Ak
© ™ "R © v AdAd
14 w 14 fin @ Ads
8 n 1§ el ' Faguisy 4
2 n g 2 [ e, i (WRRPVPN W
8 . 3 aop " wmes | A e w
B0 15 . \/
© | @
E | E [ n ulg
[} . r - 16 20 = -
o e = Fisher score|© =— Fisher score
60 [ F score F score
1 n L L 1 " 1 " 1 RellefF 0 1 1 1 1 1 - Reheﬂ:
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
: F_eature' Number . FgaturelNumbgr : . .
100 [ = 4100 F 288 —
C) 4 d) Iq-----‘.--'.-- -‘-".Ilﬂ --..4
= o} s O ity 1
2, Aadk A.H“ALAAAAA‘A.&AAY'.‘!‘LA t .I.
Q AR AAhAAAAL L 1% ),
- / «< 80 L | —
g o 18 :
P .
8 A ....l.! .ll.-l 4 5 70F i
2 70 | ! ey 18 " ]
[ 1T 1 60 4
< [y = A 4]
o oeor, 1./ 18 “
o R pma 1o i A ]
O o [&] A Adbsbbdy
o 50 1g 40 i o 4
[ ie AdA L saaattay
5] 40 | - 6 30 A L Ad /A x A =
&) = Fisher score|© A . = Fisher score
20 F score 20 |- F score
o ) . 4 ReliefF o ool s ) 4 ReliefF
0 10 20 30 40 0 10 20 30 40

Feature Number

Feature Number

Fig. 1.: Fig. 1 Classification results of SVM model for spectral data selected by Fisher score, F score and
ReliefF with a) autoscaling, b) mean-centering, c) normalization and d) SNV methods respectively.
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Laser-Induced Breakdown Spectroscopy (LIBS) serves as an exceptional platform for a fast
sample analysis. Detected laser-induced plasma (LIP) spectrum is composed of unique
information (i.e. chemical fingerprint) characterizing the sample from which it originates. A
typical LIBS analysis, obtained with applying repetition rate, results in a great number of
measurements (spectra). The size of the data matrix is intensified by the number of variables
carried by each LIP spectrum. Therefore, the processing of given data matrix calls for
sophisticated statistical algorithms. Chemometric (or Multivariate Data Analysis; MVDA)
algorithms are becoming an inevitable part of the spectroscopic analysis [1]. A successful
MVDA implementation is based on the well-balanced data pre-processing (outlier filtering,
signal standardization, variable down-selection, etc.). First and the most common step is the
dimensionality reduction and data visualization. This is consecutively followed by the model
creation, further classification, and quantitative analysis. Nevertheless, data and related
statistical models are not transferable among LIBS instruments. This is the main drawback
of LIBS which limits its spread over applications (regardless of the great success of the Mars
rover, Curiosity). We strive to deliver a feasibility study on the possibility of transfer of data
libraries between LIBS systems. For this, we have created a novel multivariate algorithm that
enables to alter the signal response of individual LIBS systems and to unify their respective
data models, as schematically depicted in Figure 1.
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Fig. 1.: The figure shows the principal component space of untreated (left) and remodeled (right) data
sets obtained using two different LIBS systems; in this case, two systems were substituted by the
utilization of various laser pulse energy resulting in a signif
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Building accurate quantitative prediction models from LIBS data has been a challenging task
due to various uncertainties observed in common LIBS data, such as strong inter-element
interactions (e.g., matrix effects) and variations in plasma parameters (e.g., plasma
temperature, electron density, amount of ablated material from the sample, etc) due to the
instabilities of the LIBS instrument. In this work, we present an artificial neural network
based Al approach and software code to address this hard problem. Comparative studies
with conventional approaches will also be presented.
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The analysis of the chemical composition of cement-based materials like concrete is a
crucial task in civil engineering. Concrete is a multi-phase material made of cement, water,
aggregates, additives and admixtures. During the damage assessment of concrete
structures, the external ingress of harmful species like chlorine, alkalis or sulfates needs to
be determined. In order to provide a fast and precise analysis of concrete the application of
LIBS offers unique possibilities as the technique can detect all elements at air atmosphere.
To determine the condition of concrete, the information about the chemical composition,
the ingress of harmful species as well as the evaluation of characteristic values like the used
cement type or the type of aggregates are needed. This work presents the two-dimensional
evaluation of concrete samples using LIBS and multivariate data analysis of atomic and
molecular emission. For the evaluation of the main components different classification
methods will be applied to identify the heterogeneity of the samples. With respect to their
specific phase, different species will be quantified using multivariate regression (PLS) and
important figures of merit will be presented. All results will be verified using standard
procedure of wet chemistry (XRF, potentiometric titration and ICP-OES).

Data evaluation using multivariate analysis
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Fig. 1.: Fast concrete analysis using a combination of multivariate methods
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The processes of soil development vary on the spatial and temporal scale, leading to an
inhomogeneous distribution of soil properties. Uniform management of land often results in
yield and quality losses and contributes to the waste of resources and environmental
pollution. The concept of precision agriculture can remedy this situation by capturing the
spatial variations within one field by a wide variety of sensors. A promising sensor technique
is laser-induced breakdown spectroscopy (LIBS), which potentially allows the
characterization of the element distribution on fields without the need for sample
preparation. This advantage is contrasted by a strong matrix dependence of the LIBS signal
which requires sophisticated data evaluation methods. In this work, different approaches for
the evaluation of LIBS data, including two univariate and one multivariate method, are
characterized. 139 soil samples collected on two different agricultural fields were measured
by a handheld and a stationary LIBS instrument as well as by reference analysis. The first
univariate method is based on calibration by the standard addition method on one soil
sample and it is applied to the LIBS data of both fields. The second univariate method uses
all sample points of the first field characterized by reference analytics for calibration. Then
this calibration data is validated on LIBS data of the second field. The second method yields
better calibration and prediction results because it better accounts for matrix effects. In
partial least squares regression (PLSR) the LIBS spectra of the first field are used for training.
Validation is based on LIBS data of the second field. PLSR yields better calibration curves but
does not strongly improve the prediction. Beside the data treatment, the focus was on the
characterization of both instruments for their application as sensor techniques. Finally, the
optimized measurement and data treatment methods were transferred to in-field
measurements.
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Laser Induced Breakdown Spectroscopy (LIBS) is an analytical technique used to classify and
potentially quantify elements in complex hosts (or matrices). LIBS is a well-established tech-
nique for the analysis of different minerals and rocks spectrum. In this research Multivariate
analysis is applied to analyse the LIBS spectra for the different Olivine and Plagioclase sam-
ples. For the LIBS experimental setup special vacuum conditions were practiced imitating the
moon environment. LIBS spectra were analysed using PCA for the classification of different
sets of data and PLS Regression method by making a set of reference samples to identify the
unknown samples. Some other multivariate techniques were also explored to validate the
prediction of the unknown samples. Multivariate Analysis is useful technique to predict the
unknown samples of moon rocks and is very promising method for the remote space Instru-
ments for the quick exploration of the complex space materials.

References

[ X Jiang, et al., Spectrochim. Acta B 86 (2013) 66
[2] X.Jiang, et al., Spectrochim. Acta B 86 (2013) 66
[3] S.M. Clegg et al. / Spectrochimica Acta Part B 64 (2009) 79-88

203



P11_074 e

Spectral fingerprint analysis of forensic glass
microsamples by LIBS

David Jen6 Palasti |, Aniko Metzinger *, Gabor Galbacs '

1. Department of Inorganic and Analytical Chemistry, University of Szeged, 6720 Szeged, Dom square 7, Hungary

2. Department of Physics and Chemistry, Hungarian Institute for Forensic Sciences, 1087 Budapest. Mosonyi street 9,
Hungary

