Komaonuk, 10 — 14.03.2019.
YHUBEP3UTET V BEOI'PAAY
NucTtutyT 3a pusuky

L

300pHUK ancTpakara

JIBaHaecTa paguoHHUIA
¢poronuke (2019)

(Kondepenmmja)

Book of Abstracts

12th Photonics Workshop

(Conference)

r DAIC

PHOTONICS

EEEEEE

Institute of Physics

University of Belgrade
Kopaonik, March 10-14, 2019



JBanaecra paauonuna gporonuxe (2019)
350PHUK AIICTPAKATA

Komaonwuk 10-14.03.2019.

Wznaje:

HNucturyT 3a pusuky beorpan

3a n3gasayva:

Hp Anekcannap borojesuh, qupekrop
Ypenuuiu:

Hp Hparan Jlykuh, 1p Mapuna Jlekuh, np 3opan ['pyjuh
Tupas: 70 primeraka

ISBN 978-86-82441-49-6

[Iramna:

NEW IMAGE d.o.0.

apa Jymana 212, 3emyH, beorpan

CIP - Karamoruzaumja y nybnukaumijm - HapomhHa Oubnmoreka Cpbuje, Beorpan
535(048)

681.7(048)

66.017/.018(048)
PHOTONICS Workshop (12 ; 2019 ; Kopaonik)
Book of Abstracts / 12th Photonics Workshop, (Conference), Kopaonik,

March 10-14, 2019. = 306opHMK ancrpakara / JIBaHaecTa panuoHuua (QOTOHMKE
(2019), (Koubepenumija) ; [urednici Dragan Lukié, Marina Lekié, Zoran
Gruji¢]. - Beograd : Institut za fiziku, 2019 (Beograd : New image). -
62
str. : ilustr. ; 25 cm
Tiraz 70. - Registar.

ISBN 978-86-82441-49-6

a) Ontmka - ANcCTpakTu b) OHNTOeNeKTPOHMKAa - ANCTPakTU C) TexXHMUKU
MaTepujanu - ANCTPaxkTU
COBISS.SR-ID 274585868




12" Photonics Workshop Kopaonik, March 10-14, 2019

Structural analysis of perineuronal nets with high resolution microscopies

Ana Jakovljevic', Milena Tucic!, Vera Stamenkovic!, Aleksander Kovacevic?, Tanja Pajic?,
Pavle Andjus’

(1) Faculty of Biology, University of Belgrade,Studentski trg_3, 11000 Belgrade, Serbia
(2) Institute of Physics,Pregrevica 118, 11080 Belgrade, Serbia

Contact: M.Tucic ( milena.tucic@bio.bg.ac.rs)

Abstract: Perineuronal nets (PNNs) are compartments of highly organized extracellular
matrix (ECM) around certain types of neurons in the central nervous system. PNNs are
synthesized ,,on demand”, in an activity-dependent manner and participate in the stabilization
of neuronal connections and in the restriction of neuronal plasticity. Their degradation can
reactivate brain plasticity. Involvement of ECM glycoprotein tenascin-C (TNC) in regulation
of structural organization of PNNs and neuronal plasticity during adulthood, has led us to
investigate further its role in context of rearing experimental animals in enriched
environment (EE). EE is an experimental paradigm that induces neuronal plasticity in a
noninvasive way by cognitive, social, motor and sensory stimulation.

The aim of the study was to investigate how TNC deficiency affects the number and
structural organization of PNNs and their reorganization upon EE. Immunohistochemistry
was employed to fluorescently label PNNs with Whisteria floribunda agglutinin. We
qualitative analysed 2D confocal images and afterwards wanted to get more precise and
reliable results, so we generated and analyzed 3D confocal images. Quantification of WFA
intensity was gained from z-stacks of optical slices of individual PNNs. Our results indicated
subtle changes in the integrity of PNNs in the hippocampus depending on the expression of
TNC and on the exposure to EE. Additional preliminary and qualitative studies were done
with two-photon and second harmonic generation microscopy in search of additional high
resolution information.

The results of this pilot study demonstrate that the complex and condensed structure of
PNNs can only be partially resolved in its 3D organization by means of conventional
microscopy. Our next goal is to investigate the topology of PNNs with super-resolution
structured illumination microscopy (SR-SIM). We plan to use a novel approach developed by
Dzyubenko and colleagues [1] that combines 3D SR-SIM and mathematical reconstruction in
order to resolve PNNSs ultra-structure.

REFERENCES

[1] E.Dzyubnko, et al; Topological remodeling of cortical perineuronal net in focal cerebral ischemia and mild
hypoperfusion, Matrix Biology (2018) https://doi.org/10.1016/j.matbio.2018.08.001
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Inducing LIPSS on multilayer thin metal films by femtosecond laser
beam of different orientations

A. G. Kovacevid!, S. M. Petrovic?, B. Salati¢!, M. Leki¢!, B. Vasi¢!, R. Gaji¢!,
D. Panteli¢! and B. M. Jelenkovi¢!
Unstitute of Physics, University of Belgrade, Belgrade, Serbia
2nstitute of Nuclear Sciences “Vinéa”, University of Belgrade, Belgrade, Serbia
e-mail: Aleksander.Kovacevic@ipb.ac.ts

The occurrence of laser-induced petiodic surface structures (LIPSS) has been known for a while
[1]. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for
applications — due to their wearing behavior and corrosion resistance; LIPSS generation may
improve their properties as well [2, 3]. LIPSS properties depend not only on the material but also
on the beam characteristics, like wavelength, polarization and scanning directions, etc. [4].

After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in several
beam exposures, we have analyzed the samples of thin metal film systems with Tescan Mira3
SEM and NTegra AFM. The formation of LIPSS is most probably due to the generation of
surface plasmon polariton, through the periodic distribution of energy in the interaction zone
which lead to thermal processes in layers and interfaces. Two types of LIPSS were generated,
which differ in shape, orientation and in ablation pronounced or not. For consecutive
interactions in the same direction, LIPSS maintained its orientation, while for orthogonal passes
LIPSS with mutually orthogonal orientation were generated. LIPSS period fluctuated between
320 and 380 nm and structures with pronounced ablation have significantly smaller width.
Probable mechanism is that for greater accumulated energy pronounced ablation takes place
giving LIPSS in the form of “trenches”, while for less accumulated energy the buildup of the
material — probably due to pronounced oxidation — lead to LIPSS in the form of “hills”.

ACKNOWLEDGEMENT: The work was supported by the Ministry of Science of the Republic
of Serbia under No. 11145016, OI171038 and OI1171005.
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[1] H. M. van Driel et al., Phys. Rev. Lett. 49, 1955 (1982).
[2] S. M. Petrovi¢ et al., Opt. Laser Technol. 54, 22 (2013).
[3] A. Kovacevi¢ et al., Appl. Surf. Sci. 326, 91 (2015).

[4] A. Kovacevi¢ et al., Appl. Surf. Sci. 417, 155 (2017).
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Laser-induced parallel structures on multilayer thin films of Ni, Pd, Ti, Ta and
\%Y%

Aleksander G. Kovacevié!, Suzana Petrovic’z, Jelena Potoénikz, Marina Lekiél, Branislav Salatic'l,
Vladimir Lazovié¢', Dejan Panteli¢', Branislav Jelenkovi¢'

(1) Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
(2) Institute of Nuclear Sciences “Vinca”, University of Belgrade, POBox 522, 11001 Belgrade, Serbia

Contact: A. Kovacevi¢ ( aleksander.kovacevic@ipb.ac.rs )

Abstract. The interaction of ultrashort laser beam with metal surfaces may induce the
generation of periodic structures (LIPSS) with period less than the incoming wavelength, opening
wide area of application [1, 2]. The presence of the underneath layer influences the quality of the
LIPSS [3] . We have exposed multilayer thin films Ni/Ti, Ni/Pd, W/Ti, Ti/Ta to femtosecond beams
of various wavelengths and powers. The interactions have been performed by Mira900 fs laser of
Coherent. Detailed surface morphology after irradiation was examined firstly by optical
microscopy, and then by scanning electron microscopy (JEOL JSM-7500F, Tokyo, Japan). Two
types of structures have been noticed. Their appearance differ in the direction against the
polarization direction, in pronounced ablation and in the spatial period, enabling their grouping into
LIPSS of higher and lower spatial frequencies. Surface plasmon polariton is seen as the most
probable cause of periodic distribution of energy at the surface and consequently to LIPSS.

Acknowledgements. The work was supported by the Ministry of Science of the Republic of
Serbia under No. 11145016 and OI171038. The authors also thank dr Davor Perusko from the
Institute of Nuclear Sciences “Vin¢a” (University of Belgrade), dr V. Pavlovi¢ from the Faculty of
Agriculture (University of Belgrade), dr D. Veljovié and dr Z. Radovanovié¢ from the Faculty of
Technology and Metallurgy (University of Belgrade) and dr A. Krmpot and dr M. Rabasovi¢ from
the Institute of Physics (University of Belgrade), for their valuable support.
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[3] A.G. Kovacevi¢, S. Petrovi¢, et al., Appl. Surf. Sci. 326,91 (2015).
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Narrowing of laser beam propagating through biological suspension

A. Kovacevict, T. Pajicz, D. Pavlovict, M. Stanics, M. Lekict, S. Nikolict, B. Jelenkovic!
t Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2 Faculty of Biology, University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia
s Institute for Multidisciplinary Research, University of Belgrade, Bulevar Despota Stefana 142, 11060
Belgrade, Serbia
e-mail:aleksander.kovacevic@ipb.ac.rs

Recent demonstration of nonlinear self-action of laser beams in suspension of biological materials, like
marine bacteria and red blood cells, has been reported [1-3]. In this work, we demonstrate nonlinear
optical effects of laser beam propagation through the freshwater green microalga Chlorela sorokiniana,
cultivated in Bold basal medium with 3-fold nitrogen and vitamins (3N-BBM+V).

Chlorella sorokiniana is a species of single-celled freshwater green microalga in the division
Chlorophyta. Its spherical or ellipsoidal cells (3 x 2 um in small cells to 4.5 x 3.5 um in large cells,
sometimes >5 um) divide rapidly to produce four new cells every 17 to 24 hours [4]. The non-
pathogenic species has been chosen as a model organism due to its small cell dimension, rapid growth,
non-mobility and non-toxicity. The algae were kept in the light chamber and the temperature was
maintained at 22" C. Mid-exponential growth phase of algal culture was used for the experiments.

In the experiments, the 532 nm CW laser beam is directed to the glass cuvette that is filled either with
the medium or with algae suspended in the medium. We have monitored the laser beam diameter at the
entrance and exit of the cuvette, and its axial profile through entire cell length. The concentration has
been determined by optical microscopy and optical density and has been varied between 1076 and 108
cm?,

The concentration of the algae and the laser beam power affect the beam radius. Our preliminary results
have shown the effect of light self-trapping, i.e., the decrease of laser diameter when the algae
concentration exceeds 1076 cm while laser power is above 1 W. The difference of the refractive
indexes of the algae and the medium can induce optical trapping of algae, which subsequently changes
the concentration of the algae within the laser beam. This in turn can explain different behavior of the
beam in the medium with and without algae.

We discuss the mechanisms which led to narrowing of the beam including nonlinear effects as well as
potential applications in waveguiding, medical imaging and optimal propagation of laser beam in
biological suspensions.

Acknowledgments. The authors appreciate valuable and helpful comments of Dr. Najdan Aleksic from
the Moscow State Technological University “STANKIN”.
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Apstrakt

Kvantnigeneratori sa solarnompumpom i
drugimsvojevremencegzotiénimnaéinimaeksitacijekaosistemikoji su
svojrazvojpocelijos u dobazlatnekvantneelektronike, i dalje su u
svakodnevnihpotencijalnihprimena.Zavisno od aktivnogmaterijala, koji je
ocenjenkaopotencijalnopogodan, do drugihrazvijenihmetodapumpanja
(nesolarneprirode) neki od materijala su se
vecdokazalikaodobriaktivnimaterijali, a drugi su jos u procenamai
analizamamogucihzahteva i daljihpoboljsanja.U radu je
datonekolikoformalizama, s obzirom da se radi o
raznimmehanizmimapobude,
postojeceiliprocenjeneinZenjerskekarakteristike i
postojecailipotencijalnaprimena sa buducimtrendom.
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Laser beam waveguiding capabilities of the suspension of Chlorella
sorokiniana in water
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Olga Fedotova*, Stanko N. Nikoli¢!, Oleg Khasanov*, Ryhor Rusetski*, Najdan Aleksi¢,
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(5) Moscow State University of Technology “STANKIN”, Vadkovskiy per. 1, 127055 Moscow, Russia

Contact: A. Kovacevi¢ (aleksander.kovacevic@ipb.ac.rs)

Abstract. Controlled light guiding to target regions in biological and biomedical systems
is important for applications like sensing and diagnosis. The penetration depth in tissues,
limited due to scattering, is increased by using conventional optical waveguides, built on
materials like silica glass and hard plastics. More potential for formation of biophotonic
waveguides having higher biocompatibility and biodegradability have natural biomaterials,
like living cells.

Strong scattering and absorption loss in cells is overcome by nonlinear effects arising
during laser light propagation through suspensions of living cells, like marine bacteria [1].
Microalga Chlorella shows more attractiveness due to robustness, simple structure, high
growth rate and ability to grow in various conditions, and its species Chlorela sorokiniana is
most robust and most resistive to heat and intense light [2, 3].

We examined the propagation of the 532 nm CW laser beam of various powers through the
suspension of freshwater green microalga C. sorokiniana of various concentrations. Due to
nonlinear effects, like thermo-optical, scattering, optical gradient forces, the beam modified.
Self-guiding and the changing of cross-section occurred for chosen parameters of power and
concentration. Some of the outcomes might be of interest for applications in biophotonics and
biomedicine: waveguiding, medical imaging and optimal propagation of laser beam in
biological suspensions.
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Beam modification during propagation through aqueous microalgae
suspension of interest to waveguiding

Aleksander Kovadevié!, Tanja Paji¢?, Djordje Jovanovi¢!, Marina Stanié¢3, Danica Pavlovié?,
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Abstract. Chlorella sorokiniana Shih. et Krauss [1], due to its highest resistivity to heat
and high light intensity among all Chlorella species [2], is a good candidate in the applications
of light generation, waveguiding and modulation. Relative refractive index with respect to
water is makes the cells the positive polarizability particles and lowest absorption in the green
region of the visible spectrum [3] reduces the thermal effects generated from the propagating
high power laser beam.

During laser beam propagation through aqueous suspensions of metal nanoparticles or
microscopic marine bacteria, nonlinear effects, like thermo-optical, scattering, optical gradient
forces take place in shaping the beam [4, 5]. However, strong thermal absorption of metal and
sensitivity to strong light of cells limit the range of beam power. We examined the propagation
of the 532 nm CW laser beam of various powers through the suspension of freshwater green
microalga C. sorokiniana of various concentrations, placed in a glass vessel. For two
concentrations of algae (0.5x10” cm™ and 1x10” cm™) and several selected values of beam
power (2-4 W) the beam experiences self-guiding and changes in exit cross section [6]. In this
work, we pay attention to broader range of powers (0.1-5 W) and concentrations and investigate
the diameter change during propagation and the cross-section change at exit wall of the vessel
due to nonlinear effects, which might be interesting for waveguiding and optimal laser
propagation in biological suspensions.
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Real-time fabrication of microstructures on the modified chitosan

B. Murié, S. Savié-Sevié, A. Kovagevi¢, D. Panteli¢ and B. Jelenkovié
Institute of Physics, Belgrade, Serbia

e-mail: muric@ipb.ac.rs

Chitosan is a natural polymer, partially deacetylated derivative of chitin extracted from crustaceous
shells, insoluble in pure water and organic solvents, but dissolves in diluted acidic solutions.
Biocompatible, biodegradable and nontoxic nature of chitosan makes it a suitable polymer for various
applications (biomedical, engineering, food, pharmacy, etc.) [1,2].

A simple and cheap method for preparing modified chitosan (MC) layer as ecofriendly, optically
transparent, elastic, and durable material, for microstructures fabrication is presented. The anthocyanin
food dye (E163) was used for MC layer sensitization makes it responsive to experimentally used blue
laser light. The MC has no toxic effect, that confirmed by the biocompatibility test. The various
microstructures were produced on the MC layer by direct focused laser radiation at 488 nm, with
maximum output power of 100 mW, using homemade laser writing system. The fast produced concave
or convex, aspheric microlenses (individual or closely packed arrays), microchannels, diffraction
gratings, various complex structures etc. can be used directly, without any additional chemical
processing and any waste, for a variety of applications such as: lab on a chip, medical laser, optical
sensors, light-field cameras, security, biological structure, etc [3-5].
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Lasers used in versatile industries and aspects of life [1]-[10], in manufacturing are exploited
for decades in various ways: for material characterization, for measurement and control,
“subtractive” or classical processing\ machining, post processing and for LAM. LAM can be
elaborated and classified with respect to: materials used, design, technologies, or applications.
Variations in terminology exist, since the term Laser-based additive manufacturing (LBAM)
can be found also, referring to a versatile manufacturing technique, extensively adopted to
fabricate metallic components of enhanced properties [11].

Laser techniques, being one of ELION techniques, could be compared in many ways with
respect to the specified role. An operational range of the processing methods grouped within
ELION techniques should be expanded with respect to their emerging point. Comparison can
or should be made, especially for large endeavours, where potentially positive and negative
aspects can be easily found without consequences.

The comparison having more generalized or more sophisticated nature is performed for the
chosen cases and for at least two techniques in paper presented. Special attention is paid to
metrological aspects of more or less destructive laser applications and techniques, i.e. the list
of some kind is presented in generalised manner in descending order of provoked damage.
There are also many of laser-material interactions which are of destructive nature, however
these are either potentially used or serve only as a replacement for incoherent methods,
which gained in accuracy. A selection of results, obtained from several experimental testing of
few processes, is presented.

In particular the paper considered chosen applications of LAM technologies in Biomedical
Sciences and Medicine. Attention is paid to the analytical methods as well and some results
with the laser interaction will be given.
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Abstract. Ultrafast laser surface structuring gains more popularity due to the ability to
improve material characteristics, such as reduction of friction and wear, improving solar cell
performances, activate biomaterials, increase wettabilty etc. [1]. Compared to longer-pulsed
beams, femtosecond beam interaction with materials has small heat-affected zone (HAZ)
leading to fine modification with precise ablation [3]. Linearly polarized ultrashort laser beam
(multiple pulses) can generate periodic surface structures (LIPSS) of sub-wavelength spatial
periods on the surface of materials among which metals are of interest [4-6].

Multilayer nano-scaled thin metal film materials are attractive for applications in
biomedicine as implants or tools, as protective coatings, optical devices, catalytic
components... [7]. Having similar characteristics, Ti and Zr are metals interesting to combine
in specific geometries, like multilayer thin films. The interaction of ultrafast laser beams with
multilayer Ti/Zr thin films can lead to the formation of LIPSS and to selective ablation (layer-
by-layer) of the material from the surface [8].

After static single-pulse irradiation for specific range of pulse energies, ablation region in
the form of concentric circles appeared. For both lower and higher energies, the number of
circles decreased. During multipulse scanning irradiation, where scan velocities varied, LIPSS
of different spatial periodicity were formed.
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Contemporary laser techniques, general application in heritology
and case of building in 7 Balkanska street, Belgrade

ABSTRACT

It seems that the role of lasers in heritology and art has grown more and more since the end of the
20" century; the early attempts of cleaning artistic objects, old monuments / artifacts during the
times of Hedy Lamarr and the first unsuccessful nuclear tests as well as of thinking of holographic
records. After the first series of circumstances linked to laser applications in restoration and
conservation, it seems the coupling of words serendipity-zemblanity-bahramdipity has been
activated. A long time has passed since the first works linked to the Porta della carte of the
Palazzo Ducale (Doge’s Palace) in Venice (marble relief and ruby laser). Nowadays, this type of
work can be treated as standardized and it is implemented in great number of countries [1, 2]. In
the case of Florence Cathedral, the conservation of artworks was proposed by J. F. Fonatello,
panels of the Giotto’s tower of the Florence Cathedral by Andrea Pisano.

The unique roles of quantum generators — lasers — exist both in restoration and diagnostics.
Besides that, the question of source existence — a source that provides completely new artistic
impression with respect to its ideal characteristic of coherency — introduced new tools and
techniques and could be (and was) implemented in many new processes and effects. New artistic
directions were performed, where the source of the coherence became a part of a new artistic
object, a hologram slide provokes the impression of the train entering the crowd, etc. [1-5] The
laser role by using LIBS method in diagnostics in the case of the building in 7 Balkanska street,

Belgrade, was presented in this paper.

Keywords: laser methods, LIBS, heritology, spectroscopy.

1. INTRODUCTION

1.1. Laser methods

Considering of large meaning of cultural
heritage, generalization of material study could be
monitored through: mechanical, corrosion, optical,
dielectric, acoustic or other performances and
appropriate methods. Special role in monitoring is
paid to lasers scattering either in static or dynamic
regimes. Some of methods cover quantum
generators in the region of ultrafast regimes
(zeptos) up to CW regimes. They are of interest for
diagnosis of material quantifications including the
shape of treated artifacts of cultural heritage. The
most usual are quasi elastics Rayleigh, Brillouin,
Raman scattering and their variants.
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Laser spectroscopies with complementary
techniques (infrared — IR), could be applied as a
tool for the investigation of microstructure up to
residual stresses. With inclusion of holographic
methods many answers could be obtained (seismic
data of environment). Note that first mentioned
laser scattering is employed also for control of
ejected particles (material) by laser cleaning of
artifacts  [1-9]. Material performances are
expressed in various formalisms that include
complex expression of all response functions and
higher orders of magnitudes in the case of
nonlinear optics. Depending on input laser
parameters and demanded responses, respective
techniqgues should be chosen. Contemporary
theories and optical/acoustic methods give new

possibilities and links with mechanical elastic
moduli. Values for sound speed in materials
implemented in calculations of characteristic

frequency shifts could be used in corresponding
laser techniques (stimulated Brillouin scattering). It
is obtained by monitoring basic laser lines,
scattered line shapes, their shifts and provoked
other nonlinear effects, when the intensity of
incident laser beam exceeds threshold values for
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stimulated processes (second harmonic generation
— SHG - up to the disintegration level-threshold for
hardness of material to radiation). Note that the
obtaining the prediction of the disintegration
threshold from measured linear Rayleigh
components [10,11] is important.

The answer on fundamental relationships
which link the interactions of electron, X, gamma
and other photon (quasi-photon) beams of
electromagnetic (EM) radiation with relations
between moment and energy, is sought during
making the decision which technique will be used
for measuring the chosen processes [6]. The key
parameter in selection of measuring techniques is
energy transfer vs. moment transfer during
scattering of various beams of radiation and
particles.

Details could be followed through abundance of
literature on ELION techniques, ELION being one-
word abbreviation which denotes electrons, lasers,
ions and neutrons [6,12]. Interesting conclusion
could be retrieved on the choice of measuring
techniques/spectroscopy (visible photons, X-rays,
neutrons) comparing flux of monoenergetic quanta,
associated wavelength, AMNA, coherent volume,
degeneration parameter and quantum counting
efficiency. Being new sources with frequency
tuning, numerous laser types open possibilities for
obtaining various relaxation times and monitoring
of solid state dynamics. Abundance of literature
provides some characteristics of sources of optical
photons, neutrons and X-rays, which are used for
purposes of scattering or of material interaction.
During examining the interaction of EM radiation
with material, is necessary to use classical tools for
considering light scattering as like Maxwell theory,
Hertz’'s potentials and Poynting vector.

Many techniques, including micro-interfero-
metry, can be used for the estimation of practical
technological questions in the research of metals,
surface roughness/relief and the effects caused by
various processing regimes. Of particular
importance is to study the effects of processing
finesse to surface reflectance. Surface physics and
the propagation of ELION beams through two or
more different milieux are particularly intricate
areas both from experimental and from theoretical
approaches [12].

1.2. Categories of hewer spectroscopies

Spectroscopies have intruded in various areas
of life: science and engineering and new categories
with nano-particles have their place [12-18]. They
master the same techniques which had been
developed for sophisticated purposes of military or
civil applications, and swiftly transfer to everyday
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use. In such way, they helped each other in the
frame of physics-chemistry-technology of materials,
and measurement techniques. Instruments for
reflection measurements in non-linear range are
complex, and the moments of phase transitions
could be monitored, rate of crystallization with
laser-assisted processes, plasma phenomena, etc.
In measurement hierarchy, precise measurements
of reflection coefficient of various materials, leads
to lower and higher-quality definition of material's
reflective characteristics (color, gloss, haze, etc.).
Results of radiation-matter interaction (melting,
evaporation and ejection processes, micro-
hardness changes etc.) are not in accordance with
data obtained by the spectroscopic analyzes of
ejected material [19].

Surface physics could be treated as a branch
of science for the processes on the phase borders
[14-16]. Basic surface parameters (composition,
atomic distribution, electron states, morphology
and texture), have a direct influence on functional
characteristics: optical, mechanical, chemical,
electrical and magnetic. This is important for
material synthesis in contemporary technologies:
nanoelectronics, optoelectronics, heterogeneous
catalysis, protective layers with high micro-
hardness and with long chemical durability,
magnetic memories. For most of them, a task for
quantum generators and stimulated processes
could be defined. Many developed experimental
techniques differ by the object of measurement:
sensitivity, information depth, lateral resolution and
destruction. There is no technique which encloses
only positive aspects, not even for a unique object
of measurement. Complementary techniques have
become the rule. Many of them are connected to
laser-material interactions. Among them are: direct
recoiled spectroscopy (DRS) and low-energy ion
scattering spectroscopy (LEIS), used for compound
analysis and the distribution of atoms. The list of
techniques is broadened with mass analysis,
secondary ion mass spectroscopy (SIMS) and
mass spectroscopy of direct recoiled ions (MSRI).
They provide deep profiles to analysis. LEIS and
DRS are superior to SIMS and MSRI in surface
sensitivity. The  implementation of laser
spectroscopies can give: electron structure, surface
symmetry, surface morphology by laser speckle
analysis, dynamic processes on surfaces. They are
non-destructive and are used for analysis of both
transparent and non-transparent  materials.
Obtained information on optical characteristics
enables research of phase boundaries inside
sample. Detailed examinations in situ of epioptics
implemented to good characterization of system
under ultrahigh vacuum (UHV) still are not
numerous.
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At least 17 new methods for characterization of
dielectric susceptibilities of various orders in
formalisms of nonlinear and epioptics could be
found as a support. The same holds for optical
absorption measurements where are calorimetry,
photothermal, photoacoustical, photoconductive
and photoluminiscence excitation spectroscopies.
Some of new techniques as LIBS (Laser Induced
Breakdown Spectroscopy), LAMS (Laser and
Molecular  Spectroscopy), LAMMA  (Laser
Microprobe Mass Analysis), SHG (Second
Harmonic Generation), and other non-linear
techniques are linked to microscopic destructive
processes. Some of our results are linked to
computer approaches that may lead to
transformations for melting or other phase
changes. With respect to materials (dielectric,
metal and semiconductor) and dynamical regimes
of operation, new theories could be included for
ultrashort interaction (some of them already
penetrated into nucleus). Specially, fields that
include up-to-now separated processes are
developed thank to non-linear phenomena.

