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1. Introduction

The activities carried out under WP2 and WP3 have been fully (100%) completed. The aim of
the research was to study effects induced by dual-pulse lasers system in interaction with matter
compared to single pulsed laser system in interaction with matter and to re-create MARS
environmental conditions. The study was designed in such a way that all the proposed objectives could
be achieved through the conducted experiments. By conducting an experiment with a high-power
pulsed laser applied to an oyster shell target, it was proven that this target offers all the necessary
elements for the subject addressed. Through the heating process above the plasma threshold, the
deacetylation of the chitin component was obtained with the release of acetylene and the
decomposition of calcium carbonate with the release of carbon dioxide [1]. Thus, the environmental
conditions specific to Mars were obtained during the experiment, and the experiment was then
resumed after the set-up of the system with dual-pulsed lasers, studying the different morphological
structure effects obtained in this case. The chemical effects were similar as in the case of a single

pulsed laser.
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2. Materials and Method of Work

The study is aimed to identify changes in the morphological and chemical structure of the
materials consisting of polymers during ablation and deposition in vacuum conditions when for
irradiation, a dual-pulsed lasers system (DPL) is used.

Pulsed laser deposition PLD using single and dual-pulsed lasers system (SPL and DPL) was

performed on targets of oyster shells Figure 1 (a, b, ¢). Oyster shells are natural biocomposite
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consisting mainly of chitin polymer dispersed in a matrix of calcium carbonate CaCOs. Traces of other
inorganic and organic compounds are also specific to this natural biomaterial due to phenomena and

process in connection with the environmental conditions resulting into adsorption of gas components,

food and enzymatic reactions during organism’s lifetime.
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Figure 1. Images of Oyster Shell Target (a), deposition chamber during PLD performed with dual-

pulsed lasers system on oyster shell target (b), installation during work (c) and schematic

representation of PLD installation with dual-pulsed lasers system (d)

In the experiment, two laser systems were used in simultaneous regime and each system
worked at the parameters as it follows: 30 mJ energy/sys, 10 ns each pulse width, 10 Hz pulse

repetition rate, 532 nm wavelength and 300 pum spot radius of each of the laser beams of the DPL. The

installation is schematically represented in Figure 1 (d).
Simulations were numerically designed using COMSOL v5.6 software to complete the

information acquired during the experimental study and to optimize the system set-up.

1. Experimental and numerical results achieved in the dual-pulsed laser PLD in chitin

deacetylation into chitosan (Chitin of Oyster Shell - Chitosan of Thin Film)

1.1. Experiment optimization with numerical analysis in COMSOL v5.6

Working in dual-pulsed lasers regime, a number of parameters and their combinations needs to

be taken into account. Once set-up the numerical model and simulation, parameters variation make
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possible multiple studies in various conditions. The aim of the study is to find out the optimum way to
replace a high power laser with two lower power laser systems. The results are of major interest for
miniaturized devices and to and to find solutions so that the technological limits related to laser power
can be exceeded.

The mathematics, theory and implementation in the soft COMSOL Multiphysics that we have
already reported [1-4] have been completed with specifications and formulae to virtualy construct the
two lasers’ beams interactions and their interaction with the matter. For optical constants refractive

index and extinction coefficient, the Refractive index platform was used: [5]
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Figure 2. Simulation plots with T(K) phase change diagrams for single pulsed laser systems working at
different energies: 30 mJ/pulse (a, b, ¢, d) and 60 mJ (e, f, g, h) and dual-pulsed laser system working

syncronized at 2x30mJ/pulse and 45° angle between the two laser beams (i, j, k, 1)

Using a parametric sweep, the optimum angle between the two laser beams in the dual-pulsed lasers
system was found as being 45° The simulation results of the dual-pulsed lasers system of 2x30
mJ/pulse (Figure 1. 1, j, k, 1) were compared to the results obtained when simulating laser irradiation
with single pulsed laser with energies of 30 mJ/pulse (Figure 1. a, b, ¢, d) and 60 mJ/pulse (Figure 1. e,
f, g, h) respectively. The simulations were applied to a material consisting of two components (calcium
carbonate and chitin) the same as in the oyster shell used as target in the experiment. In the plots of
Figure 1, the phase diagrams show that the ablation conditions are met and that similar temperatures
are achieved for dual pulsed laser system 2x30 mlJ/pulse as for the 60 mJ/pulse. This information is

important mainly when the target laser irradiated exhibits plasma threshold at high power laser beam.
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1.2. Chemical and morphological analysis of the thin film obtained in dual-pulsed laser regim

compared to the single high power pulsed laser deposition

Chemical structure of the PLD Thin Film and Thin Film2 was analyzed with Fourier Transform