E-mail: galbx@chem.u-szeged.hu

Glass is an important forensic evidence wherewith a crime scene and a suspect, persons to
each other and/or given locations can be linked. Splinters, glass microparticles (less than
1000 pm in length) can also be generated by incidents and these can occasionally fly more
than 3 meters away from the source at the time of shatter, where they can be trapped by
and persist in the clothing, shoes and hair of a suspect. During forensic investigations, glass
samples are usually examined for their refractive index and by scanning electron
microscopy. Complementary data may also be collected by u-XRF or laser ablation ICP-MS
or ICP-OES. Unfortunately, some of the presently applied analytical methods have
limitations in terms of sample size and shape, sensitivity, cost and analysis time. For these
reasons, we decided to test the potential of LIBS, which has already proven its utility in
discriminant analysis of a variety of sample types [1-3], for the analysis of forensic glass
microsamples. In our study, we collected and statistically evaluated LIBS spectra of about
400 samples originating from 6 groups (toughened, laminated, float, cathedral, headlamp
and container glasses) by using an Applied Spectra J-200 tandem LA/LIBS instrument.
Ablation craters in these glass samples were examined by contact profilometry, and the
experimental parameters of LIBS analysis (e.g. laser wavelength, pulse energy, spot size, gas
atmosphere) were optimized. By using NIST glass standard samples (No. 610, 612, 614, 1831),
limits of detection for a number of trace elements were determined in order to assess from
which concentration level upwards can trace contaminants influence the successful
classification /identification of glass samples. Intra-sample variation of spectra/composition
was also investigated. During chemometric evaluation, the open-source software package R,
as well as Origin Pro was used, using conventional functions and self-developed scripts for
PCA, LDA, ANN and SVM.
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Elemental composition of glass differs based on raw material and additives used during
manufacturing process (Blomme et al. 2016).Manufacturing process differ across time as well
as being affected by the availability of materials from the local area. Therefore, elemental
analysis is one of the most important techniques used for classification of archaeological
glass samples. Elemental composition is also influenced by the addition of small quantities of
colorants, opacifiers and clarifiers to the glass melt (Henderson 1985). Major, minor and
trace elements in glass beads from 3 different locations (Bavaria, Bohemia and Morava) were
determined. LA-ICP-MS was used for elemental analysis. From an archaeologicalpoint of
view, it is usually important to compare main oxides, such as K20 and MgO to differentiate
soda-lime natron glass from plant ash glass. However, this study focusses on the use of
machine learning algorithms to find patterns in trace elements of the glass beads. The aim of
this study is to compare multiple machine learning algorithms for this data set. Its main
purpose is to show the possibilities of complex algorithms, such as quadratic discriminant
analysis (QDA), k-nearest neighbours(KNN), support vector machines (SVM), decision trees
or random forest (RF). Anexploratoryanalysis was performed at the beginning to determine
variables - elements with high distinguishing power. Principal component analysis (PCA) was
used to achieve dimensionality reduction for visualisation. Programming language python
with sci-kit learn (Pedregosa et al. 2011)library was used for data processing and
classification.
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Laser-Induced Breakdown Spectroscopy (LIBS) is commonly used for mapping heterogeneous
samples with unknown chemical composition. After adequate pretreatment of spectroscopic
data and choosing the right chemometric methods, the visualization of individual matrices
is obtained. However, the outcome from heterogeneous samples are blurred, non-distinct
clusters. This phenomenon corrupts the possibility to distinguish individual matrices and
provide proper clustering. The experiment is designed to simulate an interference, where
two different matrices (or elements) meet. The ablation spot hits the boundary of these two
compounds, in this case Iron (Fe) and Aluminium (Al), with controlled step and therefore
known ablated Fe:Al ratio. The ratio between Iron and Aluminium is determined using Prin-
cipal Components Analysis (PCA), clustering and computing the Euclidian distance between
clusters. The data is pretreated using methods such as detecting and deleting outliers, differ-
ent kinds of data standartization and several kinds of approximation.
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The extensive use of plastic in our daily lives is leading to an increase in pollution and raises
more concerns over reusing/recycling albeit their identification is a primary step in
recycling[1,2,3]. In this work, we present an efficient identification of ten types of plastics
obtained from the local recycling unit using laser induced breakdown spectroscopy (LIBS)
technique. A systematic study has been done with the aim of reducing the data acquisition
and analysis time along with the cost of the LIBS system. For this investigation, the spectra
has been recorded ten shot average and single shot mode. The spectral emissions were
captured by two spectrometers simultaneously. The first one is an Echelle spectrograph
equipped with ICCD. The second one is a low cost, compact and portable Czerny Turner
CCD spectrometer. The principal component analysis (PCA) results have shown that an
excellent discrimination can be achieved irrespective of the data considered for the analysis.
Further, the individual identification accuracies up to 99 % were obtained with the artificial
neural network (ANN). The average identification rates ~97.7 % were achieved for the total
data acquired with ICCD in ten shot average mode. The performance is almost similar
(average identification rate only lesser by ~ 2 %) for the data recorded CCD even in single
shot mode. However it has resulted in reduction of data acquisition and analysis time by a
factor of 10 and 7 respectively. The identification rates obtained from the single shot ICCD
data is 5 % lesser compared to the CCD. Besides that the analysis time is 7 times to the CCD
data. It is also worth to consider that (collection+ detector) size and overall cost (~ 10 times)
can be reduced by employing the CCD spectrometer which realizes in making compact LIBS
system. These results demonstrates that rapid identification with high accuracies can be
achieved the compact portable spectrometer in a single shot.
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There is a high global demand for lithium resources. From a geochemical perspective, the
lithium-bearing minerals such as spodumene, lepidolite or petalite crystallize in the late-
magmatic/pegmatitic period, producing granitic pegmatites. One such granitoid massif,
about 1 km below the present surface in SE Hungary is located in the Battonya Unit. Here,
the granitoids typically contain quartz, feldspar and micas, like biotite and muscovite. All
these phases can incorporate a significant amount of lithium, thus may become a potential
target of lithium mining. In order to test this hypothesis and to assess the true potential of
these lithium resources, prospection by a suitable laser spectroscopy technique is needed
for the in-situ screening of the lithium concentration of rock phases in a large number of
granite samples. One such solid sampling atomic spectroscopy method is laser-induced
breakdown spectroscopy (or LIBS). In the focus of the present work was the development of
an analytical method which would allow the accurate quantitative determination of Li in the
above rock phases. Drill samples, taken from different locations in the Battonya region, as
well as commercially obtained grains of granitoid rock phases (e.g. feldspar, muscovite,
quartz, biotite, chlorite) were used as samples during the study. NIST 610, NIST 612, and
NIST 614 standards were tested for calibration due to their similarity in matrix composition
(silicate). Prior to the analysis, each grain (ca. 200 um in diameter) of the studied rock
phases in the samples were identified by optical microscopy. Measurements were
performed on an Applied Spectra J-200 LA/LIBS instrument used in the LIBS mode.
Experimental conditions were optimized. We found that biotite and muscovite contain
elevated levels of Li concentration, in excess of 1 mg/g, whereas quartz had negligible
concentration, around 5 pg/g. A quality assessment of the analytical results was also carried
out.
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Lithium (Li) has gained the spotlight for exploration and mining companies due to the high
demand on Li compounds by the battery industryl. Although present in several minerals,
there are only a few Li bearing minerals that are economically profitable to process when a
large deposit is found, namely spodumene, petalite, and lepidolite2. Moreover, Li
concentration and extraction efficiency depend on the type of Li mineral resulting in
different conversion capacities to Li carbonate /hydroxide. Hence, to be able to successfully
and accurately identify different Li minerals in the most expedite way is of uttermost
importance. In this work, a Laser-Induced Breakdown Spectroscopy (LIBS) prototype with a
new artificial intelligence patented software3, was used to successfully identify Li minerals.
This new Al approach takes advantage of the highly structured LIBS spectra and interprets
the structure/geometry of the spectral information spaces resulting in an accurate
identification. Using LIBS elemental mapping, it was possible to visualize Li leaching in the
border between Li minerals and the surrounding minerals. Accurate discrimination in the
same sample between two Li minerals, spodumene and petalite, was also achieved. These
results were corroborated by petrographic studies. This ground-breaking approach is highly
disruptive for LIBS spectroscopy and Li industry, allowing to measure Li concentration while
determining the mineral present in the sample. This might be a game-changer
improvement, once it can assist with the escalating demand for Li hydroxide, used in better
performance batteries, which is only extracted in a cost-effectively way from spodumene.
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Fig. 1.: Mapping of Spodumene and Petalite in a Pegmatite sample.
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Rapid and competitive drill core characterization and quantification of valuable components
is a main goal in mineral exploration. Thereto, the development of appropriate drilling core
analysis systems offers interesting possibilities. As part of the EU-funded project
“ANCORELOG?”, the quantification of major and minor elements in drill core samples from
orogenic gold deposits is investigated with Laser Induced Breakdown Spectroscopy (LIBS)
and Partial Least Square Regression (PLSR). The investigated sample material consists of
different rock types showing different levels of complexity, from nearly homogenous to
widely heterogeneous with complex structures. They were classified in 14 different
lithologies with metamorphic imprints ranging from greywackes, intermediate
metavulcanites and chlorite schists to amphibolites and skarns. The material was mapped
with a resolution of up to 200pum with a LIBS drill core scanner (Nd:YAG 1064nm laser; laser
spot size 200um; high-resolution 285-964nm Echelle spectrometer). The resulting spectra
were processed to get the intensity of multiple characteristic emission lines for 25 target
elements. LIBS analysis of heterogeneous sample material is in particularly complicated by
the severe plasma variations that occur due to chemically induced matrix effects. One way
to reduce the problems with geologic material is to apply multivariate calibration with an
extensive, carefully selected set of representative reference samples of known composition
and textural structure. Therefore bulk XRF data as well as spatially resolved X-ray
fluorescence data (u-EDXRF) were applied and used for PLS Regression modeling. For fast
drill core analysis, detailed mappings are time consuming and may not always productive.
Therefore, a possible reduction of the data without loss of fundamental information is
investigated. For different samples, reduced and detailed mappings were compared with
respect to expenditure of time, validity and accuracy.
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The identification of minerals as constituents of rocks and as components of soils and
sediments is an important prerequisite for understanding the genesis of rocks and, thus, for
the geological exploration of valuable resource deposits (e.g. copper). The identification of
minerals in the field is generally based on their physical properties (color, hardness, etc). A
reliable identification by geologists is limited if the minerals have similar physical properties
or are very fine-grained. Therefore, a spectroscopic method for in-field mineral
identification is needed. Portable methods which do not require sample preparation include
X-ray fluorescence, Raman and laser-induced breakdown spectroscopy (LIBS). LIBS and
Raman spectroscopy are complementary spectroscopic methods. While LIBS provides
informa-tion about the elemental composition, structure information from characteristic
vibrations can be obtained by Raman spectroscopy. In many cases, fusing information from
both methods facilitates the distinction of similarly composed minerals. Furthermore,
multivariate methods can be used for mineral classification. In this work, 200 minerals, of
which 120 are separate copper-bearing minerals and the rest are of different provenance,
were investigated by LIBS and Raman spectroscopy. The LIBS measurements were carried
out by two LIBS spectrometers, a handheld instrument and a stationary instrument
consisting of a double pulse laser and an ICCD equipped Echelle spectrometer. The focus of
the LIBS measurements was on the characterization of the handheld instrument for mineral
classification. Different excitation wavelengths as well as shiftednexcitation Raman
difference spectroscopy (SERDS) were tested for the suppression of mineral luminescence
in Raman spectroscopy. Full LIBS and Raman spectra were used in multivariate methods for
mineral classification. A set of different multivariate methods were tested for LIBS or Raman
spectra and a combined data set.
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Laser-induced breakdown spectroscopy was utilized to determine the metal content of ore
samples. Ore certified reference materials (CRM) with varying chemical composition and
different matrices were analyzed with a LIBS system that included a 1064 nm laser, a
Czerny-Turner spectrometer (500 mm focal length) and an ICCD camera (265x1024 pixels).
CRM are prepared from natural ore and rock samples sourced from deposits throughout
several regions in the world. High homogeneity and accurate chemical composition are key
characteristics of the CRMs analyzed. The samples were provided as pulverized material
(crushing and milling to 99% minus 70 um). 20 g of sample was deposited in aluminum cap
and compressed (20-40 MPa) to form compact 32-mm diameter pellets for surface analysis.
Metals such as Ag, Au, Ca, Co, Cr, Cu, Mg, Mn and Si were qualitative and quantitatively
studied. Calibration curves were developed for quantitative analysis, while principal
components analysis was utilized for matrix classification. This work presents a discussion
on LIBS sampling characteristics and limits of detection considering analytes signal
intensity, spectral noise, number of sampling shots, analytes physical characteristics and
concentrations, and sample homogeneity.
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Quasi non-destructive character, no or minimal sample preparation, detection and
quantification of all elements in the periodic table (including light elements) make LIBS an
ideal method for the analysis of precious samples (archaeological findings and artefacts,
meteorites, sculptures or mosaics, artworks, etc.). The LIBS technique has been successfully
used for the analysis of different types of meteorites [1,2]. Based on these advantages, we
applied LIBS for the analysis, characterisation and evaluation of trace elemental contents (Ir,
Ge, Ga) in the iron meteorite fragments found in the territory of Slovak republic. Iron
meteorites are usually classified according to the content of iron (as a major element), nickel
(as a minor element) and iridium, germanium and gallium (as trace elements). Due to the
well-known fact that Fe has abundant emission lines in the observable spectral range
(200-1000nm) which is more than 45 000 (Fe I-II) [3], the LIBS analysis of Fe rich samples
are extremely difficult especially from the quantification point of view of trace elements. For
this reason we performed simultaneous broadband and narrow high-resolution LIBS
measurements of the meteorite fragments. Broadband spectra (200-975nm) were measured
using the Mechelle ME5S000 (Andor) spectrometer and used for the precise determination of
the electron temperature (Saha- Boltzmann plots of Fe I-II and Ni I-II spectral lines). On the
other hand, with an ultimate aim to obtain well-resolved LIBS spectra for the quantification
of trace elements, a THR1500 spectrometer (Jobin Yvon) was utilized and used for the
precise determination of the electron density (Stark broadening of spectral lines).
Quantification of major, minor and trace elements was performed using the calibration free
LIBS. From these studies, it is inferred that LIBS can be considered not only as a comparable
technique but also a full-fledged well-established method like other standard techniques
(ICP MS, EPMA, etc.).
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The shortage of critical raw materials created an urgent demand for new technologies,
particularly those capable of “in-situ” and “real-time” identification and quantification of
minerals and their elements, which will enable more efficient exploration and exploitation of
new and old mineral resources. In this context, a new approach to re-mine flooded mines,
with high efficiency and minimum human exposure to risk was proposed by H2020 Project
iVAMOS! (Viable Alternative Mine Operating System) , where an Underwater robotic Mining
system was demonstrated. One of the key components of a successful underwater operation
is the ability to know, in real time, the quality of the extracted material, in order to better
guide the system operation. During the project, the suitability of LIBS technology to be used
as a real time ore grading system in the context of robotic mining operations was evaluated.
A LIBS prototype was developed and evaluated for its capability to discriminate complex
mineral samples in a mining context. A spectral database was built from pure minerals and
reference materials, enabling the system to recognize target ores in complex scenarios.
Different signal processing schemes and pattern recognition strategies were tested and
compared with newly developed Artificial Intelligence method. The system was validated in
real field trials, with samples from submerged mine pits in Lee Moor, UK, and Silvermines
Ireland, as well as additional case studies with Lithium bearing minerals. Results will be
presented giving an overview of the VAMOS system and showing the viability of LIBS
technology to be used as a real time ore grading tool in complex mining scenarios.
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Fig. 1.: Using Libs for real time ore grading in jVAMOS! Underwater Robotic Mining system
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In this presentation, a newly developed combined multi-optical spectroscopy system
(CMOSS) was introduced and used for deep-sea investigation with the aid of a remotely
operated vehicle (ROV). During the investigations, LIBS-Raman-fluorescence spectra can be
taken using two separated laser spectrometers, i.e. Cmoss-LIBS and Cmoss-RFS (Raman &
fluorescence spectroscopy). The former is used to take LIBS signal and both Raman
scattering and fluorescence of the sea water can be recorded with Cmoss-RFS. In May 2019,
a sea trial was taken place in the South China Sea, where an active cold seep system was
discovered earlier. The CMOSS system was installed on the front and side bottom of ROV
separately, as shown in Fig 1a. A total of five dives has been carried out in the sea trial with
hundreds of thousands of LIBS/Raman combined spectra collected. Fig 1b shows the
operation of Cmoss-RFS in an in-situ observation of the gas hydrate formation. The LIBS
signal of carbonate rock in seawater at different depths were captured successfully, with a
piece of carbonate rock was constrained in front of the probe of Cmoss-LIBS as shown in
Fig 1c. Fig 1d is the typical LIBS spectra taken from carbonate rock sample. Its future
development and possible applications to the geochemistry of hydrothermal system are also
discussed in this presentation.
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Fig. 1.: The photos of the CMOSS system equipped with “Haima” ROV for deep-sea investigation and its
preliminary results of this sea trial.
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In order to secure a sustainable future, there is a need to improve the efficiency of mining
natural resources. Mining operations deal with huge quantities of excavated material with
varying mineral concentrations and economic value. Increased knowledge about the
composition of this material provides opportunities to improve the use of mineral resources
through better stockpiling, sorting, and mineral processing. At SPECTRAL Industries we
work together with the mining industry to develop LIBS-based sensor applications for the
mining environment. Examples of applications are in-line conveyor belt analysis, scanning
exposed rock surfaces, and scanning drill chips from blasthole drilling. We investigate the
applicability of various spectrometers and different types of lasers, including fiber lasers, to
develop the best LIBS setup for a specific application. One of the major challenges of using
LIBS for characterizing the mineral quantity in rocks is the heterogeneity of this material.
Rocks are typically composed of 5-10 different minerals with various grain sizes. Each
mineral consists of several different elements and for some minerals the relative quantity of
these elements can vary. Depending on the size of the mineral grains, a single LIBS
measurement can represent one to several different minerals. This means that the influence
of matrix effects on the acquired LIBS data is often significant. Development of advanced
data processing techniques is therefore required in order to provide quantitative
compositional information that meets the required accuracy. In this presentation we will
show the results we obtained from testing LIBS on ore samples from active mining
operations. These results show that LIBS can be used to provide the information that is
needed to improve the efficiency and sustainability of future mining.