2. THE CASE STUDY OF BUILDING IN 7
BALKANSKA STREET AND LIBS
SPECTROSCOPY

In case of the building of the Central Institute
for Conservation (CIK) in Belgrade, various
methods should be applied for obtaining an
objective  comparison between old and
contemporary conditions, always in accordance
with the regulations of heritage preservation and
construction requirements. Diagnostics could be
performed by laser and conventional techniques
and in this paper weather stripping (mortar) is
analyzed by LIBS. More informations could be
obtained after the implementation of several
techniques, which can be used for the estimation of
the age and quality of old or recent materials, used
since the construction times to contemporary times.

Besides conventional methods, new methods
for historical houses with walls of pressed soil and
weather stripping — mortar — have also been
analyzed and developed nowadays [20-22].
Characterization usually begins from old methods,
but among the new ones many are based on
guantum generators in various working regimes.
(Old methods for better understanding weather
stripping/mortar include many of next
characterizations: proportioning - water,
consistency, water/cement ratio, water/binder ratio,
compressive strength, flexural strength, elasticity
modulus, density of hardened mortar, capillary
water absorption; diagnosis of main parameters
affecting contact area between mortar/weather
stripping rendering and substrate — 3D laser
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scanning). There are many publications about
historical engineering materials of the object
implemented. A number of test groups have been
set. These are the characterizations of chemical
and mineralogical characteristics, physical and
mechanical characteristics, particle distributions
and trembling. The determinations can be grouped
into two instrumental techniques: XRF/XD and
SEM/XRD, as well as the adaptations of standard
UNE-EN  methods for investigations and
gualifications of these materials. The example of
the ramps in Seville and Malaga may serve as a
case study. It is a masonic construction of modular
type, where weather stripping has been put and it
has been filled with dirt and other components and
tamping down in batches.

Rammed earth is in the focus of research of old
buildings: in the context of sustainable building,
contemporary interest for the earth as an
engineering material is widely developed. Heritage
of rammed earth in Europe and world is significant
and scientific approach is being held. Durability and
sensitivity to water, thermal characteristics, life
comfort and mechanical compressive strength
should have been taken into account.

2.1. Short Historical background of building

Here, some historical details of analyzed object
will be presented. The object was erected for
business purposes, built in around 1925. It is
shaped in the spirit of late academism with
elements of secession in decorative solution in the
gable from the central part of the roof, and fences
of the balconies of floor etages. Facades are flat
and simply shaped with shallow side riyalites with
encapsulated windows. The name of the architect
who conducted the project is unknown, because
the original documentation disappeared during the
bombing of Belgrade in the 2" World War. From
the aspect of protection agency, it is valorized as
an  architectural-urban  value  harmoniously
incorporated into the historical ambient of the
Terazije area which enjoys the status of the
heritage under previous protection.

It is in the same lot with Anker Palace, which
was built by “Anker” Vienna Insurance Company in
1899 under the project of architect Milan Antonovié.
This area incorporates “Atina” palace, hotel
“Moskva”, the house of Aleksa Krsmanovi¢ and the
building of the Bank of Smederevo as a part of a
representative civil engineering ensamble of
Terazije formed in the end of the 19" and the
beginning of 20" century [23].

In Figs. 1 and 2. the pictures of the object are
presented, including details of deteriorated
surfaces.

Layers of mortar (weather stripping) are clearly
visible on many places.
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Figure 1. Front view of the main front fagade of the object

Slika 1. Pogled sa prednje strane na glavnu fasadu objekta

Figure 2. Another view of the main facade of the object

Slika 2. Bo¢ni pogled na glavnu fasadu objekta

2.2. Some performed experiments with LIBS for
further restoration

Part of the study of buildings of interest for
cultural heritage could be and should include the
state of the building’s material. There are many
standard techniques for the testing of the civil
engineering materials [21, 22, 24-27]. Having in
mind that here it started with laser techniques
suitable for buildings, their parts, interiors and
exteriors, first usable techniques could be and are
LIDAR, scanner, range finders, and other
developed systems that are based on some of the
guantum generators [28-30]. Here is chosen the
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state of weather stripping from some special places
that are selected from by experts from the field of
restoration [23]. In theory, material for restoration
should be, if possible, similar to the initial used
material.

LIBS (or LIPS) is chosen parallel with other
non-laser systems and methods to reveal and
specify components of selected samples of mortar
(weather stripping) from the facades. For the
beginning, here is started with LIBS experiments. It
means that there is a possibility to analyze the
interaction between laser beam and mortar
(weather stripping) or to see the contents of the
material. Further analysis with complementary
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techniques is expected to reveal whether the
material is from the time when building has been
erected or some other details about influence of
weather stripping on mortar up to day. LIBS
techniques could be defined through ~18
techniques among which are based on the
interaction of various laser types: micro-destructive
2, destructive 10, non-destructive 6 (among which
some of them are both destructive and non-
destructive). LIBS system is micro-destructive was
non-portable in the beginning [22]. LAMMA s
excluded in the table from this reference. LIBS is
chosen as a relatively new technique for material
analysis; it is linked to the development of lasers,
spectrometers and detectors.

LIBS techniqgues show lower precision
compared to other analytical methods, but in turn
are contactless and suitable as a preliminary
investigation. The methods are characteristic for
their complexity of interaction, but some depend on
chosen laser and material. In general, the methods
are based on the analysis of plasma radiation. The
emission spectrum of provoked plasma consists of
atomic, ionic and molecular states, etc. The
inhomogeneity and time dependent changes of the
shape of LIBS plasma are followed by the change
of plasma parameters, specific distribution, spectral
lines and the emission in plasma plume. Therefore,
the spectra interpretation might be hindered [28—
38].

Figure 3. Mortar sample (=5cm long) subjected to
analysis with microdamages provoked by LIBS

Slika 3. Uzorak maltera (=5cm duzine) za analizu;
mikrooStecenja su nastala tokom LIBS analize

One of the samples, presented in Fig. 3, has
subjected to the analysis of weather stripping
composition by monitoring the most intensive
recorded lines. Those samples will be the object for
further investigations, respecting to the interaction
with one or more laser beams. Here, the damage
obtained by LIBS is presented as macroscopic
view and further by spectral diagrams, with
markings on curves offered by LIBS. After those
recordings, the same samples will undergo to XRD
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analysis, and provoked microdamages need
applying using techniques as SEM or TEM, may be
other complementary spectroscopies.

2.3. LIBS spectra of mortar samples

Here, three samples were selected for the
analysis with notation as follows:

1. Sample 1 - small grey mortar;

2. Sample 2 - large grey mortar;

3. Sample 3 - pink mortar.

The plasma was generated by a Nd3:YAG
laser (Q-smart 450) emitting 5 ns pulses at 1064
nm. The beam was guided by mirror (45° angle) to
focusing lens of 10 cm focal length placed
perpendicularly to the target. The mortar target was
positioned 1 mm in front of the focal point, so the
0.5 mm spot was obtained. The incident laser
energy on the sample was 500 mJ. In such
conditions, the laser fluence was 2.5 J/mm?2,

In Fig 4, the macrosopic image of a crater after
LIBS action is presented as a detail from Fig. 3.
The damages could be the object of further
analyses in the aim of finding the relation between
laser parameter and provoked damages at the
materials. Here, in the first plane, are only the
results of the analysis of ejected materials via
plasma phenomena.

Figure 4. Macrograph of the area marked
as B 9955, recorded by optical camera

Slika 4. Makrosnimak povr$ine oznacene
kao B 9955, snimljeno optickom kamerom

Generally, there is not much difference in the
shape and qualitative parameters of the created
damages. Plasma radiation was through the
entrance slit (50 pum wide) of the Shamrock 303
(Andor) imaging spectrometer using mirror and
guartz achromatic lens (focal length f = 33 cm). The
change of the diffraction grating (300, 1200 or 2400
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grooves/mm), slit width and wavelength position
were performed using commercial Andor Solis
software. The instrumental width with 1200
grooves/mm grating and 50 um slit width,
determined using Oriel penlight calibration lamps
was 0.35 nm.

The acquisition gate width, ts, and delay, to, are
determined with digital delay generator, DDG
(Stanford Research Systems SRS, Model DG535).
The spectra were recorded using gate delay of 0.6
ps and gate width of 100 ps. Such gating is a
standard LIBS procedure which prevents the
recording of pronounced continuum radiation in the

15000 -

first 0.6 ps. Much faster decay of the background
emission versus line emission opened the
possibility for improvement of S/N ratio of lines of
interest by selecting proper time for spectra
recordings. The accumulation of the signal was
necessary due to the very weak signal of lines. For
that reason every spectra were accumulated over
10 laser shots.

In Figs. 5-10, some characteristic LIBS spectra
of samples are presented by using common
denotation which are commonly used in describing
of LIBS results, according to the appropriate
literature [32-34].

Cal

365 370

Wavelength [nm]
Figure 5. LIBS of the samples in the range 360-370 nm

Slika 5. LIBS uzoraka u opsegu frekvencija 360-370 nm
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Figure 6. LIBS of the samples in the range 394—404 nm

Slika 6. LIBS uzoraka u opsegu frekvencija 394—404 nm
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Figure 7. LIBS of the samples in the range 430—450 nm

Slika 7. LIBS uzoraka u opsegu frekvencija 430—-450 nm
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Figure 8. LIBS of the samples in the range 580-618 nm

Slika 8. LIBS uzoraka u opsegu frekvencija 580—-618 nm

3. DISCUSSION

For this preliminary investigation of chosen
samples, LIBS was used as contactless method
which provokes minor material damage. Detailed
investigation of material and the interpretation of
obtained LIBS data, however, are in correlations in
complex theoretical and experimental facts, as a
consequence of searching the correlations
between the found element position at the Periodic
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table, their characteristic constants linked to
ionisation, thermodynamics data, surface physics
also with depth of the laser provoked craters, etc.

LIBS spectra from Figs. 5-10 represent the
identification of several elements found in samples
1-3. At those wavelengths and recording
parameters, here are registered peaks from
resonant transitions of those elements (in form of
excited ions), when excitation is performed during
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interaction of laser beam with target surface,
assuming that multi-photon transitions did not take
place. The aim in this moment is to find out
preliminary results, and after that to use various
other methods based on other systems as non-
destructive spectroscopies but more conservative

methods, in which the sample will be crushed to
powder state. Other techniques might be used for
defining specimen’s color, before and after laser
treatments in solid state, by using quantitative
formalisms, etc.

Cal

T
650 655 660

Wavelength [nm]

Figure 9. LIBS of the samples in the range 640-660 nm

Slika 9. LIBS uzoraka u rasponu frekvencija 640—-660 nm
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Figure 10. LIBS of the samples in the range 690-710 nm

Slika 10. LIBS uzoraka u rasponu frekvencija 690—-710 nm

The explanation of provoked dynamic plasma
state is complex task that presume to use
complementary techniques and theoretical models.
Our approach was to perform experiments and to
analyze the most intensive detected processes. By
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analyzing the spectroscopic view in short range of
wavelengths, only the most intensive peaks were
found and identified as clear representatives of
existing transitions. Each laser spectroscopy as
well as spectroscopy with non-coherent sources is
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characterized with their own spectroscopy
formalisms. Note that in some of them parallel exist
two formalisms. Here are used common notations
for LIBS, and its database in which are recognized
the state of some constituent of samples. The
identification of Al or Ti could be found in the
literature [37,38]. More details for composition of
used samples should be expected in further
investigation, for example by using infrared (IR),
Raman and other techniques as well as XRD, or
chemical analysis. For Raman and IR spectra there
is a direct correspondence among the two spectra
which enables the interpretation of the connection
between the materials, their bonds etc.

For materials with unknown content, as is in the
case of cultural heritage artefacts, it is necessary to
damage the specimen as little as possible. Sample
preparation for electron microscopy or some other
technigue needs the transformations of sample into
powder. In this way, the samples will be completely
destroyed and lost for further evaluations.

Spectra of two grey mortar samples are similar,
with all analyzed lines in small grey mortar sample
spectra being more intensive. In grey mortar
sample spectra it was possible to detect Ti | which
is not present in pink mortar sample. Nevertheless,
those given lines are detected also in pink mortar
sample, in which their intensities are significantly
greater, together with the concentration of given
elements: Fe I, Ca I, Al I. The only difference
between two grey mortar samples is that the small
grey mortar sample has K I, while large grey mortar
sample has not. In the pink mortar sample
spectrum K dominates. There is more Na than in
grey mortar samples. In the spectrum, the lines of
Fe |, Ca |, Al | are also detected, but they are of
significantly lower intensity than in grey mortar
samples. These initial data could be used for
further refinement of the LIBS measurement
possibility.

4. CONCLUSION

Chosen examples from the cultural heritage
here are investigated by LIBS, which was
developed on the basis of long-term research and
couplings with laser-plasma-diagnostics-production
methods. Comparing the damages of three
samples, it could be noticed that there are no much
differences in the shape and quantitative
parameters of the performed damages.

Since laser induced breakdowns cause
complex atmospheric compositions, identification is
performed among ion transition of the elements as
like Ca, Na, Al, Fe, Ti, when characteristic
notations were used as valuable for this
spectroscopic method. At wavelengths applied
here it was not possible to register elements as like
silicon or oxygen, for which other laser or non-laser
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techniques should be used in further investigations,
due to the complexity of the problem.

For further investigation, the answers according
to the question on the relation between SEM and
EDX to the LIBS method, their advantages also
disadvantages of these parallel techniques, are
expected. Discussions on various contemporary
and classical types of mortar and other applications
of laser related with cleaning of fagades will be
provided.
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1ZVOD

SAVREMENE LASERSKE TEHNIKE | OPSTA PRIMENA U HERITOLOGWJI
| SLUCAJ ZGRADE U BALKANSKOJ ULICI 7, BEOGRAD

Cini se da je uloga lasera u heritologifi i umetnosti u stalnom porastu od kraja 20. veka; rani su
pokuSaji ¢is¢enja umetnickih objekata, starih spomenika ili artefakata od vremena Hedi Lamar
(Hedy Lamarr) i prvih neuspes$nih nuklearnih testova, kao i razmiSljanja o holografskim zapisima.
Posle prve serije okolnosti vezanih za primene laserskih tehnika u restauraciji i konzervaciji,
izgleda da je sprezanje reci serendipity, zemblanity i bahramdipity aktivirano. Pro$lo je mnogo
vremena otkad su obavljeni prvi radovi vezani za Porta della Carta DuzZdeve palate (Palazzo
Ducale) u Veneciji - mermerni reljef i rubinski laser. Danas ovaj tip radova moZe da se tretira kao
konvencionalan/standardan i primeni u nizu zemalja [1, 2]. U slucaju Katedrale u Firenci Fonatelo
(J. F. Fonatello) je prediozZio konzervaciju umetnic¢kih objekata, Pizanove (Andrea Pisano) panele
na Dotovoj (Giotto) kuli Katedrale.

Jedinstvene uloge kvantnih generatora — lasera — postoje i u restauraciji i u dijagnostici. Osim
toga, pitanje postojanja izvora — izvora koji nudi potpuno novi umetnicki utisak u odnosu na
idealne osobine koherencije — uvelo je nove alate i tehnike i moglo je da (i jeste) primeni mnogo
novih procesa i efekata. Novi umetnicki pravci su izvedeni, gde je izvor koherencije postao deo
novog umetni¢kog objekta, hologram je izazvao utisak da voz ulazi u masu ljudi, itd. [1-5] Uloga
lasera u dijagnostici i u svrhu konzervacije i neke primene na sluaj zgrade u Balkanskoj 7 u
Beogradu je prikazana u ovom radu.

Kljucne reci: laserske metode. LIBS, heritologija, spectroskopija.
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Hp Mapko Pocuh, @akynreT TeXHHYKHAX HayKa, Y HUBep3uTeT y Kparyjesiry
Hp Anexcangap Poguh, MactutyT Muxajno [lynun, YauBepsuret y beorpany
Hp Ilnaton CoBusk, @akynrer TEXHUYKUX Hayka, YHuBep3uTeT y HoBom Cany
Hp Amnera [Ipujuh, Enexrporcku daxynrer, YauBep3uteT y Humry

p Heb6ojma lonuos, Enextponcku dakynret, YauBep3ureT y Humry

[p Becna Ilaynosuh, Enexrponcku ¢akynrter, Yausepsuter y Humy

Hp HAparan [lejuh, @axkynrer TeXHUYKUX Hayka, YHuBep3uTeT y HoBom Camy
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[p Tartjana [lemuh Bphanun, Yausepsuretr bama Jlyka
Hp Kocra JoBanosuh, Enexrporexnuuku daxynrer, YHuBep3uTeT y beorpany
p ’KuBana JakoBsbeBuh, Mammacku dakynrer, YHUBep3uTeT y beorpamy

MNPOTPAMCKHU OABOP 3A CHIELHUJAJIHE CECHUJE

[pod. np [Inaton Coeusb, HoBu Can, CpOuja

[Ipod. np Anexcanapa Cmussanuh, beorpan, Cpouja

IIpod. np boxumap ITonosuh, Mcrouno CapajeBo, bocHa n Xeprierosnna
ITpod. ap Muneca Cpehkosuh, beorpan, Cpbuja

[Ipod. np Jenmuua IIporuh, beorpax, Cpouja

IIpod. np Bragumup Katuh, Hosu Cagn, Cpbuja

[pod. np Cno6oxan Bykocasuh, beorpan, Cpouja

[pod. np Cphan Jlane, Ucrouno CapajeBo, bocHa u Xeprerosuna

OPI'AHM3ALIMOHH OABOP

IPEACEJHUK
[pod. np Boxkunap I[Tonosuh, Mcrouno CapajeBo, bocHa n Xepuerosuna

MOTNPEJACEIHUINA
IIpod. np Cphan Jlane, Uctouno CapajeBo, bocra n Xeprierosuna
[pod. np Cnoboxan JIyoypa, Uctouno CapajeBo, bocha u Xepiieropuna

YJIAHOBH

Ipod. np Mnanen bamanun, Mctouno CapajeBo, bocHa u Xepueropuna
ITpod. ap Hukona JaBunosuh, Ucrouno CapajeBo, bocna u Xepuerosuna
[Ipod. np 3opana Manauh, Mcrouno CapajeBo, bocra n Xeprierosuna
[pod. np Huxona Kykpuh, Mcrouno CapajeBo, bocha u Xepiieropuna
[pod. np Mapko Ukuh, Mcrouno CapajeBo, bocHa u Xepuierosuna

ITOJAPIIKA MPOMOIIMJA HATPABEHUX PAJTOBA
[pod. ap Munuh bekuh, Yauak, Cpouja

OJBOP 3A ITIPOT'PAMCKO-TEXHUYKY MOJPIHIKY

Hp Mapko Pocuh, YUauak, CpOuja

Mcp Y3axup Pamananu, beorpan, CpOuja

Mapxko Byjanunosuh, beorpan, Cp6uja

Anexcanngap PamkoBuh, beorpan, Cpouja

Bojan Cy6otuh, Mcrouno CapajeBo, bocna u Xepuerosuna

CEKPETAPUJAT ETPAH-A
Mupjana Josarnh, [Ipymreo 3a ETPAH
3narko Japuesuh, dpymTso 3a ETPAH
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SS-FO1.8  DIGITALNA FORENZIKA - PRAVCI RAZVOJA NASUPROT
AKTUELNOJ PRAKSI

Milica Jankovi¢, Radovan Radovanovié, Nikola Mitrovié and Milan Jovanovié

Jururanna ¢opeHsuka npencraBiba HajakTyeIHUjy Tpany ¢opensuke. Kako ce pa3suja
nH(OpMaTHIKa HayKa ¥ TEXHOJIOTH]a Y LIETMHH, TaKO Ce U JUrHTanHa (GopeH3nka Mopa
pas3BHjaTH J1a OM MpaTwiia TPEeHIO0BE U Jajla pelere 3a CBe MpoliieMe y CBOM HAyYHOM
JOMeHy. Y OBOM paly ce MpuKasyjy IDIaHHpaH Hallpelak y OKBHPY OBE HayKe, Kao U
TPEHYTHH HOCTYIIIHN Y MIPAKCH, U Jaje ce BHX0Ba YIOpeaHa aHAN3a.

SPECIAL THEMATIC SESSION: MULTIDISCIPLINARY
SESSION/
SPECIJALNA SESIJA: MULTIDISCIPLINARNA

SS-MD1

Utorak/Tuesday, Jun/June, 06", 15:00 — 18:00, Sala 5/Hall 5

Chair/Predsedavajuéi:
Milesa Sreckovié, Univerzitet u Beogradu, Elektrotehnicki fakultet, Beograd,
Srbija

SS-MD1.1  LASER INDUCED SURFACE NANOSTRUCTURES AND POTENTIAL
CONTEMPORARY AND FUTURE APPLICATIONS
INVITED PAPER

Aleksander Kovacevic

The interaction of laser beam with materials surface induces various effects and features,
commonly leading to the modification of the material — both the surface and the bulk.
Ultrafast laser beams have special properties which their interaction with the materials
separate from the interaction with other types of laser beams. Pulse length is shorter than
the response time of the material which enables material modification under specific
conditions. The occurrence of plasmon polariton, together with the self-organization of
the material, generates parallel surface nanostructures with period shorter than the beam
wavelength. The potential applications are interesting and can be implemented in many
areas.

SS-MD1.2  MIXED SPEARMAN’S CORRELATION SUITABILITY FOR SINE-
SHAPED INDEPENDENT VARIABLES IN NATURAL SCIENCES

Miodrag Malovié, Vera Vukanié, Darko Jevremovi¢ and Ljiljana Brajovic¢

Pearson’s and Spearman’s methods are most often used in popular software packages to
calculate the correlation coefficient between two variables in natural sciences. The
difference between them is that the Pearson’s method takes actual numerical values into
account whereas the Spearman’s operates with their ranks. Ranking is often efficient in
dealing with nonlinearities and outliers in the data. However, not both independent (x)
and outcome (y) variable have to be suitable for this. We propose not to rank the
independent variable in case it comes sine-shaped. Most notable example of such a
variable in nature is the temperature. It is sine-shaped due to day-night and summer-
winter transitions. It does not contain many outliers, not only due to the shape, but also
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/lpylITBO 3a €/IEKTPOHMKY, TENEKOMYHMKALM]E,
PAYyHapCTBO, ayTOMATUKY U HYKNEAPHY TEXHUKY

NOTBPAOA

OpywTso 3a ETPAH, beorpaa, Cpbuja, uckasyje cBoje AMB/bEHE U 3aXBa/IHOCT

AJNIEKCAHOEPY KOBAYEBURY

3a npe3seHTaynjy PAAA NO NO3UBY

“Laser induced surface nanostructures and potential
contemporary and future applications”

Ha CneunjanHoj TeMaTCcKoj cegHUuM MyntuamncumnanHapHa
Ha LXVII koHdepeHumjn ETPAH — ETPAH 2023,
y ctouHom Capajesy, bocHa n XepuerosmHa.

UcTouHo CapajeBo, bocHa n XepuerosuHa, 6.6.2023.

NpeaceagHuk ApywTea 3a ETPAH
Mpod. ap Bnagnmup Katuh




HAYVYHU PAJ]

JJACEPCKE TEXHHUKE U CIIPETE CA JIPYT'UM TEXHUKAMA V¥V
[NPOBJIEMATULI JAHAIIBUIE V TEOPUIA U [TIPAKCHU

Muieca Cpehkouh', Anexcannep Kosadesuh?, Ano Jannhnjesuh’,
Cyzana [onmh?*, 3opan Hemuh’, 3opan Cresuh'*®, Cama Jepruh’,
MusoBan Januhujesuh'*

! Enexmpomexnuuxu gpaxynmem, Yuusepsumem y beozpady, Cpéuja
Hnemumym 3a gusuxy, Yuusepsumem y Beoepady, Beoepad, Cpbuja
3 Texnonowro-vwemanypuu paxynmem, Yuusepsumem y beoepady, Beozpad, Cpbuja
Lenmpannu uncmumym 3a konsepsayujy, beoepao, Cpbuja
‘@akynmem 3a gusuuxy xemujy, Yuusepsumem y beoepady, Beoepad, Cpbuja

STexnuuru gpaxynmem y Bopy, Vnusepsumem y Beozpady, Bop, Cpbuja

" Akademuja mexHuuKo-yMemnuuKux CmpykogHux cmyoujd,

Oocexk sucoka sicenesnuuxa wxona, bBeoepao, Cpouja
XMemaﬂaL;, a. 0., l'oprwu Munanosay, Cpouja

Ancrpakrt: [IpobiemMn naHammsuLe, pro et contra HOBHX IpoJopa y
BHCOKe (ppeKBeHIIMje, alli U TTaHAEeMHja, Kao J1a Cy MO3Ball Ha jOIII CIIOKEHH-
j€ Kopenaigje U crpesarma 00acTH: HayKa, [TPaKca, Mac-MEIUjH y caBiaaa-
BamYy IITO 00Jbe IECKPUIILIKje oxpel)eHuX mpolieca y 3ajeJHUYKUM HarlopuMa
na ce m3ahe u3 curyanuje y kojoj ce Ham ['nobyc Hamao. Buiie Hero mkaj,
MOTPEOHO je MHOTO MYJTHIMCUMILIMHAPHOT paja, ajli U YCKO CIIeIH]jajH-
CTMYKHMX CO(QUCTHIMPAaHUX TO3HaBama 00JacTH y KOjuMa Ce HEITO HCTpa-
Kyje.

VY mIMpOKOM ¥ TE€HEepaJM30BaHOM NPHUCTYITy MHTEpPaKIHje KOXEPEHT-
HOT 3paycka ca MaTepHjaioM Kao Ja ce TyOu rpaHuia niMely KIacHYHHjUX
npuja3a pacejamy / HHTEpaKIHjH, jep je ojaM CTUMYIHNCAHUX TIPoIieca U Bp-
JI0 KPaTKUX MMITyJICa OTBOPHO OJIMCKA TOIPYYja y CIIpe3amy ca MaTepHjaioM
(y mmpokoM cMmucity yKJbydyjyhul 1 OMo-(peHOMEeHe) i THME 3aMarifo Tpe-
HYTaK KaJ cy jxuBe hemnuje modvesne Ja y4ecTBYjy y ONTHYKHM 3alKkcuMa, a
MO3HATO j€ Jia CTATUCTHKA U3 OMOJIONIKKX Tpolieca MOXKe J1a peliaBa npooJe-
Me caoOpahaja u ci1.

VY oBoM paxy he ce pa3MOTpUTH MHTepakiMja MaTepHjana ca CTHMY-
JIMCAHUM EJIEKTPOMAarHeTHUM 3pavyeHeM, HCHU PE3yNTaTd M INTO TauyHHja
Jeckpurniyja Moryhux npoueca. CTaBibambeM akIeHTa Ha ONTHYKY BHIJBHBY,
uHppanpseny u ynTpaspyondacty obnact, ckunupahe ce 1 Heke IpuMeHe oc-
TaJoT JIeNia eNCKTPOMArHeTHOT CIIEKTpa M MOJYJalhje MaTepujaia Hin Hu-
XOBE MepHE MOT'YhHOCTH.