Infrared, a spectroscopic method for detecting functional groups with covalent bonds based on their

infrared absorption properties translated into transmittance intensity versus wavenumber (cm™') spectra:

Versatile FT-IR Laboratory Spectrometer MB3000, FT-IR Spectrometer Bomem MBI154S
spectrometer at an instrumental resolution of 4 c¢cm™! (Bomem, ABB group, Canada). Elemental
composition and morphology were analyzed with Scanning Electron Microscope coupled with Energy

Dispersive X-Ray (SEM-EDS) investigation with Vega Tescan LMH II, Brno, Cehia.
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Figure 4. Oyster shell main components chemical structures calcium carbonate (a), chitin (b) and

chitosan chemical structure (c)

When using high power single pulsed laser system of 150 mJ/pulse energy, there are clear
evidences of chitin (Figure 4. b) de-acetylation process into chitosan (Figure 4.c) and calcium
carbonate (Figure 4.a) decomposition into calcium oxide [1] as it follows:

Oyster Shell spectrum (Figure 3.a): the very strong band at 1469 cm™!, together with bands at 864 cm™!
and 715 cm™! for in plane and out of plane, respectively, deformations, indicate the chitin amide groups
[1-7].

Thin Film spectrum (Figure 3. a): the bands at 1455 cm™! and 1420 cm™! evidence acetate formation
together with the bands at 3446 cm™, 2523 cm™!, 1632 cm™!, 1570 cm™! of stretching vibrations and
the specific band at 928 cm™' of deformation vibration of acetates [1-7]. The very intense bands at
1469 cm™! in the oyster shell and 1455 cm™! in the thin film are also evidence of a crystalline state and
the shift denotes a change in the chemical composition that may be assigned to chitin deacetylation
into chitosan and to calcium carbonate transformation into calcium oxide [1].

In the experiment with dual-pulsed laser system of 2x30 mdJ/pulse, the changes in the
chemical structure from target to deposited thin film are of similar nature as in the single pulsed laser

experiment, of notice being slight shifts of the peaks and sharper and more firm shape of peaks in the
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fingerprint area (1717 cm™ - 700 cm™). This denotes, together with the shape of the baseline, that the
thin film organized in a strong crystalline structure. The Mie-scattering is very evident in the FTIR
spectrum shape of Thin Film2 in Figure 3.(b) and that is assigned to crystallites of good mechanical
strength because the sample was well ground in the mortar before and together with the KBr for the
pellets used in the FTIR sample holder. The other aspect observed on the FTIR spectrum of the Tin
Film 2 is the numerous peaks in the 4000 cm™ - 3500 cm™ which denote free O-H in phenols and
alcohols, but also in Mg-OH, Ca-OH, Si-OH. Also, good sorption of water or aqueous solution on the
Thin Film 2 is denoted by the “noisy” baseline in the 4000 - 1700 cm™ range.

Oyster Shell #2 spectrum (Figure 3.a): the very strong band at 1471 cm™!, together with bands at 861
cm ! and 771 cm™! for deformations in plane and out of plane, respectively, indicate the chitin amide
groups [1-7].

Thin Film #2 spectrum (Figure 3. a): the band at 1426 cm™! evidence acetate formation together with
the bands at 3486 - 3437 cm™!, bands in the 2500 ¢cm™! range, 1640 cm™!, 1522 cm™' of stretching
vibrations and the specific band at 928 ¢m™! of deformation vibration of acetates [1-7]. The very
intense band at 1426 cm™! in the thin film is also evidence of a crystalline state and the shift denotes a
change in the chemical composition that may be assigned to chitin deacetylation into chitosan and to
calcium carbonate transformation into calcium oxide [1]. The large and well defined band assigned to
oxane skeletal vibrations in the range 1067 - 1028 cm! together with the enlarged peak at 771 ¢cm'!
specific to CH; in alkanes and cycloalkanes, including herocycles shows that, in dual-pulsed lasers
irradiation, the skeletal structures are well preserved and only side chain is affected by the laser

irradiation, the same as in single-pulsed laser regime.
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Figure 5. SEM images on oyster shell target (a), single pulsed laser deposition Thin Film (b) and dual
pulsed lasers deposition Thin Film2 (c)

The images obtained with electronic microscopy (SEM) show granular structurated
morphology of the Oyster Shell target (Figure 5.a) and Thin Film (Figure 5.b) while the Thin Film2
obtained in dual-pulsed laser regime, crystalline orthorombic lattice structures are clearly evidenced.
The orthorombic lattice is assigned to chitosan [8] and it shows a different organization of the

polymeric molecules during dual-pulsed lasers irradiation compared to single-pulsed laser irradiation.