222



Era®

LIBS methodologies for the determination of
halogen molecular species in gypsum from
thermal power plants

Luis Javier Fernandez-Menéndez ', Cristina Méndez ', César Alvarez-Llamas °, Jorge

Pisonero ', Nerea Bordel '

1. Department of Physics, University of Oviedo, 33007 Oviedo, Asturias, Spain.

2. Commissariat a l'énergie atomique et aux énergies alternatives (CEA), Paris, France.

E-mail: fernandezmluis@uniovi.es

Pollutant emission control is one of the most pressing issues in today's industry. Specifically,
this sector requires fast and efficient monitoring methods allowing a complete analysis of
emissions in real time. LIBS technique represents a promising tool that meets these
requirements since it allows online analysis of many types of industrial waste with minimal
and non-polluting sample preparation. In recent years the detection of molecular excited
species has been developed to improve the analytical capabilities of LIBS for halogen
determination [1, 2]. This work applies LIBS in order to detect the presence of halogens in
gypsum and ashes from thermal power plants since the feasibility of recycling these wastes
depends on the halogen content. For this purpose, the emission signal of excited CaF and
CaCl molecules has been evaluated as a spectroscopic source for the determination of F and
Cl. Particularly, the temporal evolution of these emissions within the plasma, as well as
several sample preparation procedures have been studied to optimize the detection of these
elements.
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Integration of LIBS instruments in the rover used for planetary exploration in an attempt to
get multi-elemental information from rocks, minerals, and soils is a reality. Its great
effectiveness has been demonstrated in many works from the research teams participating
in the mission Mars Science Laboratory (MSL). However, the detection and discrimination
by LIBS of organic compounds can be complex since, among other aspects; this technique is
very sensitive to environmental conditions, such as the atmosphere composition and
pressure [1-3]. The objective of this investigation is to assess the effect of the surrounding
atmosphere (CO2) on the formation of emitting species in laser-induced plasmas of C-
containing compounds in order to identify the possible both inorganic and organic sources.
Moreover, the influence of molecular structures on the intensity of C, C2, CN, H, N and O
emissions has been analyzed (Fig. 1). Four organic compounds (adenine, glycine, pyrene, and
urea) were selected for their interest as possible indicators or precursors of life. A
laboratory LIBS system coupled to a pressure chamber for simulating Martian environment
was used for the analysis of pellet-shaped samples. Formation pathways of species
coexisting in the plasma plume (C, C2 and CN, mainly) generated in air and in CO2
atmosphere have been considered. The ablation thresholds and the limits of detection of the
organic molecules on inorganic matrices (CaCO3 and CaSO4 2H20) have been established.
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Fig. 1.: Comparison of the optical emission C-containing and non-C-containing species expressed as
normalized intensity. The results were determined in pure inorganic matrixes mixed with a 10 %
(w/w) of organic dopant, both in air and in CO2 atmosphere conditions.
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The degradation of thermal properties such as burning rate and exothermic heat of reaction
due to aging is a serious issue associated with a long-term storage of a pyrotechnic material.
This study investigates the effect of the excessive exposure to moisture for the aging
pyrotechnic delays, composed of metal fuel (Zr) and oxidizers (BaCrO4, KC1O4). The laser-
induced breakdown spectroscopy (LIBS) was used to effectively obtain both molecular and
atomic signals by detecting the zirconi-um-oxygen (Zr-O) bonds. The rising trend of a
distinctive molecular signal provides meaningful interpretation of the oxida-tion level for
metal fuel. The additional complementary spectroscopic techniques such as x-ray
photoelectron spectroscopy and scanning electron microscopy were used to investigate the
chemical changes in oxidizers and the physical changes in the fuel, respectively. As a result,
one enriches the understanding of aging mechanism from the calorimetric assessment
together with the spectroscopic analyses for the underlying cause of aging.
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Fig. 1.: The experimental procedure utilizing LIBS for studying the aging mechanism.
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Polymers are frequently used in the prototyping platform in the research center of Algeria
CDTA (Centre de Développement desTechnologies Avancées). For this reason, we
investigated thermal effect of several polymers in order to show their thermal damage. The
IR laser in nanosecond regime induce photo thermal effect than photochemical one [1, 2],
this allows us to use the laser energy as a thermal source. The experiments is done in
atmospheric ambiance using an Nd:Yag laser (0=1064 nm, t=10ns) to create the plasma and a
echelle spectrometer (ARYELLE 200, LTB) to record the spectra. Five polymers are studied:
Polyvinyl chloride (PVC), Teflon, polyimide, Bakelite and PolyOxymethylene (POM). C, Na,
Mg, Ca atomic lines and CN molecular bands, characterizes all spectra of those polymers.
The polymer's plasmas have been differentiated on the basic on the atomic lines related to
additive compound; these components are added to polymers chains in order to improve
their physical and mechanical properties. Wavelength Dispersive X-ray Fluorescence
(WDXRF) analysis has also been done to determine and to confirm the qualitative polymers
composition.
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HPHT method make it possible to grow large single-crystal diamonds both for the jewelry
industry and technological applications. Synthetic diamonds contain various impurities and
impurity centers in their atomic structure that affect the change in their physical and
optical properties. Previously, two stationary stages of laser ablation during the laser-
induced graphitization of the diamond surface were observed (Fig 1.). As a result, the appeal
of using LIBS in combination with an increasing in the sensitivity of the method was found.
It was also confirmed that the LIBS can be used to detect changes in the structural bonds of
carbon atoms in samples that occurred due to changes in hybridization [1, 2]. Graphitization
of the diamond surface already began after few laser pulses and was got noticed in a sharp
increase in the emission intensity of the C2 molecular bands in the plasma spectra which
was significantly different for the sectors with crystallographic orientations (100) and (111).
Increase of intensity of the CN emission bands was also observed but turned out to be less
significant. Based on the latest data obtained, it is possible to conclude that the plasma
spectra of transition states of the surface during the process of laser-induced graphitization
also are very important for analysis of diamonds and can help in their identification.
Identification of diamonds, including real time[3], both can occur based on the detection of
differences in content of H, O, N impurities (on basis of analysis of intensities of CN, H, O,N
emission bands), and detecting differences in the structural disorder of carbon bonds,
particularly in the relative change in the number of C=C bonds (on base of analysis of C2
emission bands). All these differences may be the result either of technological differences
in the history of diamond synthesis, or the presence of additional post-growth diamond
processing, or the presence of the multisectoral structure of the test sample.
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Fig. 1.: Dependences of intensities of C2 and H bands on the laser pulse number (inset: photo of spots
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Along with the quickly expanding use of nanoparticles (NPs) in various products, the need
for the development of analytical techniques for the detection and characterization of
nanoparticles in industrial and environmental matrices also grows. Two applicable analytical
techniques are LIBS and ICP-MS. Both of these sensitive and versatile techniques provide
elemental compositional information. Based on the success of the application of LIBS in
aerosol analysis, also in numerous in-field scenarios, this technique can be expected to be
similarly useful in NP monitoring applications, such as the detection of NPs in liquid or
gaseous matrices, or for the monitoring of the properties of NPs produced by physical
generation methods (e.g. electrical discharges or laser ablation). ICP-MS on the other hand
has already proven itself useful in the literature, both in the solution or single particle
analysis (spICP-MS) modes, for the characterization of nanoparticles. In recent years we
also reported about the successful development of several ICP-MS based analytical methods
for the compositional and dimensional analysis of NPs (e.g. [1, 2]). In our present study, we
investigated the potential of LIBS and ICP-MS for nanoparticle detection and
characterization both in on-line (only for LIBS) or off-line (following collection on a filter)
mode. Dispersions of various types of nanoparticles (e.g. monometallic, bimetallic, oxide,
polymer) in simulated or real liquid and gaseous industrial and environmental matrices were
measured. Some NPs were obtained commercially, while others were generated by in-house
developed electrical (spark or arc) discharges. Additional and reference characterization of
the nanoparticles were performed by electron microscopy (SEM, TEM) and scanning
mobility particle sizing (SMPS). Size and mass detection limits were also calculated for on-
line LIBS detection of nanoaerosols and for spICP-MS detection of NPs in aqueous
nanodispersions.
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In recent years, plasma-based techniques in liquid have been recognized as
versatile and effective tools for fabrication of nanoparticles (NPs) including composite ones.
Therefore the development of methods for rapid monitoring of the NPs composition is one
of the most important tasks in modern nanotechnology.