3a m3abpane mpuMepe MaTepHjaia pa3HHuX Kiaca, mocMmarpahe ce mu-
X0B MoOryhu onuc KapakTe pUCTHKa IIpe W I0cjIe HHTEpaKIyje ca TIeIuIITa
JIaCepCKUX, TEPMOBH3H]CKHUX, M JPYTHX TEXHHUKA, I/Ie I0jia3e 0 u3paxaja 3a-
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IHCH NPOY3POKOBAHUX aKyCTHUYKHMX WM HM3a APYTHX CIPETHYTHX edekaTa
ca TepMUHOJOTHjOM MarHeTHO-ONTHYKH, EJIEKTPO-ONTHUYKH, aKyCTO-ONTHY-
KU, OIITOMEXaHUYKH U ci1. Pa3 MoTpuhe ce u n3abpaHu TEOPETCKU CIOKEHUjH
MOJICITH Cca PavyyHapCKOM MOJPIIKOM, alld U jeTHOCTaBHE Kpajie (opmyie,
KOje BOJIC JI0 PENATUBHO KOPHCHUX MPOIICHA Y UCXOAY MHTEPAKIHje MPHUITH-
KoM Tipahera MOojeqMHOT KaHajda u3nasa. Y CIEKTPOCKOICKOM MpHiasy -
ckyToBahe ce /IeI0OBH CHEKTPOCKOIHja KOjH Y CeOM MMajy J1acepcKe Wi CTH-
MYJIMCaHe U3BOPE U TUME OTBOPECHE HOBE WJIM CaMO MOOOJBIIAHE CIIEKTPOCKO-
mmje.

TakBuUM npuIa30M, HHTEPIPETALHjE TIOCTajy BEOMa OCETIbUBA MOIPY-
yja. [IpucTyn nmpuMeHe JacepcKHX M HEJIACePCKHX TEXHHWKa Ha MaTepujaie
yoniuTe (Ha OMomarepujajie, Ha 00jeKTe XEPHUTOJIOTHje WIIM 3a CIICIjaHe
HaMmeHe) U JeduHHcambe y30paka U Mepema Ha 01a0paHuM O00jeKTHMa WU
MaTepH jajuMa, U TIpakKca, TCOpHja, PEaaTHOCT y 00JacTMa KyJITypHE OariTH-
He, MeIMIIMHE WM CeUMpUIHUX 00J1a CTH KOje YKIbYdyjy omrehema, KopH-
CHE JICCTPYKTHUBHE TIPOIIECE MK SKCIUTO3UBHE MpOoIiece NPH MPUMEHH J1acep-
CKHMX TEXHHKA, OMET OTBApa MUTAMbA JTACEPCKUX olnTelicha i BHXOBUX Jehu-
HUIMja. Ya3ak y oONlacTH 3allTHTE ca M3a3UBameM Mpo0oja JacepoM Hin
MHHUIIMjalrjaMa pa3HuX Ipoleca, Mopa Jia pacroliaxe ca JIeTabHUM T03HaBa-
BCM TJIABHUX ONTHYKUX MOKa3aTesba / JECKPUITOpa MaTtepujaia, YKIby4dyjy-
hu u mojMoBe koedurjeHaTa pedIiekcuje, pacejama, alCoPIIje, TePMOIH-
HaMHYKHX [TapaMeTapa, TauKy Majberba, BeIMYMHE YeCTUIIA, aKO je MaTepHjall
y CTamy Ipaxa, UTa.

Kiby4yHe peun: nacepcka TEXHHKA, HHTEPAKIM]a, pacejame, MaTepuja-
JIM, JICCKPHIIIIH]ja, MOICIOBAILE.

1. YBOJ
Pednekcuja cBeTIOCTH Ha TPAHUIM JBE CPEIUHE

Kao crapu npobGiiem ca GoraroM JTepaTypoM, pedIiekcrja CBETIOCTH Ha
TPaHUIIN JIBE CPEIHMHE, BE3aHa je 3a KIACHYHE Pe3yNTaTe ca noHaularbem eneKTpo-
MarHeTHUX Tajaca Ha TPaHHWIM U OJHOCH Ce Ha Jojlacepcku mepuoxa. Tanxa cy
mocMaTpaHe caMO TPaHCIIAPEHTHE M arCOPILIUOHE CPEAHMHE, Ka0 U CpelHHE CY
nocMatpane juHeapHo (ONTHYKK TMapaMeTpu HHCY 3aBHCWIIM O] TYCTHHE CHare
3pauema W OJf WHTEH3UTETa YIaJHE CBETJIOCTH). 32 XOMOTEHE paBaHCKE Tajace,
HUKaJ ce HE mpena3u | M yBeK MOCTOjU MPONOPLMOHAN HOCT ca YNaJHWUM 3pa-
yemeM. [lojaBoM yclioBa 1 cpefiriHa Koje 1M0jadaBajy, CTaBJhEH j€ MIOHOBO aKIIEHAT
Ha pedekcn oHa cBojcTBa Marepujana. Cama ce BHUINEC HHUjE Paauio caMmo O Tpe-
OU3HUjUM, Beh O KBaJMTaTUBHO HOBHM pE3yJITaThMa, epeKTHMa KOjU Tpaske HOBE
WHTepIpeTanyje U popmanuizMe. Paanmo ce o ynmeHnaMa: KoeQuiujeHT pediek-
CHje 3a ONTHYKK aKTHBHY cpeauHy R > 1, Mmoryhe je u mojagame, a y Be3u ca ToO-
TaJIHOM pe(IIeKCHjoM Ha TPaHHIM Ca HEJIMHEAPHOM CPEIUHOM, J0JIa3d IO I10jaBa
ontuuke Oucrabunnoctu. [Ipobnemartka je NpuByKia HaKeby MHOTO UCTpasKUBa-
YKMX TpyHa M TpOIBETAle Cy: HMHTETpajHa ONTHKA, PE30HATOPH, NACHBHU M
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akTuBHU). HajBakHuju cy mpoOnemu: peduiekcrja of MOjadaBauyKUX JIMHEAPHUX
CpelMHAa W ONTHYKUX HEJIWHEApHHX cpennHa ca Kerr-oBoM WM TEepMaHOM
HenuHeapHoinhy. Maxwell-oBe jenHaunHe Cy 100UIe HOB 3Ha4Yaj U HOBE pe3yJiTa-
Te, Kajia je pedpiekcuoHa cpeirHa aKTHBHA WM HelMHeapHa. [loka3aHa je U Mo-
ryhHOCT TOTanHe peduiekcuje ox MHBEp3HUX cpeauHa [1] u anpokcumarmje y 2
cirydaja [2]. 3a KIacuuHy eNeKTPOANHAMHUKY JIOMYIITA CE y CIIy4ajy CTallMOHAPHUX
cpeanHa camo peduiekcuja u R < 1, He3aBHCHO 071 KapakTepa peQieKCHOHE Cpelu-
He.Tako Cy peann3oBaHM HOBM KBaHTHHM T'eHEpATOpH W mojayaBayd [3] mepcrek-
THBHU 32 MHTPETPAIIHY ONTHKY, aKTHBHY CPEIMHY Y BHIY TAaHKHX (HIMOBA M MO-
JMYNPOBOJHKUKA. Pa3HU MOJeNM YKJbYdyjy MOjayaBadyKy CpPEIUHY Kao: XOMOTCHY
nony0ecKoHauHy CpeAMHY ca TUIaHMapaelHiM cilojeBiMa. Pazmarpana je u Hexo-
MOTEeHa MHBEpP3HA CPEIHMHA Ca EKCIIOHCHIWjallHUM W JIMHEApHUM NpoduinMma € u
peanu3zoBaHu TexHWYKH jaeTasbu. lllema macepa ca ToTtanHOM pediekcujom Ha
TPaHUIM IMPO3pavyHe M30TPOIHE CPEAMHE ca AKTHMBHOM I10jauyaBayKOM CPEIUHOM:
CaMOMHTEpaKIMje Be3aHe 32 CHAXXHE WHTCH3HMTETE, a MPOOJEMH Cy YIPaBIbarbhe
WHTEH3UTETOM, MOJIapy3a [IMjOM U MPaBIIEM JIeoBama. Ty cy H HOBE 3aKOHUTOCTH:
(denomenoonka Teopuja 3a Kepos Tum HenmHeap HocTH, yrao Brewster-a, mo3u-
TUBHA HEIMHEAPHOCT, HHTEP(EPEHIIMOHH CJIO], ONITHYKHA XUCTEP3UCH, HOBH THIIO-
BU 0kO 1975 1 [4]. ONTHYKHK XUCTEP3UC JOBOJIHU JI0 OUCTAOUITHOCTH U pedIieKkcuje U
HE caMo y ,,TEOpH jH”’, HErO M y NPUMEHH: YIpaBJbaba 3paycmeM, PS UMITYJICH,
(onTHYKM MpeKuaa4n M 3aCTOpH). Y3 TaHKe GUIMOBe, Be3yjy ce KepoB u ToruioTHH
epextu. Hapymaame ToTaiiHe peduiekcuje ¥ HHTEpEpeHIUje, MOXKE Ja ce
ynoTtpebu 3a monyiauujy. R Onm3y rpanuuHor yria ToTtainHe peduekcuje - TP
MOKazyje J1a MOXe Ja CIY)KU 3a yIpaBJbambe 3padceM M HEJIMHEApUM eJIeMEHTH-
Ma; mobujajy ce miaeje 3a onTHuke (GUITpe MHTCH3UTETA U CHEprHje, pedieKTope,
MOJyJIaTope, MpeKuaade.

Pednekcuja cBeTiocTH Ha TPAHUIM €A XOMOTE€HOM I10jadyaBavykoOM CPEIHMHOM

Pasmatpame mpobiiema oBe BpCTe, mmodeno je 70-THX ToauHa MponuIorT Beka,
KajJa je eKCIIepUMEH TallHO ToKa3aHo [5] ma mpu peduiekcuju Ol aKTHBHE
rojadaBadke cpeauHe, KoepuuujeHT pediiekcrje O3y TpaHWYHOT YIiia TOTaHE
pednekcuje R, Mmoxxe na Oyne mamu ox 1. Ilpu oapehennm ycnoBuma je moryhe
nojagambe EM Tanaca. VI3 Teopuje, OTHIILIO ce y IPUMEHY Y BE3H ca Pean3aiijoM
HOBUX II0jadaBada. Y Jia CepCKOj TEXHUIM MMa CBoja mpemmyhctBa. [IpoctopHO
pas3ziBajame y pe30HATOPy M aKTUBHE CPEIMHE U HEXOMOTEHO Tpejame Mpu reHepa-
LHUjHU MOropIlaBa CIEKTPaIHE U €HEPreTCKe KapakTepucTuke. To CHIKaBa TEXHU-
YKe 3aXTEBE 3a PajHEe CPeAMHE Jlacepa, BUXOBY XOMOTCHOCT, Po3pavyHocT.3a J0-
Oujame Mmojauama MpoIecoM TOTAIHE YHYTpallme peduiekcuje [6] je paleHo u exc-
MIEPUMEHTAITHO M TOTBpheHO mojadame (M TeHepanuja), ca TaHKHUM CTaKJICHUM
BJIAKHOM JiMa 8§ wm OKpyskeHor Jbyckom Nd** cTakia mua 26 um; 3atum je cieauo
cioj mebdernor u mpospauHor crakia (1,5 mm;ayxuHa Tazacosoga 1m). Maagekcu
mpenamamsa cy: jesrpo Nd crakma n;=1,529, n,=1,509 u cmossHOr n3=1,510. Ha
rpaHMIaMa nacuBHOT jesrpa u Nd’“:crakma cy ycioBu u 3a ToTanHy pediekcujy.
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I'enepucano 3pademe 1,06 pum y TOM CHCTEMY je TOOHMjaHO M3 TacHB HOT Jeia, TI0
npencraBamMa (EHOMEHOJIONIKE ONTHKE; R Ha rpaHunm ca wHBEp3ujoM Omo R>1,
Tab.1.

Crnenyje [7] na 3a yrioBe ymazaa o, 0<oyp, maixeko ox (>0, o>>|A(m)|, r(a)) s
BeJIMYMHA TIOMakKa IMoceOHO 3a TaHke ciojeBe (N Majo), Mopa Ja ce CMambH,

(‘5 ‘) — 0. yajeehn xoedunmjentn pedirekcuje o mojayaBauKor ciioja, Tpeda 1a ce
04eKyjy 3a (QpeKkBeHIHje O, O=®,. AHAIUTHYKO Pa3MaTPABE 3aBUCHOCTU BEJIMYHHE
0 momaka oj 0HOCa MapaMeTapa ciioja U OKOJIHE CpeluHe, MPHU Pa3HUM YIIIOBUMA
ymana o, u 0ebsuna cnojeBa h/A je crmoskeno 300r ob6mmka 3aBucHOCTH Ri(®) 1 Aj(m).
Hymeprnuko pemaBame je pasmarpaHo ca 3aBucHomhy e&(®)[7]. 3a 3amare

BpEIHOCTH [IapaMeTapa cloja 1 okoise cpeaute (A€ = € =€) y 1, ) uspauynasa
ce uHTepBan Moryhux yriosa renepaunje 2% =& =@, y nomauu ox pesoHaHTHe

bpekBeHnyje ,0 = (w—wp)/y(| 0 |S 1) u h/A, Tab. 1,2. €= 2,5 (n;=1,5). Ty je

¢uKcupaHa je BPEAHOCT 3a Tp M MemaHo je Ag, a y Ta0.2, dukcupano je Aeg, a
pasIMunTe Cy To. AHaIH3a MoAaTaka MoKasyje 1a y CBUM CITydajeBUMa TeHEpaImje 3a
TaHKE HMHBEpP3HE CJIOjeBE IOCTOjH y Majloj OKOJMHM yriioBa O~0y. Ilopactom T
(mojavyame y MakCUMyMy), WIH CMambemeM AE Tj. TIOpacTOM mapamerpa p= To/Ag,
uHTepBa)l Moryhux yriioBa renepanuje Ao ce mupu. Ilpu Benmukoj pazmuum A€
IHUEIEKTPUYHUX HPOITYyCTJ/BUBOCTH TPAaHUMYHMX CPEIHHA U MamHX Ty (Iapamerep p
Mainu), Moryhu Cy YIJIOBH TE€HEPALU]e Olgen<Olp, CMABEHEM AE MIIM IOPACTOM T,
(mapamerap p>1), MOryhu Cy yIrilOBH Olgen™>0lg. ¥ BEK Ba’KH M 3aBUCHOCT [7 ]

g, — & sin> o+ Aw)>0 (1)
a,, za : . .

3a yriaoBe “gen 0, IOMakK O je yBeK MO3MTHBaH, I'eHepaluja MOCTOjU 3a

bpexseHje 0>0,(6>0). YV Hekum ciydyajeBuma, Moryhe je >0 u 3a yriose

o < o

< L
e <% 3a yrope %en < %0 ymn Cgen J O momax dpexsenmmje § je yBek

Heratusal (0<w,). [Ipenasom renepamuje u3 obnactu yrmosa & < % y obnacru:

o, 2 ao;az%

.0 U & ppexsennmja renepauyje ce momepa u3 pesoHaHCHE
Ka BUIINM (pekBeHIjaMa. To ce KOPUCTH Y eKCIIEPUMEHTY ,y TOj 00JIacTH yriioBa
reHepaluja 1mocroju 3a o>, (6>0). Moryhe je u (6>0) 1 3a yIJIOBe Ogen< 0y MU
Oap npubmxkHo). Ilo mpaBUIy 3a Olgen<0) IHOMAK (pEKBEHIMjE O je HeraTUBaH
(w<w,). Tako mpenasoM reHepanuje U3 YII0Ba Ogen<Oy Y OOIACT Ogen™>0lg, PPEK-
BEHIIMja TEHEpaluje ce IMoMepa O]l PE30HAHCHE O00JacTH y O0JIaCT BUIIHX
¢dpekBennuja. To ce KOpUCTH, a O 3HAKy MOMaka & ce CyIu O O0JacTH yrioBa
reHepanyje. BaxkHa je 3aBHCHOCT O NpH pa3HUM YIJIOBHMa TI'eHEpalHje 0=0y H
3a7]aTOM Ty OJ1 OJIHOCA JUETICKTPHUYHKX MPOMYCTILUBOCTH CII0ja U OKOJIHE CPEIVHE,

on Ag, Tab. 3, 3a yrioBe Ogen=0otAa, re je 0SsAa<05,) min., 3a y3ere Ty 1 A€
,BEIIMYMHA O je TIO3UTHUBHA, PacTe, KaJl Ce p Ce cMamyje (Tako ce cMamyjy u Moryhe
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MuHHManHe JebsbuHe h/A). [lopact je moTBpIMO U eKCepruMeHT [8], mTo Baxu u
3a CMambeHke To MPU (HUKCUPAHOM A€, aKo Cy YTIIOBU TeHEpaIlrje:
a,, =0,%0. @)
3a yrioBe Kaj ojCTymnama Ad Mo ancojyTHO] BpeAHOCTH pacty, Tab.3, o je
HEeraTMBHAa M ca MOPAacTOM MapaMeTpa p pacTe 10 MOJIyly, ITO mnoTBphyje u

excriepumenT [8]. Tenepaumja mocroju 3a %z < %0-3a Behe koeduumjeHara

arnicopruje R>>1, untepecaHTHU Cy U APYT'H ONTUYKHA CHCTEMH.

Ta6.1 Ilooayu 3a npoyeny unmepeana mozyhux yenoea eenepayuje Aa=a-a.
Jlebouna nojavasauxoe crnoja h/2 u eenuuuna nomaka pexkeenyuje 00 pesoHanche 0=(w-
,)/y npu 3a0amom napamempy nojayvarea croja ty=3 1 0°. Jeo Tabnuye uz [7 ]

Ag(p), Adl g,min ) h/A
Ae=10" -9 -0,52 18,4
(p=0,03) -0,06 17,0
Aa =86°11° -5 0,75 20
-4 0,99 21,6
Ae=10" -13 -0,79 26,6
(p=0,3) -0,40 23,1
A =88%47° -10 -0,005 21,6
-5 0,44 23,6
Ae=10" -14 -1.08 31,4
(p=0,3) -0,40 23.2
Ao =88%47° -10 -0,06 21,1
-5 0,24 21,3

Kapaxrepucruke pediekcuje/TpancnapeHiuje o
ONTHYKY HEJTMHEAPHUX CHCTEMA

OBa obOmact oOyxBara: IojaBe XHCTepe3uca IPH MOCTOjalby TpaHUIe ca
HETTMHEApHOM CpPEIWHOM, XHUCTepe3nc (ase y ycroBuMa ToTaimHe pediekcuje,
HHTEpQEpeHInje ca HeTMHEAPHOM TPaHUIIOM, PeQIIEKCH jy ca ONTHYKH HEIHHeap-
HUM NPO3PAaYHUM CJIOjeM, HEJIMHEApHHU JHEJICKTPUYHH CII0] Kao ¢husimap MHTCH3H
TeTa JacepcKor cHoma. Xucrepesnc (aze y ycmoBuma peduiekcuje o nHTephepeH-
LUOHOT CJI0ja ca HeJIMHeap HOM T'PaHUIIOM MMa KapaKTepUCTUYHE U3MeHe (opme
Gauss-oBor umiryJica npu pediexcuju, ci.l, [7] o HeauHeapH! NPO3payHH cjIoj, Y3
nHTep(epeHIInOHa CBOjCTBA cliojeBa. Tako Cy MprUMeHOM HellmHeapHe pe (rexcuje
OJl TAaHKHX JHEJCKTPHUYHHUX ciojeBa ca KepoBHMM MEXaHW3MOM HEJIMHEApHOCTH,
Moryhe peanuzanmje onTuukor ypehaja ca mparom, Koju ce ayTOMAaTCKH IIOX
JIEjCTBOM yIIagHE CBETJIOCTH Tpedallyje W3 CTama TOTalHe pedIieKCHje y CTame
MIOTITyHE TPaHCIIapEHIIH]e.
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IIpema [7], cnenu BpeaHOCT MHTEH3UTETA HA IIpary, 3aBUCHO yCIIOBA, 3a Je0-
JpuHy cioja h/A, cMmamyje ce. [locTaBiba ce MUTambe KaKo ce MPU 33JaHUM HHICK-
CHMa TIpeliamMaa Cclioja Ny U OKOJIHE CPEeNIUHE Ny U

£ GWiem* 4, GWiem*

\““-u — \.‘
g0 5 =75 25 7 rel jed.
Cnuxa.l @opme I'aycosoe umnyica npu peghiexcuju 00 HeIUHeapHO2 RPO3PAHO2 CI0jd 3d
o=oy+0,5° [ 7].

napamerpa HEJIHHEAPHOCTH €, M3a0paTH NeOJbUHY HEJNIMHEapHOr cjioja Tako Ja
TOTQJIHO TPONYIITa WHTEH3H TET lp MPH XHCTEPE3UCHOM CKOKY W3 TOTalHE Y
napuujainy pediekcujy. Y npakcu He MOCTOjU HjiealiaH pa BAHCKO-MOHOXpOMAT-
CKU TaJlac;CHOI je KOHa4yHe JuBepreHiyje, na R 20 y munumymy. JleOsbuna ciioja
h/A Mopa ma ce y3uMa ca TUBEPTEHIIMjOM a, 3a yIaa IOa 00 , AUBEPTeHIHja
Mopa OMTH Mama WK jefHaKa Honymupiuau Ad npoyena y Ry, Hucy nobujena
TayHa pellermha MPaHUYHOT 3aJaTKa 3a CHOIOBE y CJy4ajy HEJIMHEapHOr cioja. 3a
NPUOJIMKHE OLICHE, Y3UMABEeM Y 003Hp JMBEPreHIIM]je YIIaJHOT 3payucha,

NZ
a,AS, = & (3)
(mh/ A)cos e, sin 2,

g=Ry/(1-Ry)). AKo je cHOI JocTa MHPOK , HHTEH3UTETH 10 Tipeceky top hat Tuma, a
oca CHOMNa ce MOKJI Ma ca jeJHUM OJ MHUHMMYM KoeduuujeHta peduekcuje Ry,
cpenmy KoeHuIrjeHT pedIieKcrje CHoma je

<Rg> ~(1- arc tg B)/B, 4)

B= g"? y/ASy u 7Y, nuBeprenmmje. 3a Y, Ha HumBoy Ry=0,5, g=1, Hymepuuka
BpeIHOCT je nonytupuHa, Rg=0,21. Peanxo he 6utu 0 ca 7y, ca h/A no [7], kana he
OWTH TOTAJHA TpaHCHApeHNHja. YTrao ymaga o< o oapeheH XUCTEPEe3UCHUM
CKOKOM,
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Tab. 2. Bpeonocmu 3a Acs h/A i Snpu puxcupanom Ae=5 107 (04=89"9’) (0eo mabnuye us [7],)

To Ao, min ) h/A
1,510* -9 -0,89 39,1
1,5107 -44 -1,03 13,5

Ta6. 3 Bpeonocmu I, u h/A npu pasnum ¥

Yo . vuan 2 5 7 10 12 15
h/A 5,8 4,2 3,7 3.3 3,1 2,0

h/A 8,7 6,4 5,1 5,1 4,8 4,5

Io, GW/cm® 1,9 6,5 10,3 16,5 21,1 28.3
Iy, GW/cm’ 1,2 4 6,3 10,1 12,8 17,3

Io(q) [11] 3a oBaj mHTEeH3WTET MOpa Ha Oyne MCTOBPEMEHO HHTEH3HUTET
npekuaa HenumHeapHor [1BO pexuma tpancmucuje.Y Ta0. 3 cy oleHe 3a pasHe
VIJIOBHE AWBEpreHnuje Y ymagHor cHoma, h/A m I, ,3a N=1 3a cmydaj ,=0,5
Adn(g=1) 1 n¢=1,600, £,°=3 10® cm’’MW (CS,) y3 2 pasiandure BPeAHOCTH Ny,Tj.
oo. (Topme Bpeanoctn /A u Iy cy n1=1,74 (0,=66°51"), nome n;=1,64 (0p=77"19")).

IToBehamem nuBepreHmmje Y, ,Mopa u h/A na ce cmamyje, a pacte HHTEH3H-
TET CBETJIIOCHUX (IyKceBa, KOjH CKOPO MOTIYHO MNpOIyINTa HEJIMHEapaH CIIoj
(xoepunujeHTH peduiekcuje cioja y MUHUMyMy oHza He mpenase 10%). CMmame-
BEM €1-€p, Tj.,Ca MIOPACTOM 0y, AHUHHIY C€ MHTCH3UTETH Tpara, (CMamyjy ce MpH
3aJIaHOj JTUBEPIeHIINjU 3paucha-Yy ako pacte nedsprna h/A.

Cremu na TaHKM MPO3pavyHu cliojeBU ca HenuHeapHomhy Keporor tumna
MOTy Jna o0e30ene OnmM3y TpaHWUYHOT YIiIa ¢ TOTAIHY peduiekchjy crnabux
HWHTCH3UTCTA 3pavyCiba U MOTITYHO MPONYyINTAKkE CHAXKHUX CBETJIOCHUX MHTCH3UTC-
Ta (mpexo croture MW/cm?). Tako Bpie yinory GUITpa HHTEH3UTETA TACEPCKOr
cHoma. AHalloraH je pe3ylTar NMpHU NPOCTUPamky CHAKHOT JIACEPCKOT CHOMA Y
CpeauHaMa ca MPOCTOPHO MEPUOJUYHOM CTPYKTYpoM [9,7]; pediiekcuja TaHKOT
clioja pe3oHaHCHe HenuHeapHe cpeauHe h/A<<l. To ce Moxxe KOpUCTHUTH 3a
peanuzaiyjy ynpaBbambha JACePCKUM CHOIOM THIIA ‘HEJIMHEAPHOT ONTHYKOT Mpe-
KHJaua, HelWHeapHoT pediekTopa, MOAyIaTopa 100poTe JIaCepCKUX Pe30HaTopa,
OrpaHMYaBamke CHare CBETIOCHOT (uIyKca | JIp. Y Jlacepckoj TexHuiy. Kopuctu ce
cimvaH ypehaj u kao HenuHeapHU pedIICKTOp - ONTHUYKOT MPEeKHaada Ha MyTy
npoctupama cHora Ko tacepa ca CHHXpOHU30BaHUM MOJIOBHMa MOXE ce JIOOUTH
reHepalyja MmojeMHaYHuX ps uMmmysca, ci.2. [lonemasame pezoHaTopa Tpedba na
Oyze TakBo, 1a popMUpaH CHON Maja Ha elneMeHT 4 (TayHWje Ha HeIWHeapaH CIioj
u3Mel)y npuzama) moj yriaom o, o>oo. < I[Ipu jgomacky OMIo KOr KpaTKoT UMIyJca,
HEKa KPUTHUYHA T'YCTHHA 3pauciha ce TOTATHO peduiekTyje W MOXKe Ja Hapylld W
cHoIl 0e3 ryOuTaka npoJia3u Kpo3 pe30oHarTop.
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R
|

Cnuxa 2 Onmuuka wiema nacepa ca HeIUHeapHuM peiekmopom y pesonamopy 1, 5-enyea
o2nedana, 2- nacusHu 3ameop, 3-aKmueaH elemMenm, 4-Heiurneapuu peghiexkmop.