Elemant ‘Weight % Atomic %  Net Int. Ermror % Kratio F R A F
CK 16.01 22.E8 15018 1098 0.07 0.07 1.06 0.9 042 1
QK 6163 BEAZ 544 50 1084 010 099 102 I]BD G1E 1
Nak 386 283 B3.66 1485 001 0.01 a.83 1.04 L1 1
Gak 1825 Thz 158008 23, 016 0% a8r 1.0 103 1

a

Page13



‘” UNIVERSITATEA ,,ALEXANDRU IOAN CUZA“ din IASI PER LIBERTATEM AD VERITATEM

* B > www.uaic.ro
Element \V¥eight % Atomic 3% Met Int Ermor % Hratio Fd R A F
CK 4.15 BT 13.41 7842 001 0 1.07 0.97 02 1
ox 397 TS0 BE0.06 808 025 DZF 103 0.98 939 1
Nak 16.26 12,63 23555 11.24 003 003 0.83 1.01 0.21 1
Mak 132 244 Tars 137e oo0f oo 055 102 023 1
S 12 a1z 571 44 06 005 00% 053 1,02 (ELY 1
Cak Az (ST 17,65 0% 000 000 .50 1.08 @93 1
b

Figure 6. EDS elemental composition on oyster shell target (a) and on the thin film (b)

The elemental composition shows a decrease in carbon content in the Thin Film2 which is in
accordance with chitin deacetylation and calcium carbonate decomposition, in both cases, the
secondary reaction products being in a gaseous state and released. Minerals like sodium and calcium
remain remain adherent to the material of the thin layer in the form of impurities that can be included
in the crystalline lattice or even contribute to its formation and/or to crystalline growth from

crystallites.
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2. Conclusions

The goal of the study was 100% accomplished and the results offer valuable information on the
plasma threshold during irradiation in dual-pulsed laser regime and the matter changes in its structural
organization. The dual-pulsed lasers systems can be used to replace high power single-pulsed lasers
systems when the latter once are not available or are not suitable for the design of the miniaturized
devices. The effects of the interaction of dual-pulsed lasers systems with the matter require in-depth
studies to explain phenomena related to the angle of incidence of the laser rays in relation to each other
and to processes other than the thermal ones that direct the organization of matter in the plasma state
induced with a dual pulsed laser. Obtaining orthographic chitosan crystals leads to the idea that, on the
one hand, conditions were created to preserve some pre-existing crystallite structures in the oyster shell
target and, on the other hand, conditions for crystal growth on the crystallite grains. This experiment
shows that crystalline structures can be obtained by PLD method without heating the deposition

substrate. The oyster shell composite structure used in the experiment provided environmental
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conditions as on Mars due to calcium carbonate decomposition when CO; is released in the deposition
chamber. The initial vacuum conditions (10~ Torr pressure in the deposition chamber) provided the
“free of gas” environment suitable to be filled with the CO; and acetylene released in calcium
carbonate decomposition and chitin deacetylation due to the thermal effects pulsed laser induced.

The simulation in COMSOL provided information on the optimum angle between the two
incident laser beams in order to achieve maximum thermal effect in a dual-pulsed lasers system. Also,
previous numerical models and simulations offered information on the expected plasma thresholds that
can be achieved with different combinations of parameters and time delay in the dual-pulsed lasers
irradiation of various materials used as virtual target.

The experimental results offer more information than estimated meaning that to the functional
laser parameters to achieve plasma threshold required in LIBS, valuable information on the matter
behavior in the conditions of dual-pulsed lasers vacuum irradiation, including, but not limited to

crystals growth on crystallites preserved in conditions of plasma threshold. The study opens new

perspectives of research to elucidate in-deep the phenomena noticed during experiments.
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