Laser-induced breakdown spectroscopy (LIBS) has emerged as a promising
technique suitable for rapid, in situ, and multi-element analysis. However, as for the
quantitative LIBS analysis of liquids, there are still some drawbacks that limit its capabilities,
such as poor repeatability and low sensitivity. One of the ways to overcome these difficulties
is to convert the liquid into a solid phase by drying the colloid on the substrate. In the
present paper we report on the experimental results demonstrating the feasibility of the
LIBS for the control of the colloidal NPs elemental composition. As a rule, LIBS analysis
requires calibration of the spectrometer using certified reference materials, whose range is
extremely limited. Another approach is based on the optical diagnostics of laser produced
plasma and is calibration free (CF-LIBS). The purpose of this work was to test CF-LIBS
technique for the analysis of colloidal nanocomposites.

Sn/Ge, Si/Sn, Ag/Cu NPs as well as CoO/ZnO nanocomposites synthesized both
by laser ablation and electrical discharge in liquids were analyzed using LIBS. The samples
were prepared by drying a droplet of the colloidal solution (10 ol) on a glass substrate.
Varying a number of drops of the colloidal solution makes it possible to vary the surface
concentration of NPs in order to obtain sufficiently intense but optically thin spectral lines.
LIBS experiments were carried out by using a Nd:YAG laser (LOTIS TII, LS2134D, Belarus),
operating in a double-pulse mode at 1064 nm (energy 80 mJ /pulse, pulse duration 10-12 ns,
optimal delay between laser pulses 2 ps). The laser beam was focused to a spot ~ 800 om in
diameter. Plasma emission spectra were detected using a grating spectrometer equipped
with CCD linear array in the spectral range of 200-1060 nm.

The obtained LIBS spectra revealed that NPs can be identified and that the LIBS
technique can be used to determine the NPs elemental composition. 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 particle components and calculating the
elemental composition of the NPs. The results of LIBS analysis of CoO/ZnO, Sn/Ge, Si/Sn,
Ag/Cu 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 the analysis of solutions
consist in its simplicity, speed, small amount of solution needed (few ol), and a possibility of

232



NPs stoichiometry control during the production process.

Acknowledgement

This work has been supported in part by the Belarusian Foundation for Fundamental
Researches under Grant No. F18 MS-020.

233



Evaluation of silver nanoparticles on indium-
tin-oxide (ITO) type SERS substrates for
nanoparticle-enhanced LIBS analysis of liquid
samples

Déavid Palasti ', Pawel Albrycht ?, Karolina Paszkowska °, Gabor Galbacs '

1. Department of Inorganic and Analytical Chemistry, University of Szeged, 6720 Szeged, Dom square 7, Hungary
2. SERSitive, Institute of Physical Chemistry PAS, 01-224 Warsaw, Kasprzaka 44/52, Poland

E-mail: galbx@chem.u-szeged.hu

Nanoparticle enhanced LIBS (NELIBS), introduced by de Giacomo et al. [1] is a noteworthy
approach that promises LIBS signal enhancement as large as hundred-fold by employing
properly sized and distributed (metallic) nanoparticles on the surface of a solid
(preferentially conducting) sample, or on a similarly prepared solid substrate that carries a
liquid sample [2]. Today, surface-enhanced Raman scattering (SERS) substrates are
commercially available popular tools that provide strong signal enhancement (up to 108) in
Raman spectroscopy [3]. They are essentially similar in construction to NELIBS substrates.
In addition to this, good sample contact with the substrate, strong absorption of the laser
light at the surface plasmon resonance peak are also similar preconditions in both
applications. Based on this similarity, we decided to assess how commercial SERS substrates
perform in NELIBS and whether they can be tuned also to be useful for NELIBS purposes or
not. Should the applicability be proved, it would open up a possibility for the widescale
application of NELIBS in routine liquid sample analysis. During this study, we used the
popular indium-tin-oxide (ITO) coated glass with Ag nanoparticles as substrate (SERSitive
Ltd.). Nd:YAG lasers with wavelengths 266 nm and 1064 nm and various spot sizes were
utilized. The effect of a number of experimental parameters on the NELIBS signal
enhancement and signal repeatability provided by the substrate for liquid samples dried
onto the substrates were investigated. Among the studied experimental variables were:
nanoparticle diameter, nanoparticle surface concentration, laser wavelength, laser fluence,
methods of coating preparation from the sample liquid (e.g. droplet placement, dip-coating,
etc.). The prepared substrates were also scrutinized by surface characterization tools. We
also studied how the NELIBS effect would affect the background LIBS spectrum originating
from the ITO and glass layers.
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Laser-Induced Breakdown Spectroscopy (LIBS) was examined as a novel method to provide
the readout of microtiter plate immunoassays involving nanoparticles (NP). The so-called
Tag-LIBS, i.e. a sensitive detection of specific biomarkers, was applied to detect the NP
labels using the nanosecond ablation sampling. The NP labels were examined from the
bottom of the standard 96-well microtiter plate. Thanks to the well-known flexibility in the
LIBS instrumentation, the plasma emission collection as well as the focusing optics can be
rebuilt into a collinear arrangement. The presented experiments proved the suitable
detection of silver NPs from the microtiter plate’s bottom without any negative effects on
the NPs’ qualitative and quantitative analysis. Subsequently, a sandwich immunoassay that
detects human serum albumin was successfully developed, using streptavidin-coated AgNP
labels. The assay provided a detection limit of 10 ng/mL, which is comparable with the
fluorescence-based readout. The main advantage of LIBS readout is that it enables a
detection of any type of NP labels independent on their fluorescence or catalytic properties.
Owing to the immediate signal response, a relatively simple instrumentation enabling the
automation, and the capability of multi-elemental analyses, LIBS technique offers a
promising and fast alternative to other readout techniques allowing a multiplex detection of
various biomarkers.
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In this work, the correlation between plasma emission and ablation mass is investigated
during LIBS (Laser Induced Breakdown Spectroscopy) and NELIBS (Nanoparticlecles
enhanced LIBS) experiments. The aim of this study is to compare the relative emission
efficiency, defined as the ratio between plasma emission on the ablated mass, as estimated
by crater profiles, for different LIBS and NE-LIBS experiments. The experiments were
performed on a titanium target using a Nd:YAG laser at 1064 nm with a pulse time duration
of 6 ns. LIBS and NELIBS plasma emissions were acquired by employing different lasers spot
sizes at constant fluence of 10 J/cm2. The obtained results have been finally compared to a
set of LIBS measurements at constant spot size of 500 um and different laser fluences. It has
been observed that, even if the variation of the laser energy, holding constant spot size, does
not affect notably the ablated mass, the energy increase leads to higher emission efficiency.
This behavior suggests that the most of the energy is directly transferred to the plasma
phase improving the sample atomization and excitation. On the contrary, for a given
fluence, by increasing the laser spot size, the ablated mass notably increases as well, but the
LIBS emission efficiency decreases. In this case higher signal is collected only because more
sample is ablated but in the ablated material lower atomization and excitation can occurs.
While at constant spot size LIBS and NE-LIBS have a similar trend with varying fluence,
increasing the laser spot size keeping constant the fluence, increases the NELIBS emission
efficiency. The latter observation shows a completely opposite NELIBS trend with respect to
the LIBS one. This phenomenon has been ascribed to the additional energy transferred to
the sample because of nanoparticles (NPs), as a consequence of the NPs plasmonic effect
during laser-sample interaction.
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Fig. 1.: Emission efficiency, defined as integrated intensity divided by ablated mass for a single shot for
LIBS and NE-LIBS as a function of the energy. Three different behaviors seem to appear, each one
connected to the ionization state of the plasma.
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Traditionally, the improvement of LIBS performances is based on the introduction of more
powerful lasers, high sensitivity detectors or controlled environmental parameters. Several
strategies have been effectively tested in the past to enhance the emission intensity,
involving different experimental configuration, such as Double Pulse LIBS (DP-LIBS) or the
use of a secondary electric pulse following the laser ablation. Besides multiple excitation
schemes, alternative methods based on confining the plasma expansion have been also
studied, for instance confining the laser plume in a steady or pulsed magnetic field.
Recently, sample treatment has proven to be a viable and simple way to enhance the LIBS
signal; in particular, the NELIBS methodology uses a deposition of metal nanoparticles (NPs)
on the sample to greatly increase the emission of the LIBS plasma. In several works,
enhancement of the LIBS signal up to two orders of magnitude have been separately
reported either using DP-LIBS or NELIBS, with respect to single impulse LIBS on untreated
surfaces. In this communication we will present and discuss the advantages of a new
combined approach that allowed us to obtain, by applying minimal modifications to a
standard collinear LIBS double-pulse setup, a substantial enhancement of the LIBS signal
with respect to both conventional DP and NELIBS. The chosen set-up uses two offset and
collinear laser pulses to ensure the activation of NPs during both pulses, while maintaining
the low-pressure environment typical of DP-LIBS. The two laser beams are indeed spatially
separated so that the second beam is focused within the plume of the first one. This
configuration would allow for the exploitation of the advantages of both DP-LIBS and the
enhancement provided by silver NPs deposited onto a metallic target (DP-NELIBS). DP-
NELIBS can be particularly interesting in a number of analytical applications because of its
capability of strongly enhancing the signal of otherwise weak
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Enhancement of LIBS signals from a steel
sample with Au nanoparticles on its surface

Vassili Kiris ', Evgueni Ershov-Pavlov ', Nikolai Tarasenko '