OBOM [HCHO3UIMJOM CE€ MOXKE JOOWTH TeHepalyja XUIEPKPaTKUX MMITyJca
0e3 macMBHHX MOJyJaTo pa aoopote. (Ornenano 5 Tpeba Aa 3aMeHH HOIyIpo3pad-
HUM, a Ha IyTy HM3Ja3HOT CHOMA M3 PEe30HaTopa I0C TaBJba CE IIIYBO OINIEAANO.
VYiory pe3oHaropa npey3umMa ¢unrap nHTeH3urTera 4). Ako ce 06e30enu JOBOJb HO
BUCOKA T'YCTHHA 3padcrha y PEe30HATOPY KaJia ce HapylliaBa TOTAaTHA pedlieKcHja y
HenMHeapHoM GuaTpy 4, GopMupa ce CHa)KHM BPJIO KPaTKH ONTHYKH UMITYJIC Ha
n3nazy. lllema mpencraBiba macuBHy Bapujanty meme (Weilsteke-a) 3a noOujame
xunepkpamkux umityica. [IpakTHuHa peau3aiyja Ha OCHOBY HEJMHeap HOT Mpo3pa-
YHOT cJioja ypehaja Tuna Guiitpa MHTEH3UTETA JTACEPCKOT CHOIMIA je MOoTpeOHa, YaKk u
3a BpJIO Mayle TUBEPreHLrja JJacepcKor CHOMa (peaa HEKOJIUKO YIJl. MHUH.) KOHICH-
Tpalmja y CBETJIOCHOM (IyKCy TMTaHT CKMX cHara (pefa mecetmne GW/cm?). Tu
CHOTIOBH CY OJIABHO JIOCTHKHHU.

[Tojauame cBeTiiocHHMX ryOuTaka je Ha ci. 3. 1 Ry. MoHouMmyJcHoO 3paue-
Be, KapaKTepHULIe ce I'yCTH HOM 3pauema y MakcuMmyMy Up.ceHepruje E u myxu-
HOM T, Ha HUBOY Uy, /2. EHepruja Ha u3nazy u3 pesonatopa no [11a] ce nedunu-
mie ca (5)

£= %(w) In % (5)

1

V 3zampemuHa akTHUBHOT enemeHTta, 1<=10 ns, E=4,3 J (mujamerap axTUBHOT
Mmarepujana. Jlo TpeHyTka Ha Kojuma je Koe(UIHMjeHT ryOuTaka NpaKTHYHO T00u-
jeH — Koe(HUIMjeHT ojadama paJHOr MaTepujajia ce Majlo Mema U ocTaje Onm3ak
no4etHoj BpenHocTH. Konnunna eHepruje, cknaaumrena y V, MOXe Jia ce 10jaB u
Kao MHIyKOBAHO 3padere, MPOMOPINOHATHO TOYETHOM KOS(UIHMjeHTy I0jadarma.
VY TpeHyTKy noOHMjama MakcMMyMa I'YCTHHE €HEepruje CHoma, KoepHuujeHT ped-
JIEKCHj€ ariCOPIIHOHOT cjoja je =1’ Uy OTBOPEHOM CTamy, MOIYyJIaTOp OBJIE TpakK-
TUYHO HE YHOCH JOMyHCKe TyouTke. OBe OUTHE OKOJHOCTH NPUOIMKABajy ce Ja-
cepy ca MOIyJaTOpOM Ha OCHOBY allCOPIIMOHOT €J0ja Ka Jiacepy ca TPEHYTHUM
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yKIJbydemeM noopote. Peanmne onene Uy, ¥ AyxuHe single ummynca T cy [11b] 3a
Jacepe ca TPEHYTHHM YKJbYYeHheM IryouTaka OJMCKe BPEHOCTH OBUX MapaMmerapa.

BaxHy je OKOJHOCT aHAIM3UpaHe MOAYJIAIMje U J]a Ce MPOMEHOM YTJIa yIia-
Jla 3pauca Ha CJI0j MOYKE KOHTHHYAJIHO IMPOMECHHUTH KOSOHUIMjEHT peduieKkchje y
HIMPOKUM TpaHWI]AMa W BapUpaTH BeEJMYHMHA TOYETHHX TyOHMTaKa pe30oHaTopa.
Tako ce ympaBiba SHEPTHjOM U TYKHHOM UMITyJIca TeHepanuje, Ci.4.

J

2 - -1
u=0” Lol & Kn [crm ]

=l

Kus [cm |

JI0 1 [ns]

Cn. 3. Hsmena eycmune 3pauersa U(1) ,koeuyujenmu pegpnexcuje ancopnyuonoz cioja
Ry’ (2) koeuyujenma eyoumaxa K,(3) u koegpuyujenma nojauarea K,z (4) y pesonamopy
nacepa y epemeny( T A=0N_1-0.)

PesynTar nosehama peanne BpeaHoctu R, 1j. moBehame moayna A je ehe
BPEIHOCTHU T U Mamke BpeHOCTH eHepruje monoumiryca E. [Ipu mamenn R oz 0,29
1o 0,76 E, cmamyje ce 3 nyra.

T [ns]

)
Lot T

£
P

o

0077 007 2077 Alrad]

Cn. 4. HQyotcuna umnyica t 2enepayuje nacepa ca ancoOpRyuoHuM Clojem y pe3oHamopa u
seUUUHA OMCMYNAara A=ay.;-a yena ynaoa o. Ha coj.

ITpu n360py Moryhux pamHuX CpeuHAa 32 MOAYJATOp Ha 0a3u TepMaHOT
clioja, BakHa je ,,1e0sprHa” cinoja h/A u xoedunumjent pednexcuje K Ha mapamerep
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reHepucaHor umirysica.yiora h/A je pa3maTpaHa y Be3u ca mpuMeHama Kao (ui-
tap. [loBehame h/A noBomu 1o ckpahema y3 m3mene Op3uHe Ry ca m3MeHOM HHIIEK-
ca nipesamama cioja [7]. [lopact h/A Teopujcku 300T 1oCTOjama arcopIIrje pacTe
U BpeIHOCT Ry, ¢ [loBehame ce BpLIM HCTOBPEMEHO Ca CMAambCHEM YITIOBHHX
MuUHUMyMa Ry ¥ 3a BpemHocT h/A kaja mmMprHA MHHUMYyMa TOCTaje UCTOT pesa
BEJIMYHMHE KA0 Yo JUBEPreHIUjOM (HOpMHpameM y pe30Ha TOPY W YHAJHOM CIOjY
3payewa MHHUMaIHO Ry ozxpeheHo BenmmumHOM 7Yp. OBa 1Ba (akropa 1oBoxAE 10
cMa bema Moryher npenaja ryouTaka y pe3oHaTopy M Ka mopacTty Iy>KHHE MOHO-
umyica T. 3a Mase feOJbHHE Cloja, peali3oBaHe An Cy HEIOBOJBHE Jia Ce MPeBe/Ie
CJI0j U3 CTama ca MHHUMAIHOM pediiekcrjoM y cTame ToTanHe pediekcuje Ry 1,
HITO OTIET BOAHM /IO MOPACT Ay KUHE UMITyJIca

O WHUpUHM CHEKTPa 3payuctha ONTHYKOT KBAHTHOT TeHEpaTopa,
KBaHTHO-MEXaHWYKH UCTOPHjCKH MpHIIa3 M cabupame INHUja

[pu aHanu3upamy paja KBAHTHUX TEHEPATOpa, IIMPUHA JTHHH]jA je Onia jei-
Ha OJ] HajBKHUjHUX BEJIMUMHA, KOja je Y CIIEKTPOCKOINHUjU Ha pa3HEe HAuMHE Urpajia
yJory y o0pajan nojaTaka u3 acTpoHOMHje Wi pusnke Marepujaia. [locie mpBux
palioBa Ha Macepy W eKCIIEpUMCEHTAIIHE MMOTBPJIEC CYXKaBama CIIEKTpa MpH T'eHepa-
UjH Cy OMIIH IIpeMEeT UCTPaXKUBamba MMo4eB o] Apyre mosoBuHe 20-or Beka. V3Bo-
heme mpuHe JIMHUja HEKIIACHYHUM ITyTEeM je ToJIa3miio o1l Voigt-oBe IHHH]jE, Koja
j€ y TpaHMYHUM ciIydajeBuMa mocrajaia Lorentz-ujan wim Gauss-ujan. Dopmanms-
mu Fourier-oBe aHanuse yKJby4YeHHU y IIUPUHE JTUHHjA CY JTOBOAMIIM 10 Pa3HUX al-
pOKcHMaluja, ITo je Jajbe BOAMIIO O 3aKJbyUKa Jia je MIUPHUHA BUILE PA3THUUTHX
eMHuTepa jelHaKa AUPEKTHO] aTullvju IIUpUHA JIMHUja mojeArnHor emutepa. OBU
pe3yaTaTé Mory jia Oyay AMCKY TaOWIIHH, alli MOTY Jia CITy’Ke Kao OlleHa 3a pa3Jiu-
KOBame Ipolieca y KojuMa Cy 4JIaHOBH aHcaMOlla y XaO0TH YHO] WIH HEKOj AeuHu-
caHoj nuHaMuIu. KBaHTHO MEXaHWYKH TPETMaH M NPHMEHA jeJHaYNHE TUHAMHKE
3pauerma ca JIBOHHBOCKHM CHUCTEMOM Cy KOPHWIINCHW 3a M3pavyyHaBame IUPUHE
CIIEKTpa, a 3aTHUM je CJIEIUJIO aHAJIIOTHO M3Boheme y reHeparopy Ha pyouny [10-
11,12,13,14]. Iloka3aHo je aa ce CIeKTap 3pavyerma cy)kaBa JIo TpaHuIle, Koja 3aBH-
CH OJ] BEJIMUMHE pumpe W NIHPHHE CIIEKTpa CIIOHTAHOT 3padewma. [loyerak n3Bole-
Ba je Ono 3ajarak 0 MHTEpaKlyj cucteMa oA Ny ABOHMBOOCKHX aTOMa ca I0JbeM
3pauema yHyTap pe3oHaTopa ca WACaTHO PeQIeKCHOHUM 3WAO0BUMA. XaMUITOHU-
jaH je (2,3) U3 mrTamrie o1 Ipe BUIIIe o] ojia Beka [12]

Jvu 37

H= S 20 5, x5 + \! /
2 5% i Z hoasax, - Z b [ Byyjaxso’.
J=1 kA kXj l

Bk?.j = 'l_fz'_'u;;kmk‘[}-—(a_l’ieﬁ) eikxj_

| » . ]
+ Bijaiacl ],

(6)
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I/ie je caJp aH COIICTBEHU ONEepaTop €Hepruje aroma, CIIOOO0IHOT KBaHTHOT I0Jba
3pauema ¥ MHTEPAaKIMja aToMa ca MOJbeM 3pauera, BENHYHHE ay H . , CY
oreparopw arcopriuje u pahama gorona mmmyica k u momapusanmuje e, a MY, M
— MaTpHYHM €JIEMEHTH IIpeja3a 3a aroMe KoopAauHaTa Xj. Oneparopu o, u o)
OJIroBapajy oJHOCHMa KOMyTaluje. 3aTUM CJIeqH pas3jiarame 1mojba Mo PaBaHCKUM
TayacuMa, pe30HaTOp Ce MPETIOCTaBbha y (popMH Maparienonureaa 3anpemMuse V.
3atum crnene Gopmanmzam audepeHIpama oneparopa U jeqHAYNHE 32 CPEIbe
KBaHTHOMEXaHUYKE BPEIHOCTH. Y 003Wp ce y3uMa ny, cpenmu Opoj ¢goToHa ca
nMmysicoM hK ¥ ronapusanujom e, y 3anpemunn V. [IpermocraBkoM aa mocroje
cmabe Bese Mel)y aromMuMma y3 TOCPEIHO IOJha 3paderha, IMOCMaTpajy ce caMo
peanmHu Tpenazn Melhy cramuMa CIO0OJHUX YECTHLA y TOJbY y TOKY LEJoT
mpolieca pajga reHeparopa. YBOAU C€ pellaKCallMOHU MapaMeTpH 7Yi, Y2, Wo, KOjH
omucyjy ryoutke (oToHa y pPE30HATOPY, OCBET/baBamkbE KpHUCTala CHOJBEHM
3pavyemeM / IMyMIOM, KOja TPOY3pOKyje MO3UTHBHY Pa3IMKy HacebeHOCTH N u
MPOIINpEHhe TOPHEr HHUBOA IO/ YTHIAjeM BHOpalija KpUCTAHE pEeIIeTKe.
Kopuctu ce BepoBaTHOha 3a CIIOHTaHE U CTUMYJIHCAHE Mpernase: To =2mc’ W/my V-
W-BepoBarHoha CIOHTaHOT 3pauca. Y TPBUM H3BOhEHUMa, MOjaBJFHBAJIE Cy CE
IpellKe U 3aMe BbUBaNE Cy ce BeIMUMHE, a MEbhajla ce U TEPMHUHOJIOTHja. AKO je Ha
nouetky mporeca ca N atoma y ropmeM Huoy N’ n ako je y t=0, 3a ciyuaj,
T.t>>1, cnenu

%, Ny !
2 275 (;/22/4)+(a)0—a)k)2 )

Crnemu na ce paau o Lorentzovoj opmu mmpuHe, ¥,.3a ciiyyaj reHeparopa
Ha pybuny, ¥~10°s" ,W,~10° -10* 5", 1, ~10"" s”'. Kako ce y reomerpuju ca
TUIAHTIAPAJICTHIM OTJIeJalTMa T10CTaBJba PyOMHCKM KpHUCTall, pagy ¢ O MOjaBH ca
MPOCTOPHUM yTIIOM {2, CyMe ce 3aMemyjy olepalyjaMa HHTerpaja, ITo BOIU JI0
pexuMa ci1o00JHe TeHepalyje, pelakCcaluoHuX ocluiianyja. 3a morpedHe ycioBe
n00uja ¢€ Neran

Stac

) 2y, (8 +a,)

e () 2 (8)

ITO ¢ y3 onpehene anmpokcuManyje CBoIx Ha

nstac(a)) = AO 2
(% 19 +(0-a) 9)
ooz
1% (10)
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7,£2

7/0:47Z'(W0/Wn—1) (11)

Yo TpEICTaBJba MIMPUHY CIEKTpa 3padyerma y cTauMoHapHOM pexumy. Omnanma ca
CyXaBameM IMPOCTOp HOT yria W noBehameM cHare mymiie. Y pe3oHaTopuMa ca
chepunm ornenamnma Q=107 rad. I[Tpr 0=2®. MOCTIXE ce yp=107 s™. Taxo ce Ha
U3J1a3y Y CTallMOHAPHOM PEXHMY (POTOHCKH CIEKTap Cy)KaBa, IITO je YCIOBJHEHO
HEJIMHEAPHUM KapaKTepoM pa3BUTKa (JOTOHCKE JIaBHHE. 3aTO CE€ PEIaTUBHO Op30
YMHOXaBajy QoToHH, ca QpekBeHIHjaMa OIu3y LeHTpa JuHuje (). Kao 3aksbydak
y paxy [12] je onucuBaHO 3padyeme ca MPOrPECHBHUM TajlacUMa; MPETIIOCTaBIba S€
Jla Cy TUMEH3Hje pe30HaTopa BpJio Benuke. Totaman 6poj hoToHA Y pe30HATOPY je
JaT 3aBUCHOIINY

QOvtac j 1+y %
27yt ~§+y, noo 2T\ W,

P

- (12)

}7 stac (

To ce mokJiana ca BEJIMYUHOM Mg [12] y3 OMON KMHETHUYKHX jeHAYMHA.
[Moknaname Bakm W 3a mpesasHu pexxkuM. Ilpu BpegHOocTHMa Iymrie OIMCKHX
Ipary TeHepalyje, jaBjbajy ce HeaMOpPTH30BaHE BHOpaIlije HMHTEH3UTETA 3paveha,
KOju ce He omucyjy ca (4). 3a To je moTpedaH CTPOXKUjU TEOMETPHCKH IMpHIa3
pe30HATOpY M aKTHBHO] cpeauHu [1-5]. Y MHOroOpojHO] auTepaTypH MIMpHUHA
JUHHjE je TpeTHupaHa: a) Kkao neduHUIMja OONMKa, OJHOCHO MpPEICTaBHHUKA
onpehene muHamuke, 0) Kao 1eo mporeaype y cpehu Bamy €KCIIEpUMEHTATHHX
MojIaTaKa, 1) Ka0 KBAaHTHTATUBHA MHTEPIIPETALMja 32 MHOTO (PU3NYKUX BEIMYMHA:
koepunujeHTn nudys3uje, KOeQUIHjeHTH TOIIOTHE MPOBOJHOCTH, ANCOPIIIMOHU
KoeuIujeHTH cpenrHa, TujaMerap IeHTpa pacejama, KOMIPECHOMITHOCT, HITH YaK
HHU3 aKyCTUYKHX M MEXaHWYKHX Tapamerapa, yKJbydyjyhu 3aocTajie HaloHE, aKo
ce Besyje 3a nomake U Brillouin-oBy m Raman-oBy nuHujy. ¥V pagoBuma cMo ce
MIOJICETHIIN TIaKeTa TMporpama, KOjuMa ce MOXKe OIEHHTH IWMEH3Wja pacejaBada
(nmocToje pa3BHjeHE TeopHje 3a pa3He Kiace M JAMMEH3Hje y OJHOCY Ha H3BOP
KBaHTHH I'€HEpaTOp KOju OCBeTJbaBa oxpeheHn ancamOi). Y3 KIacHuHy aHTyJapHy
pacnozeny W Kopenanuje (GOoTOHa M3 TPOUIIOra BeKa, Pa3BHjEeH je CHa KaH
TEOPETCKH amapar y3 Npo(eCHOHATHY TEXHHWUYKY MOJPIIKY, KOjEMa C€ pa3HUM
mieMama npodecu OHallHO JeUHMIIY aHcamONM pacejaBada pa3HUX OOJIMKa H
JMMEH3Hja 0]l MAaKPOCKOIICKMX MOJIEKYyJa, BUpyca 0 OaKTepuja U JPYrHX MHKPO-
opranmzama. Ctapuje mpuMeHe 3a NeUHUTIN]Y TTOTMMepa, MUIIEa, KOJIONIa, UT/I.
cy Oune n00po pasBUjeHEe M Mpe Kopenaiyje Kpo3 u3dbujame (POoTOHA, a Kilacuka
noOujama JUHAMHUKE y CUCTEMY Pa3HUX AMMEH3Hja MOYMIballe Cy O/ Be3uBamba ca
Brown-ujeBuM KpeTameM, YIJIOBHOM pacHoOAEIOM TIpoleca pacejama, YKIbY-
YHrBamka Nojapu3anyja, 1ndysuje, NOTHIUCIIEP3HOCTH , XOMOT€HOCT U HH30TPOIIHU-
jy cpenune. Pa3Boj momynpoBogHHuKkuX U (ubdep jacepa je cMamHO rabapute u3-
BOpa, aKO Ce HE MHUCIM OJ]MaxX Ha Halajamba HyKJICApPHUM U EJIEKTPOHCKHM CHOIO-
BuMma [12,17-22].
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[Ipumena nndpanpseHe Tepmorpaduje
3a yCcJIOBE KOH3epBanuje 3amKka BaneHTnHo.

VY pecraypauuju 3amMmxa Banentuno, y npsuM (azama, BpieHa Cy ocMaTpama
ca IC xamepom, u omrehema cy KOHCTaTOBaHAa TepMaHUM aHOMasnijama. KBantura-
THBHA M KBAJMTAaTHBHA aHAJIM3a j€ MOKa3aHa KPO3 HEKOJIMKO YHH-CHUIIA: OJBAjabe
TUIICAHUX U JPYTHX TpaleBUHCKUX MaTepHjaia y KOHCTpYK muju. Kako ce paawmmo o
BPEIHO] UCTOPHjCKO] Tpal)eBUHMU, MaKJbUBO je NPUCTYIAHO UCIUTHBAaBmY. 3a KBa
JUTAaTUBHO HCIHUTHUBamE, NpuMemeHa je Agema 488 LNJ tepmanHa kamepa ca
COYMBOM H cliuke cy pahene ca pezomymmjom 140x140 pixel (mukcena), ci. 5. [13a].

BN ey e

| g

Cnuxa 5. Keanumamuena ananuza DIPRA epaghuuka npeocmasa mepmanuux anomanuja [12 ]

Paljero je y pa3HuM BpEMEHCKHM YCIIOBUMA: JIETH U 3UMH, Y3 BU3YEJIHY HWHCIICKIIH-
JY y3 HHTepIpeTalyjy Kiby4yHux anomanuja, Tab.4, ci.1, 2.

Tab. 4. [lapamempu 3a nPUKA3 K/bYYHUX AHOMATU]A

Excno- Temm.Ba3 o
3oHa smja Hatym Yac fyxa,'C VYp % | Bpeme
Jacno
DIPRA | Jyrozamax | 28/5/97 9:33-11:24 17,4 HA 6o
Hewrpan | Cenepo- | 54,59 13:45-14:47 27,1 5y | Jacmo
-HU JI€0 3armajl HeOO
pIcAS | CoBePO- | 1g/s597 15:23- 16:56 26,8 ga | Jacmo
HCTOK HEe0O0
33
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Keanmumamusna ananuza

Ksanumamuena ananuza je 0agana yeiokynHy CIuKy mepmMaiHux aHOMAIUuja
Ha ¢gpacaou, anu, Huje dasanra uHOuUKayuje o muny degexama, Koju cy je npoyspo-
KOBAU. 3amo je 00nyYeHo 0a ce uzepuiu KeAHmumamuean npuias 3a cieoehu Ko-
PAaK ucnumugarea. 2 mecm 30He €y u3abpame y caziacHOCmuy ca HU30M cneyuguy-
HUX KpUMepujyma-KoHmpachHa eKxcnouyuja y 00Hocy Ha cynye, 000po depunucana
nospwuna. Iloznam 003ue na kmoc king mecm u 6ap 3a jeOny noepuiuny 1axu npu-
a3 - 0a 6u ce u3epwUI0 nopeherve KGaIumamueHo, KEAHMUMamueHo 1 nOCMam-
panoe cmarsa.

Jok cy jenaH ol MHULMjaTHUX MpeaMeTa OWiH, Tj. KBaHTH(HKALKja MOBP-
IIMHE, Koja Tpeba /a ce pecraypHpa, Mperies je HHINIUPao J1a je HEOIXOIHa PecT-
aypamnmja 1eje MOBpIIUHE, HEe caMo JIoKaau3oBaHo. CyTmepIio3unnja aHoMamja je
yauHIIa MOryhuM Jia ce eJIMMUHHIIE IIYM CMETHa Kao e(eKT CEHKH Y JICTO HIIH
rpejame 3UMHU. A HHUje JOBENO 10 3HAa4ajHUX 3HAKOBA. 3aTO je OJUIyYeHO Ja ce
MTOHOBO WCIIMTAjy CBE TEpPMaJHE CIIMKE Ja He Ou OmIo 0e3 Ba)XHUX MHIUIH ja —
yCIielial pe3yiTaT MpUMEHe OBE BpPCTE METOJOJIOTHjEe 3aBHCH OJ HCKYCTBa
oIepaTopa U OCTaBJba BETUKY MaprHHy HEMO3HATOCTH.

Cnuxa 6. Keanumamuena ananuza DICAS epapuuxa npedcmasa mepmannux anomanuja [12]

KeanTurtatuBHO riename je Moryhe fa ma merasHUjy HHOOPMAIH]Y O WHIH-
BUJIyaJHHM aHOMayvjama / Bepu(uKaiyja 3aK/bydka OBE BPCTE aHAIN3E JAUPECKTHA
BU3yeIIHA MOCMaTpamke CTPYKType. Tpeda maxJbUBO aHAIM3UPATH MOJATKE U CTBA-
pame/KOpUCTUTH OaHKe IoJaTaKa.
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Cnuxa 7. a) Tecm 2. TemnepamypHo noHauiarse y 6peMeHy HOpMAIU308AHO €A NOBPUIUHOM 3,
06) Temnepamypro nouawiaree Hopmau30earo ca cnomom 9[12].

Hoswuje criektpockonuje

Ne Tako HOBa, allu UMak Mel)y HOBHjHM TEXHHKaMa je JIACEPCKH MHIYKOBaHa
cnekrpockonyja npoboja (laser-induced breakdown spectroscopy, LIBS), metoxn
aTOMCKE E€MHCHOHE CIIeKTpockomuje (atomic emission spectroscopy, AES) koju
KOPHCTH JIACEPCKH T€HEepHCaHy IUIa3My Kao epylie ucnapasarbe, aTOMHU3aLUjy H
u3Bop ekcutanmje. [lnasma ce Gpopmupa QOKyCUpaHUM ONTHYKUM 3padycHeM, Ta
MeToJ] Ma MHora npeumyhctBa y ogHocy Ha AES KOHBEHIMOHAIHY TEXHHUKY ca
eNIeKTpO/IaMa M KaJeMOBHMa,3a (opMupame U3Bopa. BakHo je 1a ce y30pak Moxke
Ha JIMIy MeCTa UCIUTHBATH W AaJbUHCKH 0e3 mpumnpeme. Y CBOM HajOCHOBHHUjEM
obmuky, LIBS Mepema ce Bpiie GopmupameM J1acepcke mia3Me Ha WIH Y Y30PKY U
CaKyIUbakbeM M CHEKTPAJHOM aHAIN30M CBETIIOCTH y IUIa3MH. KBanmnTatuBHE M
KBaHTHTATHBHE aHaJM3€ CE BPIIC MOHHTO PHHIOM EMHCHOHHX JIMHHja FHHXOBOT
nojoxaja u uatensureta. Maxo je LIBS crap Bume ox 4 neuenuje, og 1980, unre-
pec je KOHIeHTpHcaH Ha GopMmanujy riazme. O Tajga cy aHanuTHIKe MoryhHocTH
3HATHO TI0 pacie, a Pa3BHjEHO je HEKOJIHMKO THIIOBA MHCTPYMEHATa Ha HEroBOj
0a3u. MeTox je CTamHO MPHBIAYMO MHTEpPEC 3a IIMPOKE NMPUMEHE, Kao pe3yJiTar
3HATHOT TEXHOJIOIIKOT pa3Boja KOMIIOHEHaTa. (Jlacepa, cieKTporpada, 1eTeKTopa)
y LIBS mHCTpyMEeHTHMa M omatie moTpeda ma ce ypaae Mepema IMoj yCIOBHMA
KOju HUCY Moryha KOHBEHIIMOHAJIHWUM aHAJIMTHYKUM TexHHKama. Jluteparypa o
LIBSy nokasyje na je oBaj METOJ ca JACTEKIIMOHOM OCETJHHBOIINY 3a BHILIE eJeMe-
HaTa yHOpeanB HIIH MPesia3u KapaKTePUCTHUKE JAPYTUX TEXHOJIOTH]ja U OH je TIpHMe-
EH 32 MaTepujaje u3 Hekanamme omiare [{UK-a [13, 14].

Caspemenu matepujanu 2020, bamwa Jlyka, 11. centembap 2020. 35



Muneca Cpehkosuh, Anexcannep Kosauesuh, Ao Januhujesuh, Cysana [Tomuh ...

HI] cnekmpockonuja

WudpanpseHn criekTpy HAcTajy y MpoLecy eMHCHje WM ancopriuje. AKO
S€ Kpo3 UCIIMTHBAHY CYTCTaHIly MPOIYLITa eJIeKTPOMarueTHo 3paueme y M1 omnce-
Ty V BEroBoM criekTpy he 300r amcoprimmje HeqocTajaTi GOTOHH OHUX E€Hepruja
KOje OJIrOBapajy eHeprujamMa mpesaza y MOJICKyJIUMa B pe3yirar he OuTH arcopii-
LUOHU CHEKTPH.Y OBOM IOAPYYjy MOJIEKYJIH Tpeba Aa Mmocenyjy CTalHH AUMOIHH
MOMEHAT (HaeJeKTpucame acuMeTpuHo pacniopeheno.Henonapuu monexynu (X,,
H,, O, ntn) Hemajy arcoprmuone criekrpe. Ko BUIeaTOMCKUX MOJIeKyJa JeiiaBa
ce Jla HeKa o] ’lbMXOBHUX OCHOBHHUX BHOpallMja W3a3nBa arncopiiujy (aKTHBHA je), a
Heka He (HeakTuBHa je), [15].

W1 nmajy oaBHO BHIIECTPYKY INPHUMEHY y MHOTHUM obOnacTumMa. Y (pu3umm
U XeMUjH J1ajy MOJaTKEe O CTPYKTYpU MOJIEKYJa, CTPYKTYpH TEYHOCTH M YBPCTHUX
tena. OmoryhaBajy ma ca3sHaMo cactaB CyICTaHIlE Kpo3 Kojy je mpouuto MI]
3paueme.PazmuanTe rpyne atoMa y MOJEKyJIMMa MoKa3yjy y oapeheHuM obiactu-
Ma TaJlaCHUX OpojeBa y CIIEKTpHMa allCOPIIINOHE Tpake, 0e3 003rpa Ha cacTaB OC-
TaJor Jienia Mojiekyna. Ha ocHOBY Tora 3akjpydyjeMo Jia HECY NO3HaTa JIBa pa3iiu-
4YHUTa jeikbeka ca ToTnyHo uaeHTnaHuM U1 cnekrpuma. Kaga ce 3Ha, o Kojux je
(hyHKIIMOHATHUX Tpyla CacTaBJbEHO IaTO jeIUILEH-E, Topeheme ca TMOo3HATUM
CIICKTPUMA jeIMCHa T KJIace J1aje TpaKeHH oJroBop. 3a nopeheme crekrapa mo-
Iy ce KOPHCTHTH BeOMa OIICeKHE KapTOTEKe CIeKTapa, 0a3e creKTapa COICTBEHE
nabopaTopuje y CONCTBEHOj JabopaTopuju WM 0a3u mojaTaka Ha Hed Mpexa-
Ma.KilacuyHUju MPUCTYN je MOCTojao u Oe3 pauyHapa, ajii JIaHac je y3 JTUPEKTHY
MEpHY TE3HHKY OMOryheHO IMpEKTHO WM KacHUje HHTepIpeTandja CrekTapa.
[Ipuctyn je xopumheme PC paduyHapa y yujuM ce MeMopHjamMa Haja3e MoJaly o
pPa3HUM jenui-eluMa WiIH 0a3e TojjaTaka pa3InduTHX Kilaca jeInbemna.

2. EKCIIEPUMEHT U PE3VJITATU

Pecraypanmja LlenTpansor nactutyTa 32 KoH3epBanyjy (LIUK) y beorpany
je Tpajama Hekommko romuHa [13-16]. 3rpama I[MK-a, u3 umje dacame mormay
y30pIM MaTepHjaja ThMa MajTepa, UMa JiBa W3ja3a — Ha YJIMIy W Ha JBODPUIITE.
Usrnen dacana je npukaszan Ha ci1. 1 a u 0. J[BopumHa dacana je ca nmpomnasngom ori-
natoM. YiauuHa dacana 3rpaje, 3a bajkaHCKy yauiy je 4ecTo OIpeIMIITE 3a OBaj
ciomeHuk kynrype (LUK, bankancka 7). ®opmanHa aapeca je Be3aHa 3a Tepaszuje
26. [lerasbu Ha cnMkaMa cy u3 100a npe pectaypalyje Ha OCHOBY YHjer CTama je ’
moTekao untas npojekart [13b-16]. lematHocT MHCTHTYTa TOTOBO CBE BpEME TOKOM
pecraypanyje Huje IpeKuaaHa u 00aBbaHe Cy CBE BPCTE JCIATHOCTH. Y OBOM pay
je y IpBOM IUTaHy JIaTO HEKOJIMKO pe3yJiTara U3 MpeaBuljeHe MEeTo0I0THje Be3aHe
3a npaheme MaTepHjaa U3 Kora je rpaljeBiHa cacTaBJbeHa.
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Cumynanuje

Cumynanuja 3a HHTEPaKINjy JaCEpPCKUX CHOTIOBA 3a M3a0paHW PEeKUM pana
Jacepa M y3ere y3opke oruiare ca 3rpaae [[UK-a (ci. 8 a, 0) je ypahena mo
TEpPMAJIHOM MOJENy, ¥ TO CaMmoO y TpaHHuIlaMa, I/Ie CE OLEeHYje TeMIepaTypa Ha
MOBPIIMHHA y30pKa MpH n3adpaHuM napameTpuma. To je meo mpodiieMaTHKe Y KOjoj
j€ KacHMje JaTo Apyravuje, MUKPOCKOIICKO CTame H00HMjeHHUX MOBpe/a, ca n3adpa-
HUM pexXuMHMa pana yacepa. [IpermocraBka je Ja ce paad o Marepujaiay TUIa
MalnTepa;3a MovyeTak CHMyJalyje, y3eTH Cy MapaMeTpH 3a jelaH THI MajiTepa Mo
JTUTEPATypH IOCTYMHO] Ha MHTepHETY M 0a3zama codTBepa Comsol, mpema jemaHoj
on Bep3uja [ 130, 14,16,30].

(]

Cnuxa 9. Cumynayuja memnepamypro2 no/ba 3a RPemnoCMae/beH02 PEXCUMA pada 1acepa ca
napamempuma, 00 Kojux ce osde camo oaje chaza — 10 W, 00 unmepeca 3a onname L{HK-a.

TapameTpu 3a oreny aucTpubymumje Temmeparype cy: Nd**: YAG, peneru-
myja 30 Hz, caara 10 W ca 'aycoBom (Gauss) pacrojielioM U CIIOTOM JTUMEH3Uje
0,3 mm. 3a rycruny je ycsojeso 1000 kg/m’, Tepmoammammukm moxaim
crienmu(UIHUX TOTUTIOTa U MPOBOJTHOCTH Cy, IIpemMa codTBepckoj 6azm Comsol Bep-
3uja 5.2, C,=1800 J/kgK u 1,4-3,6 W/(m-K), penom. Mckopumhena je 3aBMCHOCT
MPOMEHE MPOBOJHOCTH Cca MPOMEHOM TeMIieparype. Ha ci. 2 ¢y ycBojenu Tv napa-
METPH U OleHhEHA je TemreparypHa auctpudynuja y 0,01 s mpu uHTepaxIuju ace-
pa ca mantepoMm. CuMyaidja je CrpoBe/ieHa U MpecTaB/beHa Ha CII. 9.
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Memooonozuja anaruze mamepujana oniame 3epaoe L[UK-a

U3 omate 3u0Ba y3eTO je HEKOJIMKO Y30paKa HETpaBHIHOT OOJMKaA, KOjU
cy Ownm u3NOXeHH aTMOc(EepCKUM YTHLAjUMa Iyrd HU3 roiuHa. JluMeH3uje
HaIlMX y30paka cy OuiM pena BennuuHe 1-Hekonuko cm. Ca HaMepoM Ja ce y3op-
1 HE YHHIITE METOJIOM 3a MCIUTHBAKE CaJlpKaja, MPBO je KOPUITHEeHO HEKOJINKO
HEIECTPYKTUBHUX TEXHHKA, KAKBE CY ONTHYKE TEXHHUKE Ca JIACEPOM HIIH ONTHYKUM
n3zBopoM. OBJie Cy /aTe aHajIM3e Be3aHe 3a MHQpaALpBEHE CIEKTPE KOjH ce Mepe y
pedIIeKCUBHO] WM TPAaHCMUCHOHO] BapHjaHTH / MOAW(UKANNH WHCTPYMEHTA.
Hpyre antepuatuBe 6u Omme LIBS, enexTpoHcka MHUKpPOCKOIHja, XEMHJCKE aHa-
auze. [latu cy crnekTpH y3eTH ca y3opaka, KOju Cy HM3JlaraHH CHOIIOBHMA Jlacepa
npomseohaya Quanta systems ca Bume npenasa: Nd**: YAG u momynpoBoAHHYKAM
JlacepuMa o 4eMy je JaTo BHUIIIE AeTasha y [26]paxy U ca KpaTKUM OCBPTOM Ha MO-
ryhHocTH ofpeljuBama.

CHumameM criekTapa y3opaka je nqooujena WL mpupozne Be3ana 3a peduiek-
CHOHE WJIM TPAHCMHCUOHE CIIEKTpPE y30paKa, KOju OJpakaBajy BUOpaLMOHa CTama
Matepujajia. ¥ HCTOj CEpUjU Cy MEPEHH U y30pIlH CIMHENa,(pepuTa Koje cMO mpeT-
XOAHO M3JIarajy JaCEPCKUM CHOMOBHMA U MPATHIX MOP(OIOTHjy U cacTaB IMOBpe-
Ia. 3a 0Baj paj] BaXKHO je OMJIO UMATH MPBE MOTBPAE O MOJICKYJIAPHUM CIUKAMA U3-
pakeHHM Tpeko pasHux jponprHoca U1 criektpuma. CrieKTpu cy JaTH 3a y30pKe
Mantepa pa3Hux 0oja ca 3rpazxe L{1K-a, y oznanu C1 u K1, mTo numa cBoje excrie-
pUMEHTaIHe apamerpe. Y eKCIepUMEHTaNHO] a3y cy CHUMaHH MapoBH CIIEKTapa
y Kpatepy (HOBa m3narama) 1 HeroBpelheHe okomuHe, ajau je WITyCTPaTUBHO MpHKa-
3aHO CaMO HEKOJIMKO Tpe/CTaBHUKA pa3HuX Mmarepujana. Crnenehn kopak je mope-
heme pesyntara oBe aHaNM3e U APYTHX THIIOBA CIIEKTapa, 3aTUM OTKIIAmaE J1ddic-
HUX WA KOUHYUOEHMHUX CTArba.

CHUMIIM MUKPOTIOBpEJIa Y30paKa ca CBOJUM MapaMeTpuMa Cy JIaTH Y CKYIIHU-
HU MHKPOIIOBpEIa ca UICTUM O3HaKama Koja oAroBapa MecTuMa Ha y30pky. OBze ce
HCTO TpeTHpa caB Marepujai OuoJiomke / MPOTETCKE / HEOpPraHcKe NpHUpole y
MoTJIey TMPUMEHCHUX TEXHUKA MEperba, a y MOriely CHMYyJalhja ca WHTePAKIIU-
joMm, n300p MoJiena (TepMaJIH| WK APYTH) 3aBUCHO OJ] THIIA IPUMEHH-SHOT Jlacepa U
ci1. [locroje pa3Hu mpuiIasy, y 3aBUCHOCTH O]l IIOCTABJbEHHX 3aJaTaka 3a aHaJIu3y
1 1a00paTOPHjCKy OIPEMIBEHOCT U BpeMe 3ay3efia XapIBEpCKHUX pecypca, a 3aBUCH
u u300p TpeTMaHa.

MI/IKpOCKOHCKa 1 MAaKpOCKOIICKa aHaJIn3a MaTCpI/IjaHa

A) Y3opiu omnnate THIA ManTepa, KOjH Cy Y3eTH 3a NPEAMETE JECKPHUIIIIU-
je/meuannMje Cy, MOHAaBJba ce, y3uMaHu u3 omuiare 3rpane [[MK-a, cim. 1 (a,0).
Y30piuu cy HEMpaBUITHOT OOJIMKA M M3BPIICHA j& CepHja H3Jlarama y30paka jeTHOM
WM JIBa CHOTIA UCTOBpeMeHO (y ucTy Tauky). Kopuihenu cy nacepu u3 nadbopato-
puja LHIUK- a. Y3opum cy HenpaBmiHOT 00MKa (cuka 10).

Ha cn. 8 cy npukazanu oruata u omrehema 1JacepCKUM CHOIOBHMA; HEKE
MOBpE/IE Cy U PE3yJITaT UCTOBPEMEHOT JIjCTBA, MO TadapuUTy, MAJIOT TOIYIPOBOJI-
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HIYKOr Jacepa (366 mW, A=552 nm, AA=0,1 nm, HenonapuzoBaru cuor, MGL-S-
532) u HeKOr OJ] CHOIIOBA Jlacepa Ha YBPCTOM Telly, npodecuoHanHor ypehaja 3a
yumheme Hacjaara Ha TpeaMeTHMa KynrypHe Oamrue. Jlacep mabGoparopuje
HHWK-a je uMIyJICHOT THMAa M MMa HEKOJHMKO Mpeia3a / BUIIMX XxapMoHHKa 1,06;
0,505 u 1,300 um. Ha MakpoCKOICKMM ClIMKaMa y30paka OIulaTe Wi APYyTHuX Ma-
Tepujalia KOju Cy u3Jiaranu jacepuma (spineli), MOTy J1a ce youe MOBpe/e Hanpas-
JbEHE JIACEPCKUM CHOINOBHMA. JlaTe moBpele cy Aajbe aHAJM3UPaHe ONTUYKUM MU-
KpPOCKOIIOM W THIIA cy Kparepa ,ciuka 13. (JuMeH3uje cBux y3opaka umajy rada-
pHTE peaa mo HEKOJIMKO cm, HITO je jeqHa O]l MPETIIOCTABKHU 32 CUMYJIaLHjy).

B) V3opuu tuna b cy 6unu naGoparopujcku nmponsBoa Apyre 1abopaTopuje,
u pobyiemaruke, ci. 11 [23- 25].

+
Cnuxa 10. Owmehera npoy3pokosana cnonouma nonynpogoonuuroz unu Nd**: YAG
aacepa ca XapMOHUYUMA, Camo no jeoan CHON 00 C8aKo2 aacepa 0080jeHO, UL CUMYIMAHO
Y Ucmy mauxy

Cnuka 11. Owmehersa Ha MAKPOCKONCKUM Y30pyuma 0eno8u ym no eabapumy u 0eb/buHu
peoa 2-3 mm, munwa/ / rabopamopuja / /...
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Tpeha epyna ysopaxa

L) Tpeha rpyna y3opaka (cn.12) cy ounm ¢punmpu Koju ce KOpUCTe y Telne-
BU3HJCKE CBpXE, YHje je CTame Mmpomnyirama/onobujama I 3pauema KOHTPOIH-
CaHo Tpe MHOTo roauHa y naboparopuju (Mp Brnamumup Kpacwyk u mp paran
[Tommanmuh) koja ce 6GaBmira kamepoM Ha TeneBu3Hju. KoHTpoma, y kK0joj je kKao ca-
pagHMK ydecTBOBao M 3opaH PucroBckw, ctymeHT EnexkrporexHuukor dakymnrera,
je Tmoka3aia Jia He TIOCTOjU CBYy/Ia cliarame ca npousBohaukum crienudukanyjama.

Cnuxa 12. Owmehersa na nanemu gunmapa 3a TB cepxe u konmpony pada kamepe

Ananuza onmuuxkum MUKPOCKONnom

Cnuxa 13a. Muxpozepag ananuse mamepujana yzopaxa L{UK-a, muna manmepa
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Cnuxa 136) Muxpoepag anaruze mamepujana ysopaxa [13]

UH®PALIPBEHH CIIEKTPU

CaumMame UL criektapa nzabpaHe Kareropuje y3opaka je BpIIeHO Ha Y30pIH-
Ma OIUIaTe U MPHUKA3aHO Ha CIMIM 14 U 3a MaTepHjajie THIA CIIMHEIA Ha CIuIm 15,

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
‘Wavenurmbars {cmdl )
a)
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Cnuka 15 Unghpaypsenu cnekmpu mamepujana 00 uHmepeca u 3a akmughe mamepujane
Jaacepa muna CRuHend HeKOMepYUujarHoe muna Koju cy CHUMAHU U Ha OpY2UM CUCHEMUMA

U], a u kapakmepucanu Opyum a0eKkeamHum MexHUKama
Tepmorpadcke aHanmse

TeneBusujcku 3e1eHA QUITEP U3 TaNeTe ci. 12 je u3arad CHOMY IMOJyIpo-

Boauuukor Jyiacepa (0,4 W 3enenu npenas ) y Tpajamy 1 u 2 min. 3eneHu duiarep
PP1 (No. 78) je 3a Bpeme o3padyaBama npahen tep Mmokamepom CIE Lab u Genesxe-
HE Ccy TeMIlepaType Ha MecTy croTa Ha ¢untpy npensuhenom 3a TB kamepe. Mu-
HUMAJIHE TeMIIepaType Cy 3aBUCHIIC OJf CHEpruje /CHare jacepa 3a mospeje, cii.16
Y TIpeJICTaBJbEHE Cy Ha ci.17.

Crame NOBPHIMHE MECTAa Ha (I)I/IJ'ITpr H3JI0KCHUM CHOITY CYy aHaJlu3upaHa

CHUCTEMOM MHUKpocKomn-padyHap. Crame nospene Qrrepa je mato Ha ¢i1.16 F1 u
16F2, pa3Bujene Temneparype y HeHtpy cy oune 42,3 i 12,8 °C 3a usnarame y Tpa-
jamy oz 2 min, ogrocHo ca FLIR 189 kamepowm: filtar plan Sp 1=64,9°Ci31,7a3a
1Ba myTa Mamy cHary 52,9 i 32,0°C, cn.17.

Tepmorpaduja
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0)

Cnuka 16 a) Quamap usznaean norynpo8ooHUuKom aacepy (3enenu npenas jedaw) 6) Jemas
cKane 3a aHauze MuKpPOCKOnom ci.o

Cnuxa 17. Tepmoepauja nekux uznazarsa 1acpckum CHOROBUMA CA BPEMEHUMA PeOa MUHYMA.

Oopehusare boje yzopaxa

Ilpm MeTomonorMju Tpaxema IapameTapa 3a JECKPUILHU]Y JACEPCKUX
MoBpeia, OJ1 HHTepeca je mpoMeHa 0oje y3opaka, qeuHUCaHa HEKHUM CUCTEMOM. Y
MOCTYIIKY KanrOpaluje mojasu ce oJ JerHULMje OeIor eTaJoHa U LPHOT eTajoHa
1y OIHOCY Ha BHUX ce oapelyjy koeduujeHTH pediekcuje n napaMerpu npema
(dopmanu3My HHCTpyMeHTa criekTpodoromerpa ca Kr-mamrom.

Ha cn. 18 B1 u B2 cy neramu oapehuBama criekrapa eTaioHa KOju UTPajy
YJIOTY aICOJIyTHO OEJIOT M alCOTyTHO LPHOT. Y JINTEPaTypH IOCTOjH AOCTA PA3HUX
eTajoHa 3a JehUHHIU]Y [PHOT U OeJoT, 1Ma Cy MOJAIM TOJIOKHH aHaIH3H. 32 TO
Cy MOTEOHHU CHEKTPH ca APYTUM STAIOHUPABbUMA M Pa3jIMKe lapaMmerapa/CreKTapa,
jep HeMaMo y LIeJIOM MEPHOM OIICETy paBHY KapaKTepHCTHKY, Beh ce MOpa BPLIUTH
HopMmupame. [Ipu cHUMamy je decto kopumheHo pacrojambe 4 mm Of MOBPILUHE
y3opka nipu CIELab excriepumeHTHMA.
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Cnuxa 18. Odpehusare 60oje y3opaxa. Ilpoyedypa 3a oopelhusarve b0oje y3opaka npexo
Koopounama u epaguuxe npedcmase noo0amaxa 0 CHeKkmpy y 0amom noopyyjy Koju
npedcmassa peduexcujy/ ancopnyujy

VY pany [26] ce Hana3u neo mojaraka (Ciuke criekrapa) nomohy kojux ce
onpehyje 60ja y3opaka.

CBH mpuKa3aHU JICJIOBH EKCIIEpUMEHATa Cy OJI HHTepeca U 3a KyJATypHY Oa-
LITHHY ® 32 y30pKe Marepujasa 0e3 003upa J1a i Cy OPraHCKOT WIIM HEOPTaHCKOT
THIIA, © MOTY C€ KOPUCTUTH 32 CTame MOBpPIIMHA, OnodakTopa, ca Hajpa3IMuUTH-
jUM HaMmeHaMa, ajJM NPUIaaajy KaTeropHju KBaHTHUTATHBHHX ITOKa3aresba KOjU Ce
JlaJbe MOTY TO/IBPTHYTH CHUMYyJIallijama , TOIITO je OBJE y CYIITHHH YBEK MoTpedaH
n3BOp (OBJIC je aKLEHAT Ha KOXEPEHTHOM 3payuckby U Ty OU Y CBaKOj 0J1 METO/Ia MO-
rao Ja ce YKJbY4H U3BOP Ca KOXEPEHTHUM- JIACEPCKHU, MECTO N3BOpa Ca XaOTHYHUM
3pavereM, ITO OM TTOTEHIIHM]alTHO Tpebalio 1a JONPHUHECe HUBOY MPEIH3HOCTH [27-
30].

3. 3AKJbYUAK

3a 3aKJbyd4aKk MOXKE JIa C€ y3Me Y 003Up HEKOJIMKO Te3a:

— pa3sMarpame GpopmaiinzMa pedieKcHje Ha rpaHullaMa CpeHa ca UHTEp-
(hepeHIIMOHUM TPOIECHMA;

— moxcehame Ha TIpBa U3Bohema pajia jJacepa, y3 oIeHe 3a PyOHHCKH Jlacep
U jeqHO Hu3BOheme JIOPEHLHUjaHa KOJUM CE YeCTO MOJENyjy JIaCepCKH
CHOTIOBH;

— pa3MaTrpame HEKHX KOopaka y Ho0ujamy (puiarepa 3a BEIMKE HHTCH3UTETE
Y TpaHCIIapESHIIN]Y;
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— Y eKCIepUMEHTAIHOM JIENTy pajia, MoKa3uBame omrehema Ha puntepuma
00obujerna MHOTO CJIa0HjUM CHOTIOBHMA;

— H3BOhEHme METOAOJIOTH]E 3a Pa3HE HHTEPAKIUje ca JJAaCEPCKHM CHOIIOM;

— 3a ciaydaj o0jekTa KyJATypHE OalllThHEe, OJHOCHO h-EHE OIUIaTe, CHUMAME
UL cniekrapa nmocie LIBS koju He yHuIITaBa y3opak. [lpukazanu cy Mu-
Kporpadu MUKPOCKOTICKMX aHAIHM3a KOJH MOTY J1a TIOCITYXe 3a JIETaJbHH]Y
aHaIIM3y ¥ MOJIETIOBAHE.

Mukpockoricke ciiike o0jekara Kao U JeO SKCIepUMeHaTa ca TePMaJHOM
CJINKOM HMHTEpAaKIIHje j¢ TPUKa3aH, alld CTOjH J1a OU uieaitHo OWIo Jja ce y CBAaKOM
EKCTIIEpPUMEHTY HWHTEPAaKIIMje HCTOBPEMEHO M00Mje U 3aluile MOAaTaK O HEKOj
npeseHranuju (0p3e kamepe, M1l xamepe) a ga ce MOBpeie CBaKako TPETUPAjy
€JIEKTPOHCKOM MUKpockomnujoM 1 EDX TexHHKOM. 3a MpeTnocTaB/beHU MaTepuja
oIiate, MPETIIOCTaB/bCHA je TeMIepaTtypHa pacmojena. CBuUM y3opruma je
onpehuBana u 0oja y jemHoMm cuctemy BezanoM 3a ULl cme krpamny pediekcujy
(arcoprmujy).
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LASER TECHNIQUES AND COUPLINGS WITH OTHER TECHNIQUES IN
CONTEMPORARY PROBLEM SOLVING IN THEORY AND PRACTICE

Abstract: Problems of today, pro et contra of new breakthroughs in
high frequencies and pandemics, seem to have called for even more complex
correlations and couplings of the fields: science, empiria (practice), mass-
media in mastering the best possible description of certain processes in joint
efforts to get out of a situation where our Globe had come to. More than ever,
a lot of multidisciplinary work is needed, but also narrowly specialized sophi-
sticated knowledge of the fields in which research is conducted.
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In broad and generalized approach of coherent radiation interaction
with material, the boundary of more classical scattering / interaction approac-
hes seems to be lost, because the notion of stimulated processes and short-
term pulses opened close areas in interaction with material (in a broad sense
including bio-phenomena) and smeared the moment when living cells began
to participate in optical recordings, and it is known that statistics from
biological processes may solve traffic problems, etc.

In this paper, the interaction of materials with stimulated electromag-
netic radiation, its results and the most accurate description of possible proce-
sses will be considered. By emphasising the optically visible, infrared and ul-
traviolet areas, some implementations of the rest of the electromagnetic spec-
trum and modulation of materials or their measurement possibilities will be
sketched.

For selected examples of materials of various classes, their possible des-
cription of characteristics before and after interaction from the point of view of
laser, thermal immaging, and other techniques will be considered, where records
of induced acoustic or series of other coupled effects, like magneto-optical,
electro-optical, etc. come to the fore. Selected theoretically more complex models
with computer support will also be considered, as well as simple final formulas,
which lead to relatively useful estimates in the outcome of the interaction during
monitoring a particular output channel. In the spectroscopic approach, parts of
spectroscopies that have laser or stimulated sources included and in that way new
or only improved spectroscopies opened, will be discussed.

In this regard, interpretations become very sensitive areas. The app-
roach of the application of laser and non-laser techniques to materials in ge-
neral (e.g. to bio'materials, or to heritage objects) and defining the samples
and measurements on selected objects or materials, as well as practice, theo-
ry, reality in the fields of cultural heritage, medicine or specific areas which
include damages, useful destructive processes or explosive processes in the
use of laser techniques again raises the issue of laser damages and their
definitions. Entering into the field of protection by the induction of laser
breakdown or by the initiation of various processes, must have detailed
knowledge of the main optical indicators / descriptors of the material, inclu-
ding the concepts of reflection coefficients, scattering, absorption, thermody-
namic parameters, ignition point, particle size if the material is in the powder
state and similar.