1. B.L Stepanov Institute of Physics, National Academy of Sciences of Belarus

E-mail: ershov@imaph.bas-net.by

One of the main drawbacks of Laser Induced Breakdown Spectroscopy (LIBS) in analytical
applications is its rather low sensitivity and hence a high limit of detection as compared to
the best techniques using optical emission spectra (e.g., ICP-OES). For solid samples, their
surface preparation was found to help in ameliorating the LIBS performances. One of the
ways is using nanoparticles deposited on the sample surface before the laser shots. The
nanoparticles increase the intensity of spectral lines in the plasma plume emission, thus
enhancing analytical signals of LIBS. Despite the rapid growth in the number of articles
devoted to the nanoparticle use in LIBS, the factors that provide the enhancement are still
not fully established. In the report, characteristics of the plasma plumes on a surface of the
steel samples covered with Au nanoparticles have been studied and compared to the case
with no nanoparticle deposition. The setup used for the measurements consists of a Nd:YAG
laser generating the fundamental harmonic at 1064 nm with pulses of 6-8 ns duration and 10
Hz repetition rate. Laser plumes were imaged 1: 1 on the end of a quartz optical fiber using
an achromatic lens of 20 mm focal length. A Cherny-Turner spectrometer has been used
with the focal length and aperture of 380 mm and 1: 4.7, respectively, with a grating of 600
lines/mm. The emission spectra were recorded within 200 - 1000 nm by a CCD detector of
2048 pixels. The spectra, as well as images of the plumes and the laser erosion craters have
been analyzed depending on power density of the laser pulses and space zones of the laser
plumes with and without surface deposited nanoparticles. The spectra lines have been used
to evaluate optical density, electron concentration and elemental composition of the
plasma. It has been found that the nanoparticles increase the volume of the plasma and the
concentration of electrons, but it does not lead to an increase in the erosion of the sample
material. In this case, an increase in the intensity of the emission of spectral lines is
observed, the relative magnitude of which depends on spatial zones of the plasma plume
emission. For the areas remote from the sample surface, the signal relative gain is
significantly higher. Also, an influence of ambient atmosphere on the plasma composition
and thus its stoichiometry compared to the sample has been observed. With the
nanoparticles, concentration of nitrogen decreases being forced out by the sample metal,
which can be one of important reasons of the observed enchancement of analytical signals.
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Nanoparticles (NPs) applied to the surface of some solids can increase signals in LIBS [1-2]
and also in inductively coupled plasma mass spectrometry (ICPMS) [3]. Drops containing
nanoparticles of Ag and/or Au in the size range of 10 to 200 nm were deposited on metallic
and ceramic/glass samples, and after being dried, both the samples treated with NPs and
plain targets were ablated by one pulse per spot. The laser ablation ICPMS (LA-ICPMS)
signals were enhanced for metallic samples modified with NPs in comparison to signals
produced at the plain, untreated surface.

Maps of LA-ICPMS signals recorded for several laser fluences show that the NP-induced
signal enhancement exceeds even 2 orders of magnitude for metallic samples. No
enhancement was achieved for nonconductive samples. This enhancement is limited to the
peripheral annular region of the dried droplet area where NPs are concentrated due to the
“coffee stain” effect. Ablation crater profilometric inspection revealed a more uniform
material rearrangement over the NP-treated surface compared with the ablated plain target.
However, besides a smoother crater bottom, no other evidence of an NP-enhancing effect
was noticed, although an increased ablation rate was anticipated. Limits of detection
dropped by 1 order of magnitude for the minor elements in the presence of NPs. Observed
phenomena depend only on the NP surface concentration but not on the material or size of
the NPs. An electron microprobe study of the collected ablation aerosol has shown that
aerosol particles consisting of the target material are aggregated around the NPs. The
particle size distribution of aerosol measurement showed an increased number of
transported particles in case of nanoparticle-enhanced LA. The combination of changes in
particle size distribution and particle number leads to better transport/vaporization
efficiency, thus enhancing signals of measured analytes.
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This study aimed to exploit laser-induced breakdown spectroscopy, enhanced by
nanoparticles (NELIBS), as a fast, sensitive and low-cost technique, to correlate the
elemental composition of recent and ancient bovine bone with the elemental composition of
the fodder that has been fed to the cattle throughout their life. Biosynthesized silver
nanoparticles (BS- Ag NPs) were used to enhance the emission intensity of the spectral lines
in the LIBS spectra of contemporary and ancient bovine bones and fodder samples. The
ancient bones are more than 4600 years old and belong to the 3rd dynasty of the old
Egyptian Kingdom. Ag NPs were biosynthesized in a simple and inexpensive manner using
potato (Solanum tuberosum) extract. As a validation technique for the NELIBS results, EDX
spectra were successfully used, and scanning electron microscopy (SEM) clearly
discriminated between recent and ancient bovine bones. Additionally, principal component
analysis (PCA), as a multivariate analysis technique
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In this work the penetration depth of four biocidal treatments based on nanoparticles has
been characterized and compared by laser-induced breakdown spectroscopy (LIBS)
technique. In particular, limestone from Novelda quarry (Alicante, Spain), widely employed
in historical and contemporary buildings in Spain, was treated with four different nano-
biocides based on silver nanoparticles, combined in some cases with titanium dioxide
nanocomposites. These biocidal nanoparticles are being studied to be employed in historic
buildings and stone monuments due to their capability to inhibit the growth of biofoulings,
and the biocidal effectiveness of the treatment depends on the penetration depth of the
nanoparticles. For this reason, depth analyses were carried out by LIBS to determine and to
compare the penetration depth of the four treatments. The emission line of Ag at 338.289
nm was monitored as an evidence of the presence of the silver nanoparticles and derived
nanocomposites in the limestone and LIBS depth profiles of the Ag net signal were
generated. Both, the in-depth spectra sequences and the depth profiles exhibited the
decrease of Ag signal with depth, in agreement with the diffusion of the treatments in the
limestone matrix. In addition, the results evidenced penetration differences between the
four bactericidal treatments which were explained by differences in the hydrodynamic
diameter of the nanoparticles that would affect their diffusion in the limestone pore. This
study demonstrates the capability of LIBS technique for the characterization and
comparison of nano-biocidal treatments effectiveness from the analysis of the penetration
depth of the nanocomposites and the potential of the technique as a characterization tool in
the restoration field related to protective nano-biocides.
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Aluminum alloys are the most widely used non-ferrous metallic structural materials in the
aviation industry. A large number of aluminum alloys wastes need to be recycled. Aluminum
alloys are used on different position of industrial equipment and largely vary in prices due
to their chemical compositions. Therefore, classified recovery is needed. In this paper, the
on-line sorting system of aviation aluminum scrap is designed. The laser focused light path is
focused at a long focal length, so that samples of different thicknesses can be effectively bom-
barded; According to the different shapes and heights of aluminum scrap, a high-focus co-
axial optical system with a wide range of heights is designed to solve the problem of spectral
focal plane shifted of actual samples. The sample recognition system uses image recognition
technology to identify samples of different sizes, Combined with the hardware synchronous
trigger control system to excite the sample precisely; Combined with the sorting samples a
variety of classification algorithms are designed. The results show that the accuracy of three
kinds of aluminum alloy sorting can reach above 90% and sorting speed is no less than 90
pieces per minute. In a wordoLIBS combined with classification algorithms by machine learn-
ing can classify aluminum scrap rapidly and accurately, and it can also be used in the recycling
of other metal materials, thus has important application and popularization value.
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Fig. 1.: LIBS Sorting System
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Over the years, the amount of waste of electrical and electronic equipment (WEEE) is
growing in several countries due to alarming levels of disposable income and urbanization.
There are elements of industrial and strategic importance in WEEE, being a source of
resources for recovery [1]. In order to characterize this material, analytical techniques are
used, where LIBS is an alternative in which it is possible do the direct solid analysis. But
direct analysis presents some difficulties in the reproduction of the data due to, sampling,
ablation process, microheterogeneity and matrix effects, which can be minimized combining
the LIBS spectra with chemometrics [2]. In this study, one printed circuit board (PCB) from
hard disk (HD) was cut in 77 small fragments (1 by 1 cm) in order to simulate a crushing
machine in industry [3]. Each solid fragment was analyzed by LIBS, followed by acid
digestion and analysis using ICP OES in order to acquire reference values. For LIBS (Applied
Spectra, model J200), a fluence of 1270 mJ/cm2, 1 us of delay time and 5 Hz of frequency
were used, and a matrix of 4 rows and 4 columns was made in each fragment and 10 pulses
in each point of the matrix (160 spectra per fragment). The great challenge of the study is to
correlate these 160 spectra with one reference value obtained by ICP OES, because while
LIBS is a punctual technique, for ICP OES the result is for whole sample (fragment). On the
one hand, the LIBS may reach a specific point with a certain composition, but in ICP OES it
is not that actual point that is analyzed, but rather the whole fragment. Hence the
correspondence between the LIBS and ICP OES measurement may be a significant problem.
Therefore, to find a solution to solve this challenging problem some chemometrics
approaches were tested, using a classification models for Au as an example. Despite the
problems mentioned, good classification results are being obtained using partial least
squares discriminant analysis (PLS DA).
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The purpose of the work is to develop stable and accurate algorithms for the analysis of LIBS
data of metal alloys and plastics in view of their rapid identification and sorting at industrial
recycling facilities. One requirement for machine learning (ML) approaches is to have a large
representative test set in order to ensure that the model is based on signals originating only
from the material of interest. In this view, we have performed extensive measurement
campaigns for plastic and metallic scrap-material both at our in-house test bed and at
several industrial facilities. This provided us an extensive sample set made up of several
independent measurements of real scrap pieces, on which we could test different ML
algorithms. The methods include decision tree, artificial neural networks, and principal
component analysis-based techniques. The performance of each algorithm in terms of
classification accuracy and robustness and the influence of data-preprocessing are
presented. For the classification of plastics and identification of additives, the requirement
for a large and statistically training and test sets is even more important to get reliable
results. The composition of additives can vary dramatically for material of different origin
and interfere strongly with the LIBS-signals of the polymers.1,2 We carried out several
independent LIBS measurements on different black plastics including PP, PE, PS, ABS, MEP
and in particular the positive identification of non-halogenated plastics is of interest for the
recycling industry. Soft-independent modelling of class analogy (SIMCA) was then used to
classify the polymers. The constructed model gives promising results for these validation
samples in term of classification accuracy. Finally, real plastic scrap pieces collected at
industrial facilities are being measured with LIBS on an in-house conveyor belt to evaluate
the stability of the SIMCA algorithm.
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The very first, commercially available, Handheld LIBS analyzer was introduced in early 2013.
Since that time several manufacturers entered with their offerings thus marking the
successful migration of Laser Induced Breakdown Spectroscopy from the laboratory to field
and industrial environments. Such progress has been made possible by development of small
size and small power, pulsed, solid state lasers which could run on battery power. These
Handheld LIBS analyzers are primarily built and configured for analysis of metallic alloys.
However, the analytical performance of these new instruments (accuracy and precision) is
still not as good as that offered by the Handheld X-Ray Fluorescencel), an industry accepted
benchmark. One of the reasons for inferior performance is rather limited spectral resolution
of spectrometers used in Handheld LIBS devices. Typical HHLIBS instrument is equipped
with Czerny-Turner Spectrometer with spectral resolution on the order of 0.15 nm within
the 200 to 450 nm range. Many emission lines are not resolved, thus significantly limiting
number of lines suitable for analysis. In this paper we introduce a first of its kind, miniature
Echelle spectrometer which offers practical spectral resolution of 0.03 to 0.05 nm within
the 200 to 450 nm range (Fig. 1). With its small size of 126 x 60 x 71 mm and weight of about
400 grams, it can be easily built into a handheld LIBS analyzer. Improved spectral resolution
increased significantly number of available analytical lines and made feasible quantitative
analysis of certain elements present in steels at low concentrations. Examples will be shown
of how the new spectrometer improves the limits of detection for alloying elements in steels
and other alloy families and allows for their quantification at concentration levels below
0.1%. We will also discuss the performance of the spectrometer in LIBS analysis of carbon
content of various steel grades. We will show that using protective atmosphere of helium
rather than argon helps not only in analysis of carbon but also benefits quantification of
other alloying elements. Improved overall analytical performance with added capability of
analysis of carbon, silicon, magnesium, boron and lithium has potential to make HHLIBS an
alternative to HHXRF method.
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The purpose of this work is to develop a technique for making quantitative analysis of the
chemical composition of molten slag, with no or minimal sample preparation and short time
from sampling to result. The motivation is both to be able to control the steel-making
process and to be able to better use the slag as secondary raw material. Significant
achievements in this direction will be presented. The method is based on Laser induced
breakdown spectroscopy (LIBS) which has the potential to fulfill these needs of fast
measurements and minimal sample preparation (compare with the grinding and molding
that is required for an accurate XRF analysis). We have already demonstrated such
experiments on solid slag samples that were analyzed with coarse crushing as the only
sample preparation. The results obtained with our LIBS set-up compared very well with the
XRF reference measurements; repeated measurements gave very similar relative standard
deviation for both methods, approx. 1-2 % for the main elements. Quantitative
measurements on molten slag in ladles after tapping have been demonstrated by Sturm et
al. An important step towards a quantitative analysis of molten slag for process control is the
ability to calibrate the LIBS-system with solid reference samples. We have experimental
results on hot slag that show a significant correlation between the LIBS signals and the
temperature. This has also been demonstrated in work by Lopéz-Moreno et al. and
interestingly the signals for Si/Ca shows opposite behavior with temperature for the two
studies. This shows that the calibration is not straight-forward since LIBS-signals are very
sensitive to varying experimental conditions. However, it indeed shows that it is possible to
obtain a calibration for molten slag using solid reference samples and this enables a correct
calibration to be maintained for a long period of time which is required for the system to be
implemented in the metallurgical process.
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In civil engineering, the investigation of existing infrastructure is of major importance for
maintaining and ensuring stability of the structures. To ensure durability, uniform
regulations and standards apply e.g. the European standard EN 206-1. In some countries, the
EN-standard is supplemented by additional standards, as in Germany with DIN 1045-2. Here,
specific application rules are described, e.g. for the cement type, to ensure the resistant to
different exposures. Therefore, the knowledge of the materials originally used is important
in assessing the condition of existing concrete structure. Unfortunately, these are often
unknown and must be determined retrospectively. Therefore, we present the application of
the laser-induced breakdown spectroscopy to distinguish between different types of
cement. Spectral information’s are used to build a classification model. First, the accuracy of
the classification is analyzed on ten pure laboratory cement samples. To investigate possible
sources of error, the model was then applied to cement samples with different moisture
content. The study shows that LIBS is a promising tool for distinguishing between cement
types. For further industrial application, however, factors influencing the LIBS signal must
be included to ensure a robust model.
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Refractories are primary materials that are able to withstand temperatures from 260°C -
1850°C used by the steel industry. A typical steel plant uses hundreds of types of
refractories, each engineered for specific applications. Over a great many years, because of
the abundance and low cost of virgin raw materials as well as the no or minimal disposal
costs of the, scant attention has been given to recycling tasks of refractories. However,
during the last years, difficulty in having high quality raw materials because their increasing
global scarcity and the rising prices has led the much of refractory industry to turn
attention to the recycling of spent refractories. This is why several technological
innovations (including LIBS-based strategy) for refractory wastes reusing, remanufacturing
and recycling, towards a circular economy adopted as the development model, are ongoing
[1-2]. The goal of the present work focuses on the implementation of an efficient algorithm
able to classify with great accuracy the nature of the refractory materials from their
emission spectral information. A total of 11 samples from the various characteristic parts of a
steel ladle have been assayed. Strategy begins with the identification and statistics
evaluation of the spectral signals associated to Al and Mg, and the graphing, on 3D
subspaces involving emission intensity ratios from some of those spectral signals as
coordinates. Thus, the MgO-based and Al203-based refractories can be discriminated.
Strategy has proven to yield satisfactory results to the sorting of “clean” (before-service)
refractories. However, more adjustments are required (laser-cleaning, spectral data filtering
...) to a good performance of the strategy on the analysis of the refractory scraps because of
the physical and chemical post-mortem (after operating) changes of the materials to permit
LIBS to take one step forward in its progress towards the consolidation as a sorting tool.
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The recovery of valuable compounds from industrial wastes provide economic and
environmental benefits. Particularly, the selective recovery of metals from wastewaters is an
important strategy to minimize the raw material and natural resources consumption, as well
as to avoid the environmental contamination. Acidic effluents containing nickel, copper and
iron in sulphate media were provided by a local waste management industry. The selective
removal and recovery of the target metals, nickel and copper, were performed by using the
chelating resin MTS9600® (bis-picolylamine functionalization). In this preliminary work, we
propose the use of the Laser-Induced Breakdown Spectroscopy (LIBS) technique to perform
a chemical analysis of copper and nickel in the spherical particles of the resin. To
understand the spatial distribution of the target elements in the resin’s spheres, artificial
effluents with different concentrations and combinations of metals have been treated.
Superficial and inner measurements were performed in the resulting resin samples. The
LIBS setup includes a Nd:YAG laser (Lotis LS-2147) at 1064 nm and 10 Hz repetition rate. The
spectrometer used to perform the analysis is an Avantes ULS2048-USB2-RM. The setup is
fully automated with a XYZ positioner, through-lenses imaging and an autofocus system
based on image processing to deal with non-flat surfaces. The relative concentration of
Copper, Nickel and Iron has been determined form the captured spectra.
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In this work, laser-induced breakdown spectroscopy (LIBS) measurements are performed on
coal reference materials to determine the efficiency of this method concerning the
detection of major and minor elements in coal. Cylindrical pellets are pressed from the
reference coal powders and LIBS spectra are measured by Nd:YAG laser ablation and by the
detection of plasma radiation using an Echelle spectrometer and intensified CCD camera.
The experimental parameters (spectrometer timing, laser pulse energy) are optimized to
measure emission line intensities with high signal-to-background and signal-to-noise ratio.
LIBS calibration curves for the relevant chemical elements are created from the measured
emission line intensities and the reference concentration values. Our results show that the
major elements Si, Al, Fe, Ti, Ca, Mg, and C (exceptions are potassium and sulfur) can be
clearly detected. The calibration curves show good linearity with high R™2 values, e.g. R"2 =
0.99983 for Ti. The minor elements are harder to detect but also exhibit very high R™2
values. Our next LIBS measurements will focus on the quantification of relevant elements in
industrial coal samples.