Key words: laser techniques, interaction, scattering, materials, des-
cription, visualization.
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Uloga lasera i sprezanja sa solarnom energijom i problemima ,,tematike" vozila je vrlo siro-
ka. U ovom radu su analizirani principi, savremeni razvoj specificnih disciplina i posmatranja sa
tehnicko/ naucno/ inZenjersko/ metroloskih tacaka gledista. Ova oblast je u Sirem smislu vezana za
., istoriju* nase planete ili, u uzem, sredinu proslog veka i zlatno doba kvantne elektronike. Neki od
generalnih problema su resavani sporo, ali sa druge strane, posmatranjem sadasnjeg stanja nekon-
vencionalnih napajanja vozila/ automobila i realizovanih komponenti, neke karakteristike su menja-
le konvencionalne pristupe realizovanju i kapacitansama u sistemima napajanja. Glavni cilj je da
se analiziraju problemi koji bi resavanjem povecali gradijente buduceg razvoja solarne energije i
njene primene u automobilskoj industriji, putem multidisciplinarnih pristupa. Uz podsecanja na
potrebe, razmotrena su sprezanja kroz teoretsko inZenjerske pristupe u polju tehnologije, metrolo-
gije i generisanja snage/ energije, i transformacije u podrucju razvoja, primene i rada lasera, au-
tomobila i solarne energije.

Kljucne reci: laser; Sunce; obnovljivi izvori energije; vozilo; tehnologija; metrologija; so-
larno pumpanje lasera; holografija; plazma

Laser role and couplings with vehicles and solar power are numerous and in this paper we
analyzed the principles, contemporary development of special areas and observation from the sci-
entific/ engineering, or from the metrological point of view. This area is, in broader sense, connect-
ed to history of our planet, or since the midst of the previous century and golden age of quantum
electronics. Some of the general problems have rather slow dynamics of solving, but on the other
hand, considering contemporary state-of-the-art of unconventionally powered vehicles and realized
components, some characteristics change conservative opinions on the realizable capacities. The
main goal of this consideration is to point to the unity of problems, which might speed up the gradi-
ents of the developments in solar technology of automotive technology, by multi-disciplinary ap-
proach. Overall, we have considered both theoretical approaches and currently developed systems
in the fields of technology, metrology and power production and transformation.

Key words: laser; Sun; renewable energy sources; vehicle; technology; metrology; solar la-
ser pumping; holography; plasma
1 Introduction

Main parts of electrical power system bring to mind the importance of electrical power, pro-
duction, distribution, consumption and production capacities of Serbia and neighboring countries

“Corresponding author, email: esreckov@etf.rs
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(BiH - Republic of Srpska, Montenegro, Romania), as well as Europe and other continents. There
are issues of small/ large hydro-, thermo-, wind and geothermal power plants and systems (and oth-
ers) concerning planned and realized capacities. Wind energy transformation, properties of energy,
transmission/ distribution/ development of networks, distribution facilities, photographs, questions
of consumers and areas, generation of local area diagrams and averaging of capacities are still con-
temporary topics. The question and the stance of education of necessary theoretical and practical
knowledge, as well as the skills for education systems are of special importance. Detailed data re-
garding climate and weather, like wind charts, etc. should be constantly recorded, due to (debatable)
changes of climate.

1.1 Sunand wind

Almost entire renewable energy and also fossil fuel energy originate from the Sun’s energy.
Sun as a star rotates with the speed of 30 km/s around its axis with period of 27 days at Sun’s equa-
tor and of around 31 day at Sun’s poles. In the core, temperatures are estimated at 107 K, pressure
10 Pa and density 10° kg/cm?®. Here the thermonuclear fusion of hydrogen to helium takes place,
generating vast quantity of energy which is transferred to the surface and from there transmitted
into Space in the form of electromagnetic radiation.

Photosphere, chromosphere, corona (seen during eclipse) and heliosphere (reaching out to-
wards Space) are areas which parameters are expressed with temperature - T, pressure - p, radiation/
solar constants, state of ionized particles and gases. The temperature at the photosphere is T = 5769
K and radiating power 64MW/m. Sun attributes, like the change of irradiation power with the dis-
tance from the Sun to the Earth is decreasing and solar constant drops to ~ 2353 W/m. The causes
of wind formation could be found. One parallel is that laser motor was known although it did not
work on laser with solar drive. Other parallels are lasers pumped by solar power.

For a long time, Germany was leading in wind power production capacity. In 2008 Germany
had dropped to the second place and in 2010 to third, with the China taking the precedence. The
development of wind energy in the first two decades of the 21 century and the factsheet on the
wind power in Germany from various references are shown, Figs. 1-3. Consumption management in
the smart power grids with variable production puts on line issues: electrical power, distributed
sources, smart network, response, consumption, load, prognosis, management, peak power, variable
production. Nowadays, economic and ecologic interests are often opposed and are the topics of eve-
ryday consideration and debate [1-22].
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Figure 1.Wind power in Germany Figure 2. Development of wind energy supply
from 1990 to 2015 [2] in Germany

2 Technological and metrological application

The use of lasers in automotive/ vehicle industry, aircrafts and shipbuilding - maritime indus-
try [23-27], for civil and military purposes is increasing. Historically, a series of references describ-
ing application of lasers in certain area of everyday life contain it as a topic. As devices, lasers were
developed in scientific disciplines worldwide and used in advances to Space, medicine, in art and
heritology as well [23-27]. Here, several examples are presented existing in generally all categories
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covering material processing [27-34], a role in vehicle sensors, state of tires and similar, concluding
with laser motors (engines) and laser rocket engines (motors) [35-54].
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Figure 3. The factsheet on wind power in Germany in 2016 [1]

The application of lasers in automated visual inspection systems , quality management and in
the measurement technique of vehicle production and control are among the measurements devel-
oped on the basis of coherent sources for non-destructive testing (NDT) of: fatigue, vibration, de-
formation, flow and combustion processes. The attributes are: simplicity, easy handling, ergonomic
design of the car interior, methods of geometric and physical optics, profiles and surface positions,
detection of defects and optical vibration measurement and monitoring.

To control oil purity and combustion processes, a number of spectroscopic methods are used.
For other features linked to automotive industry and vehicle operating, laser based methods of fre-
quent use are anemometric methods, interferometry, holography, tomography, however speckle
based methods are also implemented. In many methods, quantum generators are widely used as
sources. In the field of precision mechanics and analogous problems, Moiré methods were known as
more classic. Some developments that are linked to all the methods mentioned above are: CCD bat-
teries and the development of small computers including more conservative classical methods.

In pure processing of materials in automotive industry, laser role is included through the tasks
of engraving, printing on metal parts, drilling, cutting, welding (machining/ processing of objects of
various geometries), printing through glass or layers of other material, after the system has been
assembled. Printing techniques are known in the methods of masks (in photolithography) and ma-
trix or scaffolding in 3D printing and are connected to branching procedures and artificial intelli-
gence. Monitoring by camera is also performed in the vehicle industry, especially in the automotive
industry. The trend in general is to replace the human work with robotic or digitalized solutions.
Once upon a time, acquiring an image of a work piece in good illumination was sufficient for fur-
ther analysis, which excluded the necessity to observe or to have access to the work piece. Pro-
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cessing speeds and solutions depend on the complexity of the part to be produced and the current
technology. In perspective, the quality of acquired images improves with illumination by coherent
sources. As an example, lasers were included in bar code technology much later after it was intro-
duced. Much of the theoretical work has been invested and many technological operations were
developed until laser centering of automotive parts became common in many car repair centers in
almost every town. A large number of possible, potential or current laser applications are sketched
in Fig. 4.

Interior Corrosion

equipment testin
Car body autp g

(chassis)

Electronics

Drivetrain

Tyre defect

control
Exhaust

system
Engine .
Steering

Wheel and body system
allignment

Figure 4. Typical points of inspection and quality control in vehicles. Emphasis is on the measuring
role of the quantum generator, but it was not taken into account that the laser methods also
participated in the construction of a particular component or assembly

Characteristic places of inspection and quality control in vehicles are steering wheel and
measuring elements, engine, drive unit, electronics, exhaust gases, interior equipment, car body,
centering of gears and wheels, control of tires, corrosion testing, measuring of vehicle speed and
wheel rotation speed, topographic types of control, performed at normal speed of movement. For
instance, poorly centered pneumatics cause vehicle vibrations and have serious impact on the car
suspension and support system. The implementation of such systems, Figs. 4-8, has been developed
by car and tires manufacturers, Michelin among the others.

Figure 5. Control (monitoring) of tires with a laser beam

Profile and surface quality examination, and the surface position measurement are also per-
formed by laser. In contour measurements, a sharpened probe is used maintaining the mechanical
contact with the surface of interest. Changing the position causes the probe to move, which further
evaluates the contours of the surface profile. Mechanical devices in various areas verify the thick-
ness of details and determine the surface parameters in the process of automatic control by using the
servo systems and feedback by adequate comparison. For the exact reproduction of the 3D repre-
sentation, the method of profilometry of the template is used.

Optical solutions in profilometry have the following advantages: no damage to the work sur-
face, no wear of instruments, measurements can be performed with templates made of various mate-
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rials. Developed models range from polished materials of various degrees of metal surface quality
to plastic and matt surfaces. Accessories with wedge-shaped components and topography recording
are increasing in numbers. Measurements provide a profile, horizontal map, object thickness, as in
Fig. 9a.

Figure 6. Control of a tyre with a laser beam [24]
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In the surface profile measurement system, Fig. 9, the laser beam is focused at a small spot on
the surface of the examined object. Scattered radiation is collected by lenses and focused through
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the diaphragm vibrating at sound frequencies onto the photodetector. The variable component is
amplified and detected by synchronous detection in relation to the frequencies of the generator. Di-
aphragm dimension is 250 um, and vibration frequency is 525 Hz. The sign of the output signal
depends on the direction of movement in relation to the focus. This is how maps are recorded (2D
analysis).

2.1 Systems for defect search and diagnostics

The advantages of laser quality inspection and control methods come to the fore when is diffi-
cult to provide automatic control. There are various cases: surface quality, mass production, rapid
control of multilayer materials, small details in the automotive industry. The system works on the
principle of light scattering (laser beam). For cylindrical geometry, the He Ne laser beam is trans-
formed into a line, which follows the workpiece with a mechanical manipulator of the auto-revolver
type. Various optical signals are collected from the surface of the working part, transmitted through
a system of fibers and other optical elements, and detected by a photomultiplier. The frequency
spectrum of the obtained signals is compared with/ to the spectra obtained from the surfaces without
defects.

2.2 Optical vibration measurements

The character of vibrations of one structural part during harmonic excitation is measured.
Complex processes in engines, brakes, body parts and testing areas at several points can be ana-
lyzed. For instance, Volkswagen used the contactless methods for obtaining the data for analysis,
holographic and laser Doppler measurement techniques. Among them, there are two-pulse holog-
raphy, LDA measurements of vibrations in small volume (SOVAS technique); Tabs.1 and 2 give
characteristics of laser methods during time.

Table 1. General methods of vibration measurement

Real time holography Pulse holography SOVAS
Object Single construction Construction blocks, Construction blocks, aggregates,
elements aggregates, chassis movable parts of chassis
Measuring quantity | Amplitude Analysis regarding Speed
laser pulse
Measuring interval 0.2 um - 0.5 um 0.2 pm-200 um 0.001 m/s-1m/s
(extrapolated)
Excitation Harmonic Harmonic or Harmonic or auto-excitation and
auto-excitation excitation of noises
Frequency variation Dominant frequency time | Spectral analysis
filtering
State of vibrations Forced Transitional regime Stationary regime
Mode of operation Surface Surface 30 dots x 30 dots
Duration of Several seconds Instantly 10s-300s
measurement

Table 2.Methods of holographic interferometry

Real time holography Pulse holography Holographic interferometry
with averaging in time

Operations Hologram exposure, Hologram exposure, loading the | Hologram exposure during object

loading the object object, secondary exposition moving and development
Advantages Total information on Easy realization, one-for-all Easy realization and

object changes single setup, constant emulsion | easy interpretation of results
Drawbacks Difficulties in interpretation, |Pure information, Not suitable on immobile surfaces

necessity of repeating the difficulties in interpretation

setup, emulsion, distortions
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Applications | Analysis of mechanical Analysis of mechanical stresses, | Analysis of vibrations
stresses, defects defects,
Analysis of transitional processes

2.3 Active holography - real-time holography

With the help of a real-time holography, the vibrations caused by the construction elements
are visualized. The vibration distributions are observed on a monitor with a video camera. Reso-
nances are established by varying the excitation frequency. The measuring area relates to the area of
the interference fringes 0.1 um - 5 pm. The interferometer must be on a special stand with insula-
tion from vibrations of a mechanical nature. There is also the holographic working camera, the con-
trol of the illumination of the object, excitation and the stroboscopic device. For structural vibra-
tions of the engine block, the range above 1 kHz is reached.

Another application with laser technique is related to the technique of optimization of brakes
from the stress-strain point of view, Fig. 10. The problems of real-time holography are related to:
a) placing the hologram in the exposure position, b) distorting the photoemulsions and c) detailed
interpretation of the interference image in relation to the theory of local zones.

Figure 10. Vibration: technical
optimization by holographic interferometry

Figure 11. Holocamera

2.4 Two-pulse holography

Pulse holography has long been used outside of optical laboratories. Illumination with two
pulses is used for the analysis of transient modes with a holocamera and adequate electronics,
Figs.7, 10, 11, which evaluate the vibrations (displacement/ dynamic) of the car body and the sub-
systems. Free and forced vibrations are monitored. The resulting interference distribution showed
the exact position and time (moment) of the vibration at a certain frequency. In addition, structural
material weaknesses, noise sources and material strength are also examined. One of the first appli-
cations of holography in general, including this method, is based on the examination of pneumatics
and defects in production and exploitation, Figs. 12, 13. Compared to the methods of real-time
HRV holography, the method is less flexible and cannot monitor continuous deformation. The prob-
lems are in the interpretation, localization of zones, etc., Figs. 13, 14. The existence of both defects
and places of different loads causes the occurrence of thickening and deformation.

5% 2

Figure 12. Holographic Figure 13. Detail of hologram Figure 14. Changes on disk
tests of tires; for defect analysis couplings examined by holo-
interference fringes graphic techniques (mechanical
and thermal stresses)
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2.5 Laser Doppler methods: LDA and LDV

Holographic interferometry, HI, with time averaging does not demand that the detail, the con-
struction ensemble and the scene are without vibrations of the environment (“without moving”), and
that mechanical displacements are less than A/4, where 1 is the wavelength of the applied quantum
generator. The characteristic of the beam intensity dependence on x, taken by one of the holograph-
ic schemes, is connected to D(x) — surface displacement from the equilibrium state (or undeformed
state) — and to 1. The surface analysis and estimation of its dynamics is possible if the condition
4nD/A >> 1 is fulfilled.

In general, if the Doppler effect is present, the methods inherit its name. It is often used with
the systems that follow both the development of techniques/ technology and the widening of our
experience from acoustics to area where relativistic effects had to be taken into account for the case
of EM radiation. HI methods are based on the optical path manipulation and on obtained visualiza-
tion of hologram. The image is closely connected to vibrations, resonant frequencies, provoked de-
formations, and stresses of the objects or system. The vibrometer uses the direct and referent beams.
Laser beam reflected from the object is recorded in the measuring system. The laser beam operates
with defined number of measuring. In the case of vibrations, vibration processes are imprinted in
signals. The obtained spectrum is the principal task for analysis and from the depth of modulation
characteristic (resonant) frequencies and the local distribution of the vibrations can be obtained,
Figs.15. Besides the first known application in violin resonator (or other musical instruments), and
in turbine blades, HI methods with time averaging are applied in automotive, aircraft and other ve-
hicle industries.

Figure 15a. SOVAS techniques define resonance frequencies of component, part of the system or
in general recorded area (valve dynamics)

The analyses of the combustion processes have been performed by the methods of laser beam
scattering and have been used for monitoring of engine operation, and for monitoring of turbulent
processes. The Schlieren method is commonly used in this case, Fig. 15b.

Figure 15b. Schlieren method applied in motor dynamic control/ monitoring

2.6 Laser Rocket Motors

New trends in the development of rocket techniques have opened new possibilities for lasers
to be implemented and for solving problems related to classical motors used in interplanetary
flights. In this paper, some aspects of the design and construction of laser rocket motors as well as
the implementation of exchange of laser power are presented. A lot of debate concerning the types
of optimal design of the systems of energy transformation in cosmic investigation still exists, and
new technologies in recent years have opened up many new possibilities.

Laser rocket motors run on various energy types: electrical (electrostatic, electromagnetic and
electrothermal), nuclear, solar, magneto-hydrodynamic and numerous types of chemical fuel, and
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more. They all have many advantages and disadvantages, with different degrees of efficiency. So-
lar-powered laser motors also exist. Both solar into thermal energy transformation and motors (ionic
or plasma) are considered for the cosmic travel. However, it seems that the ideas concerning classi-
cal — thermal — motors are still dominant in the field of contemporary solutions in the Earth’s at-
mosphere. The link between reactive motors and laser as a power source is still a topic of discussion
as also is the grouping of laser power transmission into several groups based on the principle of
operation, thermal, electric and hybrid.

One possible solution of laser implementation is where a directed, focused laser beam is ab-
sorbed in some solid, liquid or gas fuel, or for laser-ignited combustion, Fig. 16. The basic mecha-
nisms of absorption in heat exchange devices are: Bremsstrahlung radiation, CW absorption, mo-
lecular absorption and particle-level absorption.

The implementation of pulsed, periodical laser beams, or CW laser beams depends on the
combustion material type. The essential part of the design is linked to the current generator in the
motor nozzle. In our terminology, the motor nozzle means establishing plasma in the working mate-
rial, and combustion is the main process in sustaining the plasma.

The aerodynamic windows are especially important when working with high-power lasers.
There exist non-linear optic solutions in surmounting window-related problems; these solutions are
based on multi-layered materials and inverse-population processes. Optoelectronic systems are used
for energy transport from Earth to orbital stations; the purpose of these systems is the transmission
of CO2 and free electron laser beams, Fig. 17.

Figure 16. Laser-ignited combustion [50] ~ Figure 17. One of the first schemes of transmission
of energy from free electron lasers on Earth
to cosmic satellites. This scheme relies on the

application of reflection and refraction processes

The station is built on high altitudes to minimize loss of power/ energy in the atmosphere. The
principal parts of the system are: the free electron accelerator, powering sources, vacuum pumps,
the transmitting mirror, the optical resonator, the collector/ concentrator of radiation; beam trajecto-
ry, geostationary orbital retranslator, etc. The feedback with the power station and the interorbital
rocket with laser motor are also important aspects of the complex.

Laser rocket motors produce pressure based on the transformation of the beam energy into ki-
netic energy of fuel molecules via heating and expansion processes in the nozzle. The gases in-
volved are of low molecular mass, and are therefore heated to very high temperatures. The principal
tasks for the practical realization of motors of this type are: fulfilling the conditions for optimal ab-
sorption mechanisms of the laser beam, selection of the wavelength, the minimization of energy
losses in all phases of motor’s functioning, the design of the motor, and even the choice of materials
or fuel, Figs. 18, 19.

Characteristic values are linked to simple approach to 1D modeling of flow, cylindrical ge-
ometry of the nozzle of constant cross section. These are the first approximations related to the real
absorption of the laser beam, when effects of detonation, laser plasma wave transmission, superson-
ic processes and deflagration are possible. For CO2 laser beam wavelength and hydrogen, at
0.1 MPa, power threshold is 101° W/cm?.
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for pure hydrogen at p = 0.1 Pa and the contribution of various causes to absorption;
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Considering laser plasma in 2D modeling of rocket engine, operation characteristics of laser
thermal engine are presented in Fig. 19, and the influence of its losses is presented in Fig. 20.
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Figure 20. Influence of various losses to specific
pulse: 1 - ideal characteristics, 2 - with
atmospheric losses and partially influenced by
operating body, 3 - losses by focusing/ insufficient
aligning, 4 - freezingforM =15 M =2

Figure 19. Operational characteristics
of various ideal motors — fuel consumption
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In Figs. 21-22, some characteristic results and facts from literature are presented.
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3 Laser Cladding on Exhaust Motor Valves

3.1 Plasma and Laser Cladding on Stainless Steel for Exhaust Motor Valves

The exhaust motor valves are exposed to high temperature of hot combustion gasses, followed
by the pressure at the contact surface with the valve seat. The valves for fossil fuel motors are man-
ufactured from stainless steel materials, but many of which do not have satisfactory wear properties
at high temperatures. The thermal stability can be improved by cladding. For that purposes, hard
and corrosion resistant material should be used, such as Co- or Ni-based materials. Due to high boil-
ing and melting points, the plasma spraying and laser cladding must be used for fast melting. Laser
cladding is distinguished from plasma cladding in a smaller fusion area at the parent metal and in
producing a well metallurgical bond of the hardfaced material. Furthermore, the combustion of va-
porized liquid fuel produces specific kind of high-temperature corrosion. Many attempts have been
done in choosing the material with adequate properties. The Ni alloys for motor engine valves must
contain strengthening elements, commonly Co, Al, and Ti. Due to lower price, the Co coating alloys
are superior to stainless steel as a surface material. The industrial acceptance of laser cladding is
still slow.

Powders. Typical stainless steel for exhaust motor valve has contributions of five elements
(percent): C (0.50), Cr (21.0), Mn (9.0), Ni (4) and N (0.4). After quenching from 1140 °C- 1180 °C
in aqua, steel retains the austenitic structure; it means that hardness values are not increased. As
corrosion resistant and hardfaced materials for exhaust motor valves, available are Ni-Cr-B-Si and
Co-Cr-W alloys (Stellite 6 or similar) in powder form [27]. For melting of those alloys, the high
energy welding methods should be used.

Characteristics of cladding methods for engine valves. The contact surface between the
engine valve and its seat, assigned by an arrow in Fig. 23a, subjected to the pressure in the atmos-
phere of combustion gases, achieves a remarkable wear. In order to decrease the wear, surfaces
should be cladded/ hardfaced, Fig. 23b. This surface is rough, Fig. 23c, and has to be grinded.

a)

Figure23. a) Contact surfaces between valve and seat, b) Surface during cladding,
c¢) Cladded surface at the edge of motor engine valve
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It is possible to achieve high energy torch in the plasma gun (plasmatron), Fig. 24a, where the
stream of high velocity gases does not carry the molten particles. The plasma gun enables achieving
high temperatures (> 4000 K), fast and strong stream of formed plasma gas, so that different pow-
ders could be melted at the valve edge.

The laser beam produces high temperatures in interaction, even more than plasma torch. Pow-
der for laser cladding could be fed from one or both sides, Fig. 24b. It is possible to produce a thin-
ner layer by laser beam than by plasma torch. One of the main advantages of laser beam is in lower
dissipation of an expensive powder material to be melted and cladded. Depending on used powders,
the hardness values of cladded material range from ~ 390 HV to ~ 550 HV. It is reasonable to con-
sider hardfacing. In plasma or laser clading, different technological parameters are applicable in a
wide range: speed of beam travel, powder mass flow rate, used plasma or shielded gas, pulse fre-
quency, energy of beam, etc.

LB o Laser
—% © Head,
PN - O%
sed (i ka s Powder
MEe G T & o spra?/
j5 07 nozzle
. Clad_§
57 area ™%
e e— Line beam  Direction of beam travel

a) b)
Figure 24. Cross section through: a) plasma gun and b) laser head, for cladding;
1-W electrode, 2-Cu nozzle, 3-cooling water, 4- created plasma,
5-plasma stream, E-current source

For laser cladding of Co alloys, when sufficient energy of the beam reaches levels of
> 18 J/pulse, CO:2 or pulsed Nd**:YAG lasers are used [27]. Heat affected zone, HAZ, and especial-
ly interface layers are very small after laser cladding, Fig. 25. The pores occurring in microstructure
after laser cladding are rare and small, Fig. 25a.

R :
Figure 25. Microstructures of cladded layers: a) stellite-6 layer and small interface on the parent
metal; b) parent metal (left), HAZ and Ni-Cr-C-S alloy (right), magnification 300x [27]

The dilution of cladded layer with parent material is higher with plasma method than with la-
ser cladding method. Surface roughness, Ra, after grinding of cladded layer on motor engine valves
[27] has to be on level < 1.8 pum.

Following statements are for further analysis. Plasma and laser claddings are cost effective
methods for improving the wear- and corrosion- resistance characteristics of motor engine valves.
Therefore, for surfaces, a material with better properties than the parent metal must be used. After
cladding, the surface is rough. Industrial lasers are controllable power sources, meaning that the
control of the heat input into the workpiece is better with the laser cladding than with the plasma
gun cladding. The plasma cladding gives significantly higher power input into the workpiece, which
is usually disadvantage in the sense of higher distortion of treated machine component. Lower dis-
tortion means smaller grinding thickness, which is of importance for manufacturing schedule. In
both processes, it is possible to employ high-hardness alloys, even mixtures containing WC, SiC or
similar intermetallic compounds, for a variety of applications [27].
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4 Conclusion

Characteristics of plasma and laser cladding methods could be emphasized as: plasma and la-
ser methods for cladding of motor engine valves dominate in automotive industry. In laser cladding
the higher power density is achieved at the small target area than in plasma method. Hard and cor-
rosion resistant materials may be easily melted by both methods. Obtained hardness values are in
closer relation to chosen chemical composition of cladded material rather than the used method for
deposition of a layer. The negative role of strong plasma stream is the blowing of powder material
to be cladded. The smaller dissipation of powder material is achieved by using laser beam instead of
plasma torch. The dilution of melted layer is lower in laser than plasma cladding. Both methods are
available for producing new parts, as well as in additive manufacturing and for rebuilding of partial-
ly worn surface(s).

The main branches of the field of laser processing are: the study of technical characteristics of
laser systems and laser types, as well as the study of other optical components, mechanical systems
and the specificity of the designed devices. Since the era of MILK and the first PhD theses in
former Yugoslavia about the industrial applications of lasers, there have been numerous other
studies about basic functioning and practical applications: namely, about laser pumping, beam
shaping, transportation, reflection and refraction processes. There have also been studies about
systems based on fluid mechanics, system cooling, thermostating for increasing laser stability. It is
important not to forget about the social and health aspects of research, i.e. the education in the
application of the developed systems and demand to provide the necessary protective measures.
Note that some of the old terminology for the deviation of the actual results from the nominated/
projected/ fabricated results (for example, drilling diameter, surface roughness, precise contour
cutting) needs to be updated — for example, the term “error” should be replaced by “uncertainty”;
this not just a matter of terminology. Considering the variable nature of energy transformation, a
multidisciplinary approach is inevitable.

From the economic perspective, there is no doubt about the fact that quality is the best in-
vestment, and this is true for the vehicle industry as well. In order to establish a system of quality in
the automotive industry, one must have: technical documentation depending on the type of the ve-
hicle, production equipment, personnel, realization monitoring, environmental conditions and eco-
logical trends.

Several highly trained people are required to study on large and complex array of machines.
One engineer today with a laptop can do more sophisticated studies of much larger systems. Steady
—state flows are simulated as the positive sequence equivalent, presented by several pi sections con-
nected in series. Each of them represents a length of line as shunt capacitors and series reactive el-
ements. The system was replaced on a large panel, the face of which was a maze of physical con-
nection links. Unbalanced faults required an interconnection of three networks, each one for posi-
tive, negative and zero sequence. Dynamics were simulated by a step-by-step process with some
representation.

Lasers are used in various ways for technical verification purposes. New measuring methods
for displacement and sizes are constantly being developed, but they are all based on geometrical and
physical optics, diffraction, interference, holography, holographic interferometry, etc. Methods for
the measuring of vibrations in general as well as stresses and stress distribution are also based on
the aforementioned physical disciplines and processes. Many of these methods are in essence clas-
sical, where the laser is only a substitute for a natural source of energy; however, many others can
only be realized with the use of lasers/coherent beams. The term “coherent” should be used both in
the spatial and temporal sense, but in practice, it usually refers to only one of these two. Because of
the development of lasers with very short pulse (ns-ps-fs), certain measurements, which could pre-
viously only be done in a laboratory, can now be performed in the field.

Laser measuring methods are often cheaper, simpler and faster than their more classical coun-
terparts. Lasers are also used in systems which measure displacements caused by static and dynam-
ical loadings, which are a very important aspect of monitoring in the automotive industry. One such
example is the tuning and positioning of car suspension. Also, corrosion is nowadays monitored by
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small portative devices. All of these processes are carried out from a distance, without interrupting
the production processes. Laser-based microanalysis of materials (like LIBS, ...) has numerous ad-
vantages over other microanalysis methods (chemical, ion and electron beams, SEM and TEM, ...).
Many practical applications rely on laser plasma. Laser-based microanalysis methods are very pre-
cise even for very small samples (< 1pg). There are numerous illustrations for the state of know-
how technology and potential laser implementations.

Although they have their own histories, the topics of laser propulsion and rocket motors have
connected several contemporary disciplines in recent years, initiating much theoretical research, as
well as large international projects on the applied side of the areas.

A detailed examination of the comparison and current state of contemporary laser motors,
which would consider both the theoretical and practical point of view, would necessarily be a very
long/demanding project. Therefore, in this paper, only rough sketches of the subject matter have
been given. From an educational point of view, one should neither dismiss the historical dynamics
of the development of laser motors, nor the current state of today’s most promising designs. The
lasers have been given a special place in this paper, because many commercial and non-commercial
quantum generators exist (laser transitions). One of the most important areas of research concerning
lasers is the transfer of mechanical magnitudes by optical systems: buoyancy force or the transfor-
mation of electromagnetic energy to other ranges. In order to improve the functioning of laser mo-
tors, the most important aspect is increasing the efficiency of absorption (multi-layer material, coat-
ing, concentrator, etc.).

The theoretical foundations have existed for almost 30 years. The realization depends on both
the needs and currently available technology. When minimizing losses in the application of lasers in
motors, one must pay special attention to the processes in: plasma, transmission of energy to the
working fluid, flow regulation, the mixing of hot and cold materials, the transfer of heat into the
motor walls by convection and radiation, and in the protection of walls. Other important points of
view include the gasodynamics of the flow through the plasma and the nozzle design. It is important
to select the optimal laser wavelength for laser motors (engines), due to very large number of quan-
tum generators. In particular, aerodynamical windows require many new solutions on their own. To
reach the goals, the activities of today implement more and more, but efficient models, and also
increase the level of approximation of the thermodynamic and other real processes. This can be
achieved by developing better numerical models and more mathematical complex representation or
mathematical symbolism/ formalism. The technical side consists of decreasing the project costs,
increasing reliability, safety, “user-friendliness”, simplification of design and ease of maintenance.
The contemporary development of laser techniques is moving towards amelioration of laser beam
characteristics and performance, stability (of frequency, polarization and mechanical one), increas-
ing the range of applications and the choice of wavelength in the total range of the EM spectra and
power (ranging from kW to MW). The emission and absorption processes in the atmosphere should
be constantly studied and evaluated. That influences both the quality and the power magnitude of
the laser beams entering the rocket engine from the station, located on the surface of the Earth. The
contemporary development of material technology will lead to many new discoveries in the con-
struction of new adequate materials with high hardness to temperature and pressure.
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Cy0O-MHUKpOMeETapCKe napajeaHe NOBPIIUHCKE
CTPYKTYp€ MHIYKOBaHE (DeMTOCEKYHIHUM
JTACEPCKUM CHOIIOM Y (POPEH3UIN

Anexcannep KoBauesuh, Cy3zana [lerposuh, Mapuna Jlekuh, bopucnas Bacuh, bpanucias Canatuh,
Jenena IToTounuk

Ancmpakm— Jenan of epexaTa HHTepaKLuje yJTpa-KpaTKOr
JIaCePCKOr CHOMA ca MaTepHjaanMa je (popMHpame MapajaeTHHX
cTpykTtypa Ha mnoBpmuHu (laser-induced parallel surface
structures - LIPSS), unju je nepuoa Mamu o1 TajacHe Ay:KHHe
CHONA. YKOJHKO ce Paju 0 BHILECJOjHUM TAHKUM (PUIMOBHMA
MeTaJjia, KBAIMTeT OpMUPAHHX CTPYKTYypa je 00/bH. Y30paK o
ner ABOCJOjHUX TaHKUX ¢uamoBa Al u Ti Ha cyncrpary Si cmo
H3JI0KHIIH PeMTOCEeKYHIHOM CHOIY M 3ana3suiu (opMHpame 1Be
BpPCTe CTPYKTYpa Koje ce pasjuKyjy mo odauxky. Obe cy Bpcre
BEPOBATHO Y3POKOBAaHe I0jaBOM NOBPLIHHCKOI ILIa3MOHa-
MOJIAPUTOHA HA NMOBPIIMHH Hajropmer ciaoja. [lojaBa niasmona
MOJAPUTOHA HA NOBPIUMHH TAHKHUX MeTAJHUX (uiMoBa M
HAHOYeCTHIA MOKe na OTrpaHHYH NpocTHpPame
€J1eKTPOMArHEeTHOT MO0/ba M 12 Mojadya (IyopecueHTHH CHIHAJ
U3 MOJIEKYJIa XeMHKAJIHje HA MOBPIUMHU. Y 3aBHCHOCTH O]
cTpyKType uHTepdejca 3a ogpehuBame LU/bHe XeMHKATHje Ha
MeTaJHOj MOBPIIHHHU (hIyopecHeHIHja Mo00/bIIAHA MJa3MOHOM
(plasmon-enhanced fluorescence, PEF) je npuBiayan merox 3a
ckpaheme BpeMeHa M TmoOjadyamke OCeTBHBOCTH  Pa3sHHX
AHAJIMTHYKHX TEXHOJIOTHja Koje ce KopHucTe Y (hOpeH3HIIH.

Kayune peuu— QeMTOCEKYHIHH JIacep; BHIIECJOjJHH TAaHKH

¢puamosn; TepuogNYHe NMOBPUINHCKE CTPYKTYpE;
¢ayopecuennuja.

I. YBoA
Wurepakija  Jacepckor  CHOma  ca  MOBPLIMHOM
mpoy3pokyje MHore edekte, Mel)y kojuma je y mociermne
BpeMe NaXiby 3a0Kymwio (opMmupame MHapaieTHux

crpykrypa (LIPSS — laser induced parallel surface structures)
moj, ~ JejCTBOM  YITpakpatkux cHomoBa [1].  30or
KapaKTEpPUCTUKE J1a MM je NMEePUOJUYHOCT Mamba Of TallacHe
Iy)KWHE CHOMa, MO0Jbe INPUMEHE je BeoMma MIHpPOKo [2].
WuTepakuuja ca metanuma MOKe MOOOJbIIATH TPHOOIIOIIKE
KapaKTEepUCTUKE, a Ha JIaMeJapHUM MaTepujajiiMa, Kao LITO
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Cy BHUILIECIIOJHU TaHKH MeTalHu (punmoBH, popmupanu LIPSS
uMa Jo00ap KBAJIMTET W MOXe Ja moOoJblia OCOOMHE
noppuivHe [3-4]. CHOMOBM pa3IMYUTUX KapaKTEpPUCTUKA
(bmyenma,  TamacHa  IyxuHa, ~ Oy)KHHAa  HMIIyJca,
nojapuszauuja, ..), pasHH MaTepujanu  (AMENEKTPHULIH,
MOJYIPOBOHUIM, METAllM, ...), ald U CTamke amOujeHTa
TOKOM HHTEpaKiHje — CBE TO yTHYe Ha KapaKTEPUCTHKE
LIPSS [5]. TenepanHo, yo4eHa je TmojaBa JBE BpCTE
CTPYKTypa, ca HIDKOM IpocTopHoM ydectanouthy (LSFL —
low spatial frequency LIPSS) um ca BHIIOM HpPOCTOPHOM
yuectanomhy (HSFL — high spatial frequency LIPSS) [6].

II. EKCIEPUMEHTAJIHA IIOCTABKA

VY3o0puu koju cy kopuithenu cy 100HjeHH enoHoBambeM Al
u Ti va momnory oxn Si (1 0 0) momohy Balzers Sputron II
anapara koju xopuctu 1,3 keV aproncke jone u ca 99.9%
yuctohe Al m Ti mera. J[Be BpcTe y3opaka Cy MOJBPrHYTE
UHTEpaKLUju ca GeMTOCEKYHAHUM cHomoM. [IpBu Tun je 6uo
CHIIMIIMjYMCKa TOJJIora Ha Kojoj je menoHoBaHo meT Al/Ti
JIBOCJIOja YMME je JIOCTUTHYTa YKynHa aebspuHa ox ~130 nm
(cBaku cnoj ox ~13 nm). Jpyru Tun je Takohe OuO
CHJIMIIM]j yMCKa MOJyIora, ajli Ha K0joj je OMO IeNOHOBaH jeaaH
cnoj Al nedsbune ~130 nm.

FB MPY

sample

MPX

PL

Cn. 1. JlujarpaM ekcriepUMEHTaJIHE IOCTAaBKE 3a CTAaTH4HY HHTepakuujy; PL
— nacep 3a nymname, PB — cHon 3a mymname, FS — u3Bop demrocexynaHor
cHonia, FB — demrocekynaun cHon, SHG — yaBajau ydecranoctu, BE —
npoumpuBay cHona, FL — doxkycupajyhe counBo, MPX/MPY/MPY -
MHKpOIO3HIHOHEpH, SM — criekTpomMeTap, sample - y3opax.

N3Bop pemrocekynanor cuona je 6no Coherent Mira 900F
cucteM uHWja je ¢pekBeHuuja yasojena ca Inrad 5-050
yaTpadp3um TeHePaTOPOM apyror XapMOHHUKaA.
Kapakrepuctuke cHoma cy Ouine: TamacHa gyxuHa 390 nm
(ynBojeno) u 800 nm (OCHOBHHU XapMOHUK), Iy)KHHA UMITyJICa
~150 fs, penerunja 76 MHz (nepuon usmelhy ummnynca ~13
ns), cHara Ha metu 160-260 mW, nuHeapHa nonapusanuja y
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XOpM30HTAJIHOj ~ PaBHH, ['aycoB  eNMNTHYHH  TPOGHIL
Excniozunuje cy 6une ox 1 1o 10 s. TanacHa nyxuHa cHoma je
KOHTpoincaHa (Gubep-onTHIKUM crekTpomerpoM Ocean
Optics HR2000CG-UV-NIR. Hurepakije cy obaBibaHe y
Ba3nyxy (QokycupameM (EMTOCEKYHIHOI CHOHa  IOJ
HOpPMAJIHUM YIJIOM Ha MOBPIIMHY NPBOT clioja y3opka (Al),
ci. 1. Pesynratm cy aHanM3WpaHH ~— CKeHUpajyhum
enekTpoHckuM Mukpockonuma (SEM) JEOL JSM 6560 LV
koju uma Oxford Instruments EDS anamuzarop u FEI
SCIOS2, kao u momohy MuKpockomna aroMckux cuia (AFM)
NT-MDT NTEGRA Prima.

Ha cn. 2 je nujarpam mocraBke Moau(uKoBaHe 3a morpede
CKEHHpama CHONa IPeKo Yy3opka. M3ocraBibeH je ynBajad
YYECTAaHOCTH, YMME je HHTEpaKLuja IMpeHeceHa y OJIMCKY
uHOpalUpBeHy 00JacT, pagd CKEHUpawma Ce CHON YBOOU Y
ornenaiHu 2D ckeHep Wy NpolMpUBAaY CHOMA, a
¢dokycupame ce o00aB/ba O00jeKTHBOM MOAU(UKOBAHOT
Mukpockona (40x, NA=0,65).

XY ckeHep BE

L g T T

PL

] &

FS

sample

Cn. 2. Jlujarpam eKCEpUMEHTAJIHE IOCTABKE 32 HHTEPAKLHjy Y3 CKEHHPambe
cHonom; PL — nacep 3a nymname, FS — u3Bop pemrocekynnsor cuona, PM —
Mepesbe cHare cHoma, XY ckeHep — ckeHep cHoma, BE — nmpommpuBau cHona,
sample - y3opak.

III. PE3YJITATHU U JUCKYCUJA

Ha cn. 3 je mpuka3s ciuke SEM nena 06s1acTé HHTEpaKIyje
ca 5x(Al/Ti). ®eMTOCEKYHIHH CHOI TajacHe ayxuHe 460 nm
je umao duyeruy ox 13,6 mJ/cm’® a Bpeme excrosuuuje 10 s.
VY olnacTu MHTEpakuuje ce BHJE IapayesiHe CTPYKType ca
nepuogoM o7 oko 300 nm. Ctpykrype cy hopMupaHe y BUIY
n3aurayha Ha MOBPIIKHY.

Ca. 3. Ilpuxkas cimke SEM nena obnactu unTepakimje ca 5x(Al/Ti) na Si;
(ryerna 13,6 mJ/cm® u 10 s BpeMe ekcriosuimje.

Ha cn. 4 je npukasana AFM cnuka 00J1acTH MHTEpaKIHje
npukazaHoj Ha ci. 2. OBae ce 6oJbe BUIU J1a Cy CTPYKTYpE
(hopmupane kao uzaurayha Ha HOBPIIUHH.
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Cn. 4. Tlpuxaz AFM ciuke gena o6nacTy MHTEpaKIyje NpUKa3aHe Ha CIL. 2:
5x(AVTi); dayenma 13,6 mJ/cm® u 10 s Bpeme excrio3ummje.

Y30pak gpyror Tina — jenat cioj tankor ¢puama (~130 nm)
Al — je 6uo msnoxen duyenmm ox 8,6 mJ/cm’ ucte Tamacue
Iy’)KUHE U BpeMeHy ekcrniosunyje ox 10 s. Pesynratu y Buny
ciuke SEM pena obnacty mHTEpakuyje cy npuKa3aHu Ha CIL
5. Y UeHTpaJHOM ey je IOuuIo A0 abnaluje TOIbEHhEM, a
a0nMpaHy MaTepHjaj ce Paclopeano y OKOJIMHHU LEHTpPaJIHEe
30He uHTepakuuje. Houwio je no pacrnonene y Buay LIPSS,
aJM KBaJUTET O0JMKA HHjEe TaKo J00ap Kao y CiIydajy MpBOT
y3opka. [IpocTopHu nepuoj cTpykrypa je oko 300 nm.

X18, 888

Cn. 5. Tlpuka3 ciuke SEM obnactu untepakuuje ca Al Ha Si; ¢payenua 8,6
mJ/cm’ u 10 s Bpeme excriosuimje [4].

VYnaaHu yaTpakpaTKy CHOI M3a3uBa Ha uHTepdejcy usmelhy
METajHe W IHEeJICKTPUYHE IIOBPIIMHE II0jaBy MOBPLIIMHCKOT
miazmMoHa (SP), a HeroBoM HMHTEPAaKLUjOM ca YIaJHUM
CHOMOM J0f1a3u 10 (OpMHpama MOBPIIMHCKOT [UIa3MOHA
noimaputona (SPP) [2, 7], koju y3pOKyje CTaTHUHY
NEPHOAMYHY PACIONeNly €Hepruje Ha IOBPLIMHHM, Iepuoaa
Mamer O TajacHe IyXHHe yHagHor cHoma. JlyOuna
npoaupama Jlacepckor cHoma oa 390 nm ce uzpauyHana [8] 3a
Al Ha oxo 3 nm, a 3a Ti Ha oko 9,3 nm.

IlpucyctBo moacnoja Ti  y3pokyje mnoBehame mpara
omrehewa npBor (ropmwer) cioja, Al. Temneparypa peuierke
ce ¢opmupa Kpo3 ABa MEXaHH3Ma: EIEKTPOHCKO-()OHOHCKU
(Koju y3pOKyje JIOKaNW3alMjy 3arpeBama), W TPAHCIOPT
€JIEKTPOHNMA Be3aH 3a TOIUIOTHY IIPOBOXHOCT eJIEKTPOHA
(Koju omHOCH TOIJIOTY Off 30He MHTepakuuje) [9]. Pasnuka y
€JIEKTPOHCKO-(DOHOHCKO] crmpe3n wu3Mel)y nBa marepujana
BOAM N0 CTpME IPOMEHE TEeMIIepaType pelIeTKe YHYyTap
nozcioja (Ti). Kao mocnenuiy, e1eKTpoHH U3 rOpmer cioja
(Al) 6p30 mpeHoce eHeprujy cienehem (moaciojy) u THME ce
TepMaliHa eHepruja mpeHocu kpo3 uHtepdejc Al/Ti, crpexe
ca peleTKOM M Ha Taj HA4YMH OJHOCH U3 30HE MHTepakuuje. Y
npBoM cieaehem ciojy (moxcnoj, Ti) monmasu 10 romMuiama
TepMalHe €HEprHje MEepHOIMYHO Y JIaTepaHOM CMepy, ajd
300r BHCOKE TeMIlepaTrype TObea Ti HE moma3d 0
Torssera. [Ipar omrehemwa npsor cioja je Tume nosehan jep
ce eHeprHja yriiaBHOM I'OMHJIA y MPBOM MOACIOjY, Koju Beh
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uma Bucok mpar omrehema. OxncyctBo mozcnoja  Ti
omoryhaBa romuiame eHepruje y ciojy Al m u3paxeHo
ToIUbeHwE (CiI. 5).

VY mnopehewy ca Al/Ti BHIIECIOJHUM Y30pPKOM, ONTHYKA
nyouHa mponupama 3a Al je Huxka, wWTO pesynryje Behum
BPEHOCTUMA arcopOoBaHe HEpruje W akyMyjaluje TOIUIOTe.
Torubeme U abnanuja cy U3pakeHuju HEro KOJI BUILECIIOjHOT.

OcHM CTaTHYKOT 03payrBaiba, BPIICHA Cy U ITUHAMHYKA,
KaJa je CHOIl CKEHHMpaH IPEKO IMOBPIIMHE y30pKa. Y OBOM
ciyyajy je tanacHa ayxuHa Ounma 800 nm, a ¢ayenna 153
mJ/cm’. Ha ompeljeHnM TpaBHiMA je CKCHHPAIhe H3BPIICHO
BHUILECTPYKUM TIPETETOM CHOIMA MPEKO MOBPLIMHE y30pKa; Ha
clI. 6 je mpuKazaHa 00JacT jeja WHTEpakKiuje TIE je CHOI
ckenupan 8, 9 u 10 myra. [IpocTopHu mepuonm CTpyKType je
ok0 283 nm (Mame O IOJOBHHE TallaCHE JY)XKUHE YNaJHOT
cHoma). Y uHceTy Ha ci. 6 je npukaszana AFM cnuka nena
nHTepaknyuje, GpopmMupaHa IO WHTEH3UTETY TYHEICKE CTpyje
n3mely Bpxa npobe u y3opka. [Ipumehyje ce na je crtpyja
Kpo3 ¢dopmupaHe cTpyKType (hopMmupaHe y BHAY y3aurayha
Ha TOBPIIMHKM) Mama (EKBUBAJICHTHO TaMHHjOj 00ju) HEro
CTpyja y IelIOBUMa KOjU HHUCY TpaHCHOpPMHCAHH (CBETIHja
60ja). To HaBoOM Ha 3aKJbydak Oa je JOLUIO A0 CMamema
MPOBOJHOCTH Yy THM JEIOBHMa, 3a KOje C€ MOXe
MPETIOCTABUTH J1a je Y3pOK jaya OKCHAAIMja Koja je yclen
Belier romuiama eHepruje.

D2 = 283.34 nm

8
D1 =230.91 nm

Cn. 6. Ilpuka3z ciuke SEM (1eBo) u AFM (uHcer-gecHo) aena o0mactu
unrepakuuje S5%(Al/Ti) Ha Si; HOHOBJBEHO cKeHMpawe, 8—10 mponasa,
(ayerna 153 ml/cm?; 6pojesu 8, 9 u 10 mpencTasibajy Gpoj mpesnera cHoma
MPEKO UCTOT MpaBI{a; MpaBall MoJapH3aLiije je 03HaAYCH OEIOM CTPEIHUIIOM.

Mopuen uznoxen y [10] npeanaxke GpopMupame jeiHe BPCTE
LIPSS Ha MerajHUM MOBpIIMHAMAa HMHTEPAKIHUjOM ca
YATPaKpaTKHM CHOIIOM Yy Ba3ayXy. Y IPBOM KOpaky pacejame
Ha MOBPLIMHCKUM HeperylapHOCTIMa HHIYyKYje 1mojaBy SPP n
NIepHOIMYHE pacIofeNe €Hepruje Ha IOBPIIMHU. Y IPYroM
KOpaKy, Ha MECTHMa IJie Ce €Hepruja aKymynupa Jojia3u 10
3arpeBama M peakluje MeTana ca KHCCOHHKOM M3 Basmyxa.
360r yATpakpaTKOr HMIyJca je OKcuaanuja Opxka of
TepMaiHe Audysuje, U neOJbUHA OKCHAA pacTe Ha MECTHMa
aKyMynupaHe eHepruje. TmMme ce oapkaBa HaHOMETapcKa
nokanu3anuja. Kako cTpykrypa pacte y BUCHHY, pacejame ce
rojayaBa M THME je OCTBapeHa IO3UTHBHA IOBpaTHA CIIpera.
VY Ttpehem kopaky — Kako cTpyKTypa pacte — 30or cBe Beher
IIPUCYCTBA OKCHJA C€ CMamyje NpPOIAHpare KHCEOHHKa Y
CTPYKTYPY M THME Ce IIeJ Ipolec 3aycraBiba. 1pehu kopak
“Ma HeTaTHBHY MOBPATHY CIIPEry.
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Cn. 7. Ipuka3 ciuxe SEM pnena obmactu uHrepakuuje 5x(AVTi) na Si;
MOHOB/LEHO CKeHWpame, 10 mpomasa, ¢myemma 215 ml/cm?’ npasai
noJlapu3anije je 0O3Ha4eH OeIOM CTPETULIOM.

Ha cnukama 3 u 6 je mpukazaHo GpopMUpame jeHe BPCTE
LIPSS, ,rpebeH®, HacTaje OKCHIAMjOM H HAIOTPaJHOM
Marepujana. IlpBam mnpoctupama rpebenckux LIPSS je
napajiesia npasiy nosnapusanuje ynagsor cuona (HSFL). 3a
Hewto Behe ¢uyeHue cHoma, cn. 7, nonasu no abnanuje
Marepujasiia, a y abnupaHoj oOnacTu ce MojaBibyje apyra
Bpcra LIPSS, ,kanamu“. Tanacua nyxuna je 800 nm,
¢uyenna 215 mJ/cm2, a kao pe3yiraT je IPOCTOPHH MEPUOL
on 370 nm. Hlupuna kanama je 80 nm. AOnamuja je
HACTYIWJIA yCJIeN TOIUbeha/iucnapaBama Mateprjana. [Ipasan
kananckux LIPSS ynpaBan Ha npasan nonapusanuje yrnaaHor
cuoma (LSFL).

ITojaBa ma3MoHa — KOJICKTHBHE OCHIIAIM]jE HAaeTIeKTPHCaba
U TPUIPYKSHOT EJNEKTPOMArHeTHOr I10Jba Ha MNOBPLUIMHU
MeTalHuX (UIMOBa ¥ HAaHOCTPYKTypa — omoryhasa
OrpaHHYeHE MPOCTUPAkha CBETIOCTH Y Mase 00JacTH U THME
je [ajmo HoBa peniema y ONTHYKUM CIIEKTPOCKONHjaMa, Kao
IITO Cy HOBPIIMHCKU-NI0O0JbIIaHa PamMaHoBa criekTpockonmja
(in  surface-enhanced Raman  spectroscopy, SERS)
MOBPIIMHCKU-NI000JpIIAaHA  MH(pANpBEHa CHEKTPOCKOIMja
(surface-enhanced infrared spectroscopy, SEIRA) wu
IIA3MOHCKH-1000JbIIaHa  (DIIyOpeClieHTHa —CIIEKTPOCKOIHja
(surface plasmon-enhanced fluorescence spectroscopy, PEF),
Koje ce Kopucte y HHU3Y (OPSH3WYKUX aHATUTHYKUX
TEXHOJIOTHja 3a JAETeKIHjy XEeMHUjCKHX U OUOJIOIIKUX areHaca
pEeNeBaHTHUX Y  BaXHMM  o0nacTUMa  MEIHMLUHCKE
IIUjarHOCTHKE, KOHTpoJe xpaHe u 6e36ennoctu [12]. V PEF
ce (uyopodopHH O3HAUMBAYM CIPEKY Ca OTPAHUYCHUM
[0JbEM TOBPIIMHCKHX IJIa3MOHA ILITO CE MOXKE KOHCTpyHCATU
Jla BeoMa I0jaya WHTEH3UTET €MHTOBAHOT (IyOpeCHEeHTHOT
CBETJIa pajiyl AETEKTOBamka BPJIO MAINX KOJIMYMHA aHAJHTA ca
no0oJbIIAHOM TPAHUIIOM JETeKIMje U cKpahemeM BpeMeHa
aHaimse. I[IpocTopHO mpeknamame M yckiaahuBame daze
n3Mely IOJIapuTOHa BOAW O YCIIOCTaBJbamka CIPETHYTHX
CUMETPUYHUX M aHTHUCUMETPUYHHUX MOJO0BAa HOBPLIMHCKOT
IUIa3MOHa MojapuToHa. CHUMETPHYHH THII MOIA C€ MOXe
NOOYIUTH Ha METAJHUM IIOBPIIMHAMA Ca IYCTHM pelIeTKaMa
ucion HuBoa audpakumje. Judpakuuja Ha  TaKBOj
MEePUONUYHOj MOIYyJAalMju  J03BOJbaBa Jia  IUIA3MOHHU
MOJIAPUTOHN KOjH C€ TPOCTUPY y CYHPOTHOM CMepy
uHTEparyjy, cTBapajyhum 1mojauaHe MHTEH3MTETE I[10Jba
JIOKaJIM30BaHEe WK y ynyOsbemuMa (“KaHau) peleTke uiu
Ha BpxoBuMa (,,rpeObeHu ) mepuoJuyHe MoayJIanuje.
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IV. 3AKJbYUAK

IIprkazaHo je MCIHMTHBAKE IOBPLIIMHCKHX Monudukanuja
MHIYKOBaHMX HAa TaHKUM (umiIMOBMMa — Y30pHM OX IET
(AUTi) 6ucnojeBa (ykynne nedspuHe 130 nm) Ha Si kao u
y3opuu on jeaHocnojHor Al (me6spune 130 nm) Ha Si —
oMol (h)eMTOCEKYHIHOT JTaCepPCKOT CHOIIA TalacHe Ty)KHHE
o1 390 nm u 800 nm u penerunuje 76 MHz (~13 ns u3mehy
uMmnynca). 3a CTaTM4Ky HWHTepakuujy cy Qopmupane
noBpmmHCKe — nepuogmyHe  cTpykrype  (LIPSS) mHa
BuieciojuoM Al/Ti npu ¢uyenuu jennor ummyica ox 10,3—
14 ml/cm®, a ma jemmocmojuom Al mpu ¢yeHmm jemHor
ummyica ox 8,6 ml/em?. [pucyctBo mozcioja mosehasa mpar
omrehema Hajropmer cjoja, INTO MOOOJBIIABA KBAJIHUTET
¢opmupanux  LIPSS. 3a  auHamMuuky — MHTEpakiujy
(CkeHmpame CHOIa MPeKo MOBpIIMHE y30pka) 3a 153 mJ/em’
je noumo 1o Qopmupama rpedenckux LIPSS, a 3a Behy
dyenry jemmor ummynca, 215 ml/cm?®, 1o kananckux LIPSS.
Ha ocHoBy npaBua npoctupama LIPSS ce 3akibyuyje mruxosa
Bpcra, LSFL (mmcke mpocropue ydecranoctu) win HSFL
(BuCcOKe mpocTopHe ydectaHocTH). 3a ¢opmupame LIPSS ce
MEeXaHHM3aM C€ BHUIM Yy II0jaBH IOBPIIMHCKOI IUIa3MOHA
MIOJIAPUTOHA KOjH M3a3MBa NMEPUOIUYHY PACIONENy eHEepruje.
IIpucyctBo oJcII0ja oarosapajyhux TEPMUUKUX
KapaKTepUCTHKa oMoryhaBa Jlako IpEHOIICHE TepMalHe
eHepruje y ayosee cnojeBe. Koa rpedenckux LIPSS uma tpu
KOpaka BE3aHHX 3a INpOIUpame KUCEOHHKAa W3 Baszdyxa y
Matepujan (oKkcuzanuja), Aok kon kaHanckux LIPSS momasu
no abnamuje  TOIJbEHEM/HCIIApaBambeM M YKIambamba
Marepujana.