Acknowledgement

Financial support by the Austrian Research Promotion Agency FFG is gratefully
acknowledged (K-project PSSP 871974).

260



Following the cementation in steel with LIBS

Damien Devismes ', Frédéric Pelascini '

1. Cetim Grand Est, 24A rue d'Alsace, 67400 Illkirch-Graffenstaden, France

E-mail: damien.devismes@cetimgrandest.fr

Carburizing is used to increase the surface hardness of low carbon steel workpieces. It
modifies the iron phases from austenite to martensite while the core remains a ferritic
and/or pearlite microstructure.So far with the classic technics, its control is slow and
destructive. Cetim Grand Est and Holo3 are working together on a Region Grand Est project
whose aims to build a fully automatic demonstrator able to assure the quality of the
treatment of all the workpieces. Such a system could be integrated in a production line.
Based on the LIBS and 3MA (Multi-parameter Micro magnetic Microstructure stress
Analyzer) technics, it collects several information to ensure the analysis of the workpiece.
Thus to control the quality of this treatment by LIBS, we measure the carbon concentration
on the surface / subsurface.

In the literature, measuring C in steel by LIBS has shown various setup combining laser-
spectrometer-gaz. For a long time, most of the setup were expensive (double laser (1),
Paschen Runge spectrometer (2)) and only more recently smaller spectrometers (3) had
been used and even now mobile LIBS device dedicated for this application also exists
(SciAps). In this project, we tried to optimize the cost, the efficiency, the automation and the
integration of the LIBS system with another technology (3MA).
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In this study we apply Laser Induced Breakdown Spectroscopy technique for qualitative and
quantitative spectrochemical analysis of Diesel Particulate Matter (DPM) emitted from in-
use Diesel combustion engine exhaust emissions. Here we analysed collected particulate
matter from sixty-seven different Diesel engine passenger vehicles of EU car producers
used in daily life environment. The aim of this study is to compare Particulate Matter (PM)
matrices composition, mainly major and minor chemical elements agglomerates in PM.
Special attention is given to analyse different PM and perform a quantification and
calibration of LIBS spectral signal. The presence of agglomerate chemical elements in Diesel
exhaust emissions are due to different processes involved within the combustion. These are
mainly related to the Diesel fuel, fuel additives, engine performance, catalytic reactions and
Diesel particulate filtering techniques.
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Additive manufacturing is a promising technology that allows to create parts with unique
characteristics and properties. For aviation industry, industrial engineering plays a major
role production parts with designed gradients of elemental composition [1]. Therefore,
synthesis of compositional graded parts requires rapid elemental analysis. However, high
reproducibility of the product’s properties is difficult to achieve. Real time monitoring of
metal powder feedstock used in additive manufacturing will be good for possible failures
detection during metal processing part. In our study, laser induced breakdown spectroscopy
(LIBS) has been used for elemental analysis of metal powder jet during coating synthesis by
coaxial laser cladding. Coaxial laser cladding is an additive manufacturing technology (laser
direct metal deposition) based on part build-up process with metal powder melting by
powerful continuous wave laser. A compact and lightweight LIBS probe has been designed
to equip the laser cladding head installed on an industrial robot [2]. The emission of laser
plasma induced at powder particles was significantly lower compared to that for bulk
sample. LIBS signals reproducibility for metal particles was also poorer compared to
conventional ablation of metal target. LIBS sampling was carried out at different areas of
gas-powder jet at coaxial nozzle but greater intensity and better signal reproducibility was
achieved at jet waist. Spectral range, plasma emission gating and spectra averaging were
selected to improve the LIBS signal reproducibility. Samples of wear resistant coatings
(nickel alloy matrix reinforced with tungsten carbide particles) synthesized with variable
proportions of powder flows were deposited while LIBS analysis was carried out. Solid clads
were cooled, cut off and analyzed by X-ray fluorescence spectroscopy in laboratory
conditions. The LIBS system was calibrated for quantitative analysis of major components.
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Fig. 1.: Scheme (a,b) and photo (c) of the coaxial laser cladding setup equipped with the laser induced
breakdown spectroscopy (LIBS) system for analysis of metal powder flow. LIBS plasma photo (d) on
metal powder flow.
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This study proposes a novel engineering approach to control silicon melt purification to
satisfy photovoltaic application requirements. The efficiency of purification is related to the
decrease of impurities concentrations in the melt. To reduce analysis time and cost, in-line
analysis techniques are more advantageous as they provide real-time information about
silicon melt composition. For this reason, recent research works focus on the development
of new devices based on LIBS (Laser Induced Breakdown Spectroscopy) taking into account
silicon behavior in a liquid phase as a molten metal at high temperature. These devices
allowed to analyze impurities inside molten metals with great performances, however,
improvements related to the immersion probe conception are still required [1]. Indeed, the
previous design used bubbling inside the melt, leading to spatial instabilities of the silicon
surface analyzed by LIBS, hence to undesirable signal fluctuations. The solution presented
here is mechanical stirring [2] by innovative rotary blades which will be a part of an
immersion LIBS probe. Their rotation will generate a representative, renewed and stable
surface that will be targeted by LIBS laser for an in-situ silicon analysis at high temperature.
This solution was validated using experimental tests based on particle imaging velocimetry
(PIV) in water then applied on silicon melt for impurities detection.

Surface targeted by LIBS
pulse laser

Fig. 1.: Liquid flow generated (-a-) to obtain a stable, renewed and representative targeted surface by
LIBS in silicon melt (-b-)
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Waste electrical and electronic equipment (WEEE) contain a significant amount and variety
of valuable elements. In spite of their economic, technical and strategical importance for the
European economy, a serious number of valuable elements are not recovered by current
recycling technology. This applies to elements such as tantalum, neodymium and tungsten.
In order to improve the recovery of such materials from WEEE, it is desired to extract and
accumulate individual components containing a particular, valuable material into a sorting
fraction. Those fractions enable an economic recovery of raw materials by metallurgical
methods, for example. In a joint project of R&D and industrial partners an automated
analysis, disassembly and sorting system for electronic components on printed circuit
boards (PCBs) from end of life electronics was developed. PCBs from different sources, e.g.
mobile phones and server boards, are processed to extract individual electronic
components from the PCBs selectively, depending on their composition. In order to
generate sorting fractions with enriched content of a certain element, the approximate
element content of the electronic components must be determined. In this work, LIBS is
employed to detect the presence of the element of interest. Electronic components have an
inhomogeneous internal structure, of which only some parts contain the target elements
and which is usually surrounded by a housing. An operational concept was worked out to
use a single laser source firstly to remove the housing and covering layers and secondly to
excite the LIBS plasma. The approach allows, for example, to identify tantalum containing
capacitors among other electronic components of the same mounting form. In field tests on
an industrial scale, WEEE is processed and electronic components are analyzed with LIBS.
To gain reproducible results for a wide range of electronic components and structural
shapes, generalized measurement strategies are employed and evaluated.
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TIG welding process was monitored using LIBS for the in situ measurement of chemical
compositions in austenitic stainless steels. This research aims to prototype a real-time
chemical composition analysis system for welding applications and prove the feasibility of
such a quality control loop. The chemical compositions of the weld pool, considering the
welding metallurgy, is the most critical parameter for any occurring weld defects, e.g. hot
cracking[1]. Hence, controlling the weld pool chemical composition allows governing of the
weld pool solidification behavior by monitoring and adjusting the respective welding
parameters, e.g. welding current. LIBS measurements were conducted during a TIG-welding
process. The effect of the welding plasma on the LIBS signal was thoroughly investigated by
varying various LIBS settings, e.g. delay and exposure time. Quantification of the main
alloying elements Cr and Ni in the weld pool during welding was achieved by univariate
calibration procedure.
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Fig. 1.: Experimental set-up of the LIBS monitored welding system
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LIBS is a proven method for elemental analysis. It needs little to no sample preparation and
relies soleyly on optical access to the sample.

LIBS has therefore been handled as a promising analytic method for layered or structured
samples with the potential to replace metallurgic cross-sections followed by SEM /EDX
raster screenings.

Due to the strong dependency of the ablation process on changing crater geometries, laser
fluence and plasma dynamics (e.g. self-absorption, material dependent optical depths,
reflecting coefficients, scattering processes, etc), attributing an absolute depth to the
number of laser pulses applied to the sample is not trivial.

In this work, we show absolute depth recognition based on single-spot, non-scanning
optical coherence tomography on LIBS craters produced with a standard LIBS setup. Also
we verify these results with the use of ex-situ (electrun-microscopic techniques.

We further discuss it's potential application for density and hence porosity probing in LIBS-
stratigraphy for fast QC/A in the production line. This enables the quantification of key
properties in porous samples, e.g. thermal-barrier coatings (TBCs) , used in the hot section
of state-of-the-art aircraft jet engines.
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Chemical corrosion of concrete for decades remains one of the main problems of the
construction industry and transport infrastructure. The corrosion should be controlled by
the periodical diagnostics and determination of the type of chemical corrosion. In recent
years, laser-induced breakdown spectroscopy (LIBS) is considered for in-situ elemental
analysis of concrete. However, the particular content of corrosion-active components
responsible for the degradation of concrete (chlorine, sulfur and carbon) can be insufficient
to characterize the degree of corrosion of concrete. Thus, the revealing the additional signal
and parameters characterizing the material changes due to corrosion would be beneficial
for concrete structures diagnostics. It was proposed to use the signal of the iron oxide
originated from rebar and optoacoustic response during laser ablation to enhance
diagnostics. We have considered 6 samples, which imitate different degree of degradation.
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In 2013, during the conservation treatment of two ceremonial iron spurs (dated in the 13th
century and found in 2010 at the Monastery of Corias, Asturias), a gold layer was noticed in
both sides and pricks (fig.1). The capabilities of LIBS to carry out deep profiling analysis with
minimum sample erosion constituted a unique opportunity to study the stratigraphy of
these spurs. The aim of this work is to find out the gilding procedure of the spurs studying
the in-depth distribution of some metals (Au, Hg and Ag). For this purpose, the intensity of
selected emission lines of Au, Hg and Ag has been recorded versus consecutive laser shots in
two spots. The results show the presence of three layers, a gold external coating followed by
a mercury layer and an internal one of silver over the iron nucleus. The manufacture
technique comprises mercury gilding, a method based on the mixture of mercury and gold
to form an amalgam that can be applied to the metal surface, which will then be heated: as
most of the mercury evaporates, it leaves a gold layer behind. The atypical presence of an
inner silver layer relates to another set of medieval spurs, discovered at the archaeological
site of Erenozar (Biscay) [1].
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Halides are known to cause the degradation of both mortars and pigment layers in mural
paintings. Therefore, it is recommendable to assess their presence in a fast and non-invasive
way without sampling. Widely used portable techniques, such as p-XRF, do not allow the
detection of fluoride. The use of p-LIBS can overcome this limitation. The layers of ash and
pumice that covered Pompeii after the 79 AD eruption of Mt. Vesuvius acted as a protective
layer of the wall paintings until their excavation. Nonetheless, tephra deposits are a source
of halides, specially fluoride and chloride. Thus, in this work, we present the application of a
commercial portable LIBS equipment (EasyLIBS, IVEA) to detect the main areas of halides
accumulation in wall paintings and their efflorescences at the House of the Gilded Cupids
and the House of Ariadne (Archaeological Park of Pompeii). Molecular emission bands were
used to determine the position and distribution of these halides in the mural paintings [1].
On the other hand, thanks to previous leaching experiments, it was established that sodium
and potassium correlate with halides in volcanic strata. To verify if p-LIBS would also be
capable of determining the association of these cations with the halides, their distribution
along the wall paintings was monitored through this technique. This information could also
assist the identification of additional inputs of salts, which constitutes one of the main goals
of the archaeologists and restorers of the Archaeological Park of Pompeii.
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Using large datasets is becoming more and more common in every discipline. Today's
biggest task is to find a tool which would reduce effectively their dimensionality. By the
word effectively here it is meant to keep the loss of information within datasets to a
minimum, thus maintaining the interpretability of data at a maximum possible level. An
example of disciplines where large datasets are handled on a daily basis is X-ray Computed
Tomography (XCT) and Laser-Induced Breakdown Spectroscopy (LIBS). The combination of
these two techniques allows complex analyses of the inner structure of materials. These
types of analyses could also help to solve one of the current tasks that archaeologists deal
with. This task concerns the study of ancient technology, raw materials and possible origin
of the artefacts, such as pottery. Such information are useful to reconstruct ancient
manufacturing processes, exchange systems and trade. This method has been tested on
samples which came from an extensive investigation carried out between 2015 and 2018 at
the UNESCO site of Al-Khutm (Bat, Oman). From the archaeological site, about 20 selected
samples have been investigated using a multi-analytical approach in order to characterise
their microstructure and chemical composition. The results obtained by using different
techniques, providing a detailed description of pottery fabrics, allowed recognising local vs
non-local raw materials.
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The chemical composition of mollusk shells is an archive of the environmental conditions
during the mollusk’ lifespan [1]). It can be used to monitor the presence of trace elements
like heavy metals, or to infer the seawater temperature and salinity from the concentration
of some elements (Magnesium, Strontium, Lithium...) in the calcium carbonate matrix. Due
to the durability and stability of this biogenic material, the shells offer valuable information
of the past with archaeological and paleoclimatic implications. The typical measurement
procedure involves cutting the shell in two halves and sampling the material at different
spatial points along a path over the section surface, that is species-dependent and must be
manually decided. Here, we propose the use of the LIBS technique to perform a chemical
depth profiling in the apex area of shells of common limpets (Patella vulgata). This area has
spatially compressed layers of calcite covering the entire lifespan [2]. The elemental analysis
in this specie, however, is typically performed on the much larger “m+2” outer calcite layer
exposed in the cut section [2], because the relationship between the seawater temperature
and composition in this layer has been already confirmed [3]. The depth profiling through
the apex using LIBS open the possibility of fast measurements with no sample preparation at
all. The LIBS setup includes a Nd:YAG laser (Lotis LS-2147) at 1064 nm, and an Avantes
ULS2048-USB2-RM spectrometer. The setup is fully automated with a XYZ positioner,
through-lenses imaging and an autofocus system. From the captured spectra, the
concentration of Magnesium, Strontium and Lithium relative to the calcium carbonate
matrix has been obtained. The proposed “vertical” measurements method based on depth
profiling is compared with traditional “horizontal” measurements along the surface of the
exposed section, both at the “m-2” inner calcite area (near the apex) and the traditional
“m+2” outer calcite area.
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Mollusc shells constitute valuable biogeochemical archives based on seasonal variability
records imprinted in their growth increments as elemental composition or isotope
variations. Their availability along modern and ancient shorelines as well as their good
preservation facilitate climatic analyses at a high temporal and spatial resolution. They are
commonly analysed using oxygen isotope ratios (018no) or elemental ratios (e.g. Mg/Ca,
Sr/Ca, Ba/Ca) which are correlated to the variations of environmental temperature.
However, the lack of fast methods limits analysis to low numbers of shells, and thus reduces
significantly the statistical value of results. The use of micro-LIBS mapping facilitates
acquisition of spatially extensive elemental maps and opens up prospects for handling large
numbers of samples. [1] In these studies, we have employed a custom-made LIBS
microscope and concentrated on recording Mg/Ca ratio maps across sections of aragonitic
or calcitic shells. Maps provide information regarding the season of death, as well as season
dependent annual minima and maxima, but furthermore enable one to understand whether
the recorded variations are specific to research location or individual specimens and thus
avoid misinterpretations. Still obtaining absolute estimates of temperature based on Mg/Ca
ratios is not straightforward. However, combining these high resolution data from samples
that show meaningful seasonality patterns with one or two measurements of oxygen isotope
analysis (performed on the same sample) gives rise to true temperature variation mapping
and provides the means to access previously uninterpretable climate proxies on a large
scale. [2]
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Archaeometallurgy consists of studying metallurgies for determination its quality: the
nature of materials, the production process, finding the original product place after trading,
etc. For ferrous metals, it requires the identifications of the heterogeneities of composition.
Carbon content is one of the important parameters in metallographic studies. However, its
analysis is difficult for old ferrous alloys because of the multifarious carbon distribution in
the material. At present, the most effective method in terms of cost / sensitivity is
metallographic analysis by optical microscopy after Nital attack. Unfortunately, this method
is laborious, time-consuming and very cumbersome to implement for in-situ observations.
In addition, it lacks special precision for some non-equilibrium structures. Moreover, on a
macro-scale view, a preliminary sampling is required to observe the objects in situ in order
to locate the high carbon zones for the further analysis and on a micro-scale view, the
carbon content and its variation in the object should be precisely and locally determined,
even on non-equilibrium structures. Thus, LIBS technique is proposed to give a fast
measurement without samples preparation and to carry out in situ. In this work, we focus
on the LIBS implementation in order to establish a protocol for qualitative and quantitative
analysis of carbon composition. We propose the use of a “macro-LIBS” with a laser spot
diameter of several hundred micrometers as the similar size of carbon fragment, so the
carbon concentration can be obtained. And “micro-LIBS” with a spatial resolution of about
10 micrometers will be applied to have a high potential for detecting the different carbon
zones and potentially make mapping equivalent to a metallographic observation as well.
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Fig. 1.: Figure 1 Optical microscopic image of a steel slice of 0.85% carbon concentration. Green circle
of 200 um diameter shows the macro-LIBS analyzing area and yellow circles shows the micro-LIBS
mapping zone with a resolution of 20 pm.
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Many objects with various layers can be found and investigated in the field of cultural
heritage. Laser-induced breakdown spectroscopy (LIBS) as a depth-resolved analysis
provides the information on the chemical composition of individual layers of the analyzed
objects, allowing their differentiation, with minimum damage. A detailed exploration of the
ablation craters formed during the LIBS analysis is, however, a complex issue. The craters
tend to be deep and narrow, and the depth-measuring techniques based e. g. on microscopy
might provide biased results [1]. The utilization of the X-ray computed tomography (CT) as a
tool for an examination of the LIBS craters on a sample of glazed archaeological ceramics is
suggested in this work. The glazes used on the archaeological ceramics often contain a
significant amount of Pb, which makes them distinguishable from the bulk material by the
CT technique. CT enables not only to differentiate the glaze layer and to determine its
thickness, but also to measure precisly the depths of the craters and to obtain detailed
information on their shape in 3D. Moreover, the structure of the analyzed object including
various defects (e. g. cracks, bubbles, etc.) can be thoroughly examined. By comparing the
state of the sample before and after the analysis, several effects occurring during the LIBS
measurements might be better explained.
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The geochemical characterization of volcanic ash is of great scientific interest since, it
allows to clarify the mechanisms that dominate the behavior of the eruptions of the volcano,
and to know in more detail the products generated and processes involved in each eruptive
phase, in order to distinguish changes in their activity patterns. This work was carried out in
the Spectroscopy laboratory of the Physics Department of the National Polytechnic School,
applying the Laser-induced Breakdown Spectroscopy (LIBS) technique to determine the
elemental chemical composition in 18 ash samples from the Tungurahua volcano collected
from nearby populations. In this work we propose suitable preparation methods of volcanic
ash to guarantee the homogeneity of the sample. Qualitative and quantitative elemental
analysis was performed in two different environments for the taking of spectra, common air
and atmosphere saturated with argon. For the quantitative analysis of the elements present,
Calibration-free LIBS (CF-LIBS) is used, a technique used to determine the elemental
composition of an arbitrary sample using statistical distributions of Saha-Boltzmann and
Boltzmann. The instrumental response function of the LIBS equipment of the EPN was
determined, adjusting each of the intensity values measured in a LIBS spectrum by a factor
that represents the relative response of the instrument in that value. This correction was
used for the analyzed samples, in combination with software appropriate for the CF-LIBS
analysis, in which the corresponding Saha-Boltzmann and Boltzmann graphs are analyzed,
thus quantifying the temperature, and the electronic density of the plasma.
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Tungsten is a material of the crucial importance for MCF (Magnetic Confinement Fusion)
since it is foreseen that it will be used for the divertor of the next-step fusion reactors. To
monitor the erosion and deposition on the divertor surface, LIBS was proposed as a remote
method providing no interference with the main system and the capability of operation in
harsh tokamak conditions. Furthermore, it has been shown that DP-LIBS (Dual Pulse Laser
Induced Breakdown Spectroscopy) facilitates the measurements by improving the
sensitivity [1]. Research described in this paper is focused on the analysis of the DP LIBS
performance for tungsten in low pressure conditions for the optimization of the method in
terms of the inter-pulse (IP) separation and improvement of understanding of its
mechanisms, hitherto not fully investigated. For the pulses with power density in the range
of 109 W/cm2 and the IP in range from a quasi-single pulse to 250 ns spectra have been
recorded in kinetic series of 100 frames per each IP value. The single observation time was
50 ns and the gate delay step was 25 ns. As the auxiliary diagnostics ion collectors have been
applied to provide the information on ion velocity distribution. The experiment showed
substantial increase in the time-scale of the phenomena and allowed for the optimization of
the IP delay in terms of its sensitivity for tungsten.
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Quantitative analysis of impurities in nuclear materials is necessary in a number of areas,
including process control during manufacturing, quality control of products, or for nuclear
forensics purposes. Due to the important handling constraints induced by the samples
radioactivity and their containment inside airtight enclosures, optical analytical techniques
have great advantages over standard ones that require sample preparation, like ICP-based
techniques. Therefore, laser-induced breakdown spectroscopy (LIBS) is developed for fast
quantitative analysis of impurities in uranium. Actinides are well-known to have a huge
number of emission lines in the UV-visible spectral range, hence making the detection of
trace or minor elements a real challenge. Therefore, in this study we explored the vacuum
ultraviolet range (VUV), i.e. below 200 nm, in order to investigate if this spectral region is
more favorable for elemental analysis of uranium by LIBS. As practically no data on VUV
spectroscopy of uranium are available, we first analyzed the spectra obtained in view of the
spectral density of uranium lines, both in the UV and VUV. Then the plasma generated in the
vacuum was characterized, its electron temperature and density were determined using
standard spectroscopic approaches. Finally, the detection limit of two elements, carbon and
vanadium, were estimated. We found that in spite of a less dense and less intense uranium
background in the VUV, this spectral region is not relevant for metal impurities whose
spectroscopy is not favorable in the VUV. Conversely, for non-metals having intense lines in
the VUV, the detection limit can be significantly better than in the UV. This was already
known for non-nuclear samples. This study extends that conclusion to nuclear materials
and has important practical consequences on the implementation of a LIBS analyzer in a
nuclear facility.
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A radiological dispersal device, known as an RDD or a dirty bomb, is the most possible type
of nuclear terrorism. It is designed to employ radioactive material by spreading it to
contaminate the target area, create panic and fear, and cause long-term health effects and
major financial loss. The key to minimize damage in the event of a dirty bomb terrorist
attack is to quickly identify what radioactive material is used, which makes the
contaminated area predictable and enables appropriate treatment for patients exposed to
radiation. LIBS is considered suitable for use in radiological terror sites since it can
accurately detect target materials in a very short time. In this study, LIBS was employed to
analyze the sample containing radioactive materials, and its performance was evaluated by
LOD measurement. In order to simulate the real scene, the sample was made by dissolving
target materials into highly purified water and spreading it onto diverse matrices using a
sprayer. At the same time, matrices were heated to 130 o to make sprayed droplet
evaporated continuously without lumping. This process prevented the coffee-ring effect
and therefore increased the homogeneity of the target materials on the surface of the
matrices and reproducibility. Target materials were selected as powder of SrCI2, CsCl, Co,
and Ir, which are sealed source chemical forms of isotopes of interest for RDDs. Since
terrorism is likely to occur in densely populated urban areas, matrix was selected as
aluminum. Even though there were small LOD differences between each sample, radioactive
materials were identified with reasonably low LODs in all samples. These results
demonstrate the feasibility of LIBS being used in the early phase of the dirty bomb attack
and provide the information of which matrix is best for detection.
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Since the LIBS can measure a target rapidly and remotely, it is the most promising
technique for monitoring and analyzing radioactive materials [1-3]. To protect workers and
collect information on liquid waste treatment process with radioactive materials, LIBS has
been considered. However, liquid analysis by LIBS is complicated due to splashed droplets
by a shock wave from the generation of plasma. This splashed samples would be deposit
optical parts, thereby distorting the laser light. To overcome this problem, some trials such
as solidification and aerosols have been tried. However, these approaches make another
problem. For the solidification, it has a representative problem due to the non-homogeneity.
For the aerosol system, a null shot can occur and the number of samples in the plasma can
change easily. In this study, we suggested two approaches to measure the targets in the
liquid radioactive waste treatment process. To minimize that splashed sample deposit to
optical parts, single-shot LIBS and multiple shots with the installation of the gas protective
layer are discussed and compared. For this purpose, SrCI2 that is one major source of liquid
radioactive waste is dissolved in pure water with various concentration as a sample. Two
trials have the same experimental setup, but the gas protective layer has additional parts of
injector combined with a regulator. The injective gas is air and blows the splashed sample,
thereby eliminating contamination of the optical lens. RSD of single-shot LIBS has about
30%. In this case, the LOD for single-shot LIBS is about 245 ppm. However, accumulating 80
laser pulse can reduce the RSD as 6% without contamination of optical parts. Accordingly,
the LOD for accumulation 80 laser pulse with a gas protective layer is about 15 ppm. These
preliminary results may support that LIBS will be considered to monitor the process of the
liquid radioactive waste treatment process with simple experimental setup instead of
complicated setups.
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