ITojaBa IUIa3MOHA MONAPUTOHA je BaKHA HPH HEKUM
¢nyopecueHTHUM TexHMkama, kao mro je PEF, xoju je
YHanmpeaAuo OCETJbMBOCT M CKpPaTHO BpeMe aHaju3e
mpoleaypa 3a JeTEKIH]y BaXXHUX aHaJWTa YKJbYydyjyhu
Ouomapkepe, matoreHe M TokcuHe. OBa jeiumema  Cy
JIETEKTOBaHa Ha HUCKUM (DEMTOMOJIAPHUM KOHIICHTpalujama,
a aHanm3a je Beoma ckpahieHa. JemHa ox miasMoHa Koju ce
MojaBJjbyje je TECHO Be3aH ca I10jaBOM TMEPHOIUYHUX
CTPYKTypa ca IepuoJoM MamuM of TanacHe ayxune (LIPSS).
WunykoBawe LIPSS moke OMTHM HMHTEPECAHTHO y BEIUKOM
Opojy mpuMeHa —  MEIUNUHCKUM,  JIEKOPATHBHUM,
TpUOOJIOWIKUM, M Jp. — 300r MojaBe IUIa3MOHA IMOJapUTOHA
KOJUM c€ CBETJIOCT KOoH(HHUpAa U omoryhaBa moGoJblIame y
IUIA3MOHCKH OO0JBIIAHO] ()JIyOPECLIEHTHO] CHEKTPOCKOIIH]H.
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ABSTRACT

One of the effects of the interaction of ultrashort laser beam with
materials is the forming of laser-induced parallel surface structures
(LIPSS), with period less than beam wavelength. For multilayer thin
metal films, the quality of formed structures is better. The sample of
five bilayers of Al and Ti on Si substrate was exposed to
femtosecond beam and noticed the forming of of two types of
structures different in shape. Both are most probably the product of
surface Plasmon polariton on the surface of most top layer. The
occurrence of Plasmon polariton on the surface of thin metal layers
and nanoparticles can confine the propagation of electromagnetic
field and to amplify the fluorescent signal from molecules of the
chemical compound on the surface. Depending on the interface
structure for determining the target chemical on metal surface,
Plasmon enhanced fluorescence is an attractive method for
shortening the time of detection and increasing the sensitivity of
various analytical technologies used in forensics.

Sub-micrometer parallel surface structures induced by
femtosecond laser beam in forensics

Aleksander Kovacevi¢, Suzana Petrovié¢, Marina Leki¢,
Borislav Vasi¢, Branislav Salati¢, Jelena Poto¢nik
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Deskripcija, heritologija 1 metrologija boje

Milesa Sre¢kovi¢, Veljko Zarubica, Aleksander Kovacevi¢, Milena Davidovi¢, Suzana Poli¢

Apstrakt—Ljudski oseéaj za boje ima mnogo aspekata,
pocevsi od ¢ovekovog poimanja sveta oko sebe, do medicinskih
pojmova koji ukljuuju i daltonizam, ali (u svakodnevici)
najpozitivniji, najhumaniji je ¢ovekov osecaj za deo dana ili no¢i
(meseca ili godine), za uZivanje u heritoloSkom blagu, koje su
nam ostavili preci, ali ne samo crno-belo. IstraZivanja, kojima je
procenjivan ljudski vek, postojanje i razvoj humanih biéa, kao i
nastajanje i evolucija flore i faune, sve ovo mora da bude
tretirano multidisciplinarno, bez obzira da li se polazi od stena,
stalaktita i stalagmita, morskih dubina, tragova u atmosferi ili
potrage za planetom koja je slicna Zemlji. U radu se daje
nekoliko prilaza boji i kolorimetriji, sa aspekta raznih naué¢nih
disciplina. Prikazuje se uloga lasera u novim problematikama,
kvantitativne definicije boje i njenih pokazatelja. U podrudju
merenja, daje se prilaz sa aspekta filtera i korektnog opisa stanja
i delovanja odabranih filtera sa savremenim izraZavanjima
rezultata, kao i merne metode. Konstatacija boje i njena
deskripcija, ima veliku ulogu u svakodnevnom Zivotu, kao i u
pojedinim tehni¢kim i mass media primenama, ukljudivsi i
humanisticke i tehnicke nauke.

Kljucne re¢i— laseri; heritologija; nove tehnologije.

I. UvoD

Spektroradiometrijska metoda, kao fundamentalna metoda
kvantifikacije, deskripcije objektivnog merenja boje, prema
trenutnom stanju razvijenosti tehnologije izrade prijemnika
optickog zracenja i ostale merno-tehnicke opreme, ima kao
glavni zadatak postizanje zadovoljavajue tacnosti i
ponovljivosti  rezultata merenja, prema postavljenim
zahtevima korisnika.

Spektroradiometrijske metode merenja boje, zasnovane su
na odredivanju spektralne raspodele zracenja, na osnovu cega
se formira boja koja se meri. Trihromatske vrednosti boje se
nalaze iz poznatih krivih meSanja boja (slika 1). Za primarne
svetlosne izvore, veli¢ina koja se meri je spektralna raspodela
energije, a za sekundarne se koristi spektralni koeficijent
propustljivosti 1 koeficijent jednog od procesa interakcije,
ovde koeficijent refleksije optickog zracenja (koje se
reflektuje ili propusta kroz odredene sredine).

U ovom delu rada, izabran je slucaj kada ne postoji poznata
raspodela zracenja izvora. Koristi se raspodela zracenja crnog

Milesa Srec¢kovi¢c — Univerzitet u Beogradu, Elektrotehnicki fakultet,
Bulevar kralja Aleksandra 73, 11120 Beograd, Srbija (e-mail:
esreckov@etf.bg.ac.rs).

Veljko Zarubica — Analysis d.o.o, Japanska 4, 11070 Novi Beograd,
Srbija.

Aleksander Kovacevi¢ — Institut za fiziku, Univerzitet u Beogradu,
Pregrevica 118, 11080 Beograd, Srbija.

Milena Davidovi¢ — Univerzitet u Beogradu, Gradevinski fakultet, Bulevar
kralja Aleksandra 73, 11120 Beograd, Srbija.

Suzana Poli¢ — Narodni muzej u Beogradu, Trg Republike la, 11000
Beograd, Srbija.

ETRAN 2022

SSHE1.5 Page 1 of 5

tela 1 spektralni koeficijent propustljivosti staklenih uzoraka.
Na taj nacin, proracun trihromatskih vrednosti uzima u obzir
pored spektralnog koeficijenta propustljivosti i spektralnu
raspodelu snage zraCenja apsolutno crnog tela (ACT).
Spektralna raspodela snage zraenja se mnozi poznatim
spektralnim koeficijentom propustljivosti ©(A). Na sl. 1 je
predstavljena spektralna karakteristika trihromatskih vrednosti
u funkciji talasne duzine.

Intenzitet trihromatskin vrednosti u
funkeiji talasne duzine

-

Y

N . 2
350 400 450 500 55 600 650 700 750 800

Talasna duzina (1m) a)

b)

SI. 1. a) Krive meSanja boja; b) Krive za polje videnja 100° u odnosu na
isprekidane krive za 20°.

Prora¢un trihromatskih  vrednosti u CIE (XYZ)
standardnom kolorimetrijskom koordinatnom sistemu, za boje
svetlosti, koje se propustaju kroz posmatrani uzorak, sledi
procedura:

750nm o 750nm o 750nm o
X-= jEm X,dA:Y= [EzYdi;Z= [E;z,Z,d (1)
350nm 350nm 350nm
Kod prakti¢nih proracuna, integracija se svodi na sumiranje
proizvoda vrednosti spektralnog koeficijenta propustljivosti i
spektralne snage zracenja ACT za nizove talasnih duzina:

X=MYE, 7, X,;Y=MYE, 7, Y,;7=MYE, 7, Z,.(2)
A A A

Interval AL, bira se 1-20 nm, u zavisnosti od Zeljenih
nesigurnosti tipa A i B, koje se zahtevaju za odredivanje
hromatskih koordinata. Kako su krive meSanja boja
specifikovane u obliku relativnih vrednosti na ordinati,
trihromatske vrednosti izracunate pomocu njih imace relativ-
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ni karakter kao na slici u poglavlju rezultata (sl. 6) (primer
proracuna trihromatskih vrednosti za odabrani filtar) [1-4].

Zahtev je da se odrede trihromatske vrednosti i hromatske
koordinate boje standardnog svetlosnog izvora tipa 4 sa
spektralnom raspodelom energija E4, posle prolaska kroz
uzorak, koji ima odreden spektralni koeficijent propustljivosti
t. Posle transmisije kroz uzorak, relativna spektralna
raspodela jacine zraenja ima oblik prikazan krivom tEj,.
Svaka ordinata ove karakteristike, mnozi se odgovaraju¢om
ordinatom svake od krivih mesanja boja X, ¥, Z. Srafirane
povrSine  ispod  krivih, dobijenih posle mnoZenja,
proporcionalne su odgovaraju¢im trihromatskim vrednostima
X, Y1 Z. Hromatske koordinate x i y se izrazavaju dalje:

Y= X . y= Y ) (3)
X+Y+Z X+Y+Z

Ordinate krivih meSanja boja 1 ordinate spektralnih
raspodela energije za standardni izvor, potrebne za posmatrani
metod proracuna, obi¢no se daju tabelarno.

Kod primarnih izvora svetlosti, postavka metode, zasniva
se na spektroradiometru koji se koristi za merenje relativne
spektralne ozracenosti (iradijancije). Kod sekundarnih izvora,
merenje se vrsi pomocu spektrofotometara, gde se
monohromator sa odgovarajué¢im sistemom osvetljavanja (u
zavisnosti od geometrije merenja), koristi za osvetljavanje
datih uzoraka, a reflektovano, odnosno propusteno zracenje se
meri fotodetektorom u odgovarajucoj geometriji.

II. DRUGI PRILAZ BOJI

Boja se moze pojaviti kao kategorija ili pojam u vrlo
slozenim multidisciplinarnim problemima, a cesto se prema
naucnoj discipline, koja se oslanja na dozivljaj boje Zzivih
organizama (sa medicinske tacke gledista, sa filozofske tacke
gledisSta, sa gledista heritologije, sa ekoloskog gledista i dr.).
Sire gledano, radi se o interakciji zraenja elektromagnetne ili
druge prirode sa prijemnim aparatom. Sa tehniCke strane
objektivizacije, kolorimetrija ima zadatak da se kroz razlicite
formirane formalizme opisuje boja putem trougla i koordinata,
ili na drugi nacin, kroz drugi formirani sistem viseg ili nizeg
nivoa, sl. 2. U tabeli 1 se daju ilustracije nivoa bioloskih
procesa uzrokovanih zracenjem 1 vremenskih konstanti
odgovaraju¢ih procesa sa odgovarajuéim nivoom [5]. Sa
obzirom na mass media primene (TV, novine, ...), kulturne
manifestacije, znake opasnosti, dozimetrijska pravila u
primeni odredene ELIONske tehnike, boja mora da ima dobro
definisane koordinate u $irem smislu, zasnovane na izvorima
(obicno tri), Cijim se meSanjem postize efekat odredene
(zeljene) boje. Da li ¢e se koristiti odgovaraju¢i softver uz
profesionalnu mernu aparaturu, ili ¢e se sve automatizovati
kao user-friendly, zavisi od trenutnog administrativnog
zahteva ili trenutnog nadahnuéa umetnika [6].

Prema visini stepena tolerancije, institucije koje se kod nas
bave deskripcijom boje, kao i njenim promenama, u zavisnosti
od izloZenosti objekta, odnosno bio-objekta, postoje stroge
procedure i sistemi gde se to moze izvrsiti, a ako nije potrebna

ETRAN 2022

Sl. 2. Normiranje boje putem EBU trougla boja (neprekidno) i FCC
(isprekidano) [2].
TABELAT
Nivo Vreme na | Procesi na nivou, modifikacije
nivou (s)

Fizicki 1018 -10-® | Eksitacije, jonizacije, elasti¢ni
sudari, formacija radikala
visoke reaktivnosti i
kratkozive¢th SR u vodi i
organskim molekulima

Hemijski 10*-10* | Reakcije SR sa organelama
formiraju primarno ostecenje
DNA, dimerizacija,
modifikacije sa temp. MT, i O,

Biohemisjki | 10 - 10° Reparacija, interakcije

(subcelijski) ostecenih mikrocentara;
mutacije, aberacije, MT i dr.
agensi

Biohemijski | 10° - 107 Deoba ¢elija 1 molekula,

(Celijski) Mutacije
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Prema visini stepena tolerancije, institucije koje se kod nas
bave deskripcijom boje, kao 1 njenim promenama, u zavisnosti
od izloZenosti objekta, odnosno bio-objekta, postoje stroge
procedure i sistemi, gde se to moze izvrsiti, a ako nije potreb-
na velika preciznost, korisnici formiraju svoja sopstvena
merna reSenja [7]. U ovim merenjima ima mnogo mesta za
definisanje osvetljenosti, u Sirem smislu, odredenog
izlozbenog prostora i kontrolu stalnog fluksa, koji se, u
zavisnosti od meSanja prirodne i vestacke osvetljenosti, mora
kontrolisati. U zavisnosti od objekta, mora se obratiti paznja
na mere zastite od preterane ekspozicije.

Paralelno anatomija oka, njegovog funkcionisanja, miSic-
nog sistema i osetljivost (kao prijemnika) na definisana
zraCenja 1 boje vidljivog spektra su predmet mnogobrojnih
istorijskih radova, ukljuCuju¢i i danasSnja istrazivanja na
mehanizmima funkcionisanja o¢nog aparata, modelovanja i
kvalitativno/kvantitativno povezivanje sa tehnikama merenja i
povezivanja sa tehnickim uglovima gledanja, sl. 3 i 4.
Poredenje osetljivostu pojma videnja u oblasti fizike, metrike
i psihologije, razlikuje kvantitativnom, kvalitativno i
vrednovanje sa tri hromatske kordinate
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V. REZULTATI

Merene vrednosti tabele 2 su prikazane delimic¢no i na sl. 6,
odnosno t(A), x(A), y(A), z(X), prema propisanoj proceduri u
postupku odredivanja karakteristika staklenog filtra MEL-B-1.

0.6 ’,
0.5
y [\ |
o [\ L —=
B, [\ /
o /] \ ]
. /N /
0 100 200 300 400 500 600 700 800
a)
L)
i —
0.6 ’ \
0.5 l \
04 [ - =
g , \ ies|
o [\ -
SL. 4. Istorijska slika modelovanja o¢nog aparata [9]. 02 T~_\
0':) ) XN N
Poredenje osetljivostu pojma videnja u oblasti fizike, - - . . .
metrike i psihologije, razlikuje kvantitativnom, kvalitativno i b)
vrednovanje sa tri hromatske kordinate. 20000000000
1.5000000000
III. ULOGA 1ZVORA
. L . . o : 1.0000000000 e S
Pri definiciji boje u bilo kom sistemu Sirina spektralnih / \ fes
linija (spontane ili koherentne svetlosti) igra presudnu ulogu. 05000000000 N / \
Kao rezultat toga su nastali RGB laseri, od specijalnog 00000000000 1= — :
znacaja za HDTV. Od novijih tipova lasera, pokazalo se da su 05000000000 10480980 650 730
laseri na bazi polimera pogodni za kalibraciju, odnosno ©)
deskripciju boje [5, 10]. 40
30
IV. TEOREMA-PROBLEM CETIRI BOJE %
PR v e . . . Ser|
Klasi¢ni problem cetiri boje zahteva mnogo raznih pogleda 1 .
koji su 111{str.0.van1. sl. 5 datom u originalu, vezanu za te.orvemu i o L z ; .
problem cetiri boje, gde kao dokaz mora da bude ukljucena i
10 %0 450 550 650 750

savremena racunarska tehnika; to ne ukljucuje nelinearne d)
relacije i oseCaje boje uz velike intenzitete, o Cemu su
istraZivanja morala da se intenziviraju posle razvitka snaznih ¢ ¢ 00, X(1), y(0), z(1)..... su prikazane na a), b), ¢), d), redom.
laserskih snopova [11-17].
Pored merenja u tabeli 1I, izvrSena su merenja i za seriju
drugih filtara: MEL-B-2, MEL-G-2, MEL-G-4, itd.
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1

problem three-colorable 1976b)

Sl. 5. Prikaz deskripcije problematike teoreme Cetiri boje [17].
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VREDNOSTI SPEKTRALNE PROPUSTLJIVOSTI STAKLENOG FILTERA MEL-B-1

TABELATI

A(nm) [t(L) (M) (L) z(\) b v iz Ee rel |[X Y Z
360 |0,020104 |0,00013  [3,29E-6 |0,000606 [2,61E-6 |7,87E-8 [1,22E-5 6|1,61E-5 |4,84E-7 |7,49E-5
370 |0,028827 |0,000415 (1,24E-5 0,001946 (1,20E-5 |3,57E-7 [5,61E-5 89,35E-5 [2,79E-610,000439
380 |0,049412  |0,001368 [3,90E-5 [0,00645 |6,76E-5 |1,93E-6 [0,000319 10/0,000662 |1,89E-5 0,00312
390 |0,084852  |0,004243 |1,20E-4 0,02005 [0,00036 |1,02E-5 [0,001701 12(0,004353 |1,23E-4 [0,020569
400  [0,128765  |0,01431  [3,96E-4 |0,06785 10,001843 |(5,10E-5 |0,008737 15/0,027105(7,50E-4 0,128517
410  |0,184124  |0,04351 1,21E-3 10,2074  ]0,008011 [2,23E-4]0,038187 18|0,141639 (3,94E-3 0,675152
420  |0,251353  |0,134338 [4,00E-3 |0,6456  |0,033777 (1,01E-310,162273 21/0,709313 [2,11E-2 3,407743
430 (0,332946  |0,2839 1,I6E-2 |1,3856  |0,094523 |3,86E-3 |0,46133 25(2,3318929,53E-2 (11,38101
440  |0,435524  |0,34828  [2,30E-2 [1,74706 |0,151684 [1,00E-2 |0,760887 294,3533392,87E-1 [21,83744
450 10,498869  |0,3362 3,80E-2 |1,77211 10,16772 |1,90E-2 |0,884051 33|5,549847(6,27E-1 [29,25324
460  [0,504937  |0,2908 6,00E-2 [1,6692  10,146836 (3,03E-2 |0,842841 38|5,553325(1,15E+0[31,87624
470  |0,476985  |0,19536  [9,10E-2 |1,28764 |0,093184 (4,34E-2|0,614185 43(3,994789|1,86E+0[26,33011
480  (0,424312  |0,09564  [1,39E-1 |0,81295 |0,040581 [5,90E-2 |0,344944 48|1,958043 |2,85E+0(16,64357
490  |0,355894  |0,03201  [2,08E-1 |0,46518 0,011392 (7,40E-2 |0,165555 54/0,614152 (3,99E+0(8,925058
500  |0,283355  |0,0049 3,23E-1 10,272 0,001388 [9,15E-2 (0,077073 60(0,083112|5,48E+0[4,613563
510 ]0,212164  |0,0093 5,03E-1 |0,1582  |0,001973 [1,07E-1{0,033564 66(0,130345|7,05E+0[2,217261
520 |0,147607  |0,06327  |7,10E-1 |0,07825 ]0,009339 |1,05E-1]0,01155 73|0,677084 7,60E+0(0,837393
530 ]0,095958  |0,1655 8,62E-1 |0,04216 |0,015881 [8,27E-2 |0,004046 79(1,256667 6,55E+0(0,320127
540  |0,058893  |0,2904 9,54E-1 10,0203  |0,017103 |5,62E-2|0,001196 86/1,469962 4,83E+0(0,102756
550  10,033716  |0,443345 [9,95E-1 |0,00875 |0,014614 |3,35E-2 (0,000295 93(1,357805 3,12E+0(0,02741
560  10,017632  |0,5945 9,95E-1 10,0039 ]0,010482 |1,75E-2 |6,88E-5 100[1,048222 |1,75E+0[0,006876
570 ]0,009053  |0,7621 9,52E-1 10,0021  |0,006889 |8,62E-2 |1,90E-5 107|0,739466(9,24E-1 |0,02038
580  10,005345  [0,9163 8,70E-1 |0,00165 |0,004898 |4,65E-3 |8,82E-6 114(0,560484 |5,32E-1 |0,001009
590  |0,00365 1,0263 7,57E-1 10,0011  |0,003746 [2,76E-3 |4,02E-6 122/0,456 3,36E-1 |0,000489
Jo00  10,002479  |1,0622 6,31E-1 {0,0008 0,002633 |1,56E-3 |1,98E-6 129/0,339787 [2,02E-1 |0,000256
I610 0,002195  (1,0026 5,03E-1 |0,00034 |0,002201 |1,10E-3 |7,46E-7 136/0,300044|1,51E-1 |0,000102
I620 0,002549  |0,85445  |3,81E-1 |0,00019 |0,002178 [9,71E-3 |4,84E-7 144(0,312803 |1,39E-1 |6,96E-5
I63O 0,0031 0,6424 2,65E-1 |0,00005 ]0,001991 |8,22E-4 |1,55E-7 151/0,300369|1,24E-1 |2,34E-5
I640 0,004279  |0,4479 1,75E-1 {0,00002 ]0,001917 |7,49E-4 |8,56E-8 158/0,302779 |1,18E-1 |1,35E-5
I650 0,007347  |0,2835 1,07E-1 |0 0,002083 |7,86E-4 |0 165(0,343737(1,30E-1 |0
I660 0,007538  |0,1649 6,10E-2 |0 0,001243 |4,60E-4 |0 172(0,213749(7,91E-2 |0
I67O 0,008502  (0,0874 3,20E-2 |0 0,000743 [2,72E-4 |0 179/0,132839 |4,86E-2 |0
I680 0,03321 0,04677 1,70E-2 |0 0,001553 |5,65E-4 |0 185/0,288016(1,05E-1 |0
f6o0  [0,078896  [0,0227 821E-3 |0 0,001791 |6,48E-4 |0 192/0,343735|1,24E-1 |0
700 |0,115048 |0,011359 |4,10E-3 |0 0,001307 |4,72E-4 |0 198|0,259096 9,36E-2 |0
710 |0,149673  |5,79E-3  [20,9E-3 |0 0000867 [3,13E-4 |0 204(0,1771546,40E-2 |0
720  |0,226687  [2,90E-3 1,05E-3 |0 0,000657 [2,37E-4 |0 210(0,1382574,99E-2 |0
730 |0,354033 1,44E-3 5,20E-4 |0 0,00051 |1,84E-4 |0 216/0,110177(3,98E-2 |0
740  10,507815  |6,90E-4  [2,49E-4 |0 0,00035 |1,27E-4 |0 222/0,0776772,81E-2 |0
750  |0,659319  |3,32E-4 1,20E-4 |0 0,000219 |7,91E-5 |0 227|0,049734{1,80E-2 |0
36,70767|5,06E+1|158,6117

Kao primer merne nesigurnosti za drugu vrstu filtra data je
tabela III. Za sva merenja je potrebno dati ocenu nesigurnosti
tipa A i B, a za slucaj filtra MEL-Y-2 ocena je u Tabeli III.

Merna nesigurnost ovako dobijenih vrednosti hromatskih
koordinata boje propustljivih stakala u boji, svodi se na mernu
nesigurnost etalonskog spektrofotometrijskog sistema u
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pogledu merenja spektralnog koeficijenta propustljivosti i
tacnosti zauzimanja talasne duZzine, kao i merne nesigurnosti
zbog rasipanja rezultata (nehomogenog filtra). Ukupna
procenjena merna nesigurnost dobijenih rezultata se prid-
ruzuje dobijenim vrednostima hromatskih koordinata; u
zavisnosti od opsega hromatskih koordinata komponente
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merne nesigurnosti ¢e biti razliite posebno za svaku od
koordinata, x i y. U ovom radu je predstavljena samo ukupna
vrednost merne nesigurnosti. Budzeti merne nesigurnosti za
pojedine filtere se proracunavaju na isti nac¢in kao u tabelama
213.

Razvojem spektrofotometrijskog sistema u laboratoriji
Analysis d.o.0, ostvarena je cela procedura etaloniranja
razli¢itih transparentnih (propustljivih) uzoraka, za razliite
primene. Poznavanjem svojstva materijala (spektralni
koeficijent propustljivosti, spektralna osetljivost detektora,
odnosno spektralna raspodela izvora zraenja, moze se
realizovati jo§ jedna karakteristika materijala — boje. Na
osnovu dobijenih vrednosti, moguce je definisati boju datih
uzoraka u najSirem smislu i tako dobiti novu karakteristiku
kvantitativno/objektivno.

TABELA III
PRIMER PRORACUNA BUDZETA MERNE NESIGURNOSTI STAKLENOG FILTERA U
BOJI MEL-Y-2

Komponenta merne nesigurnosti Tip A TipB

Merna nesigurnost spektro-
fotometrijskog sistema:
-Prosecno rasipanje rezultata
-Pomeraj svetlosnog snopa
-Orijentacija uzorka u odnosu na
opticku osu sistema
-Nesigurnost korekcije na inter-
refleksiju

-nelinearnost sistema
-Neuniformnost uzoraka

0,15 %

Merna nesigurnost zauzimanja A 0,001 %

Merna nesigurnost izvora zracenja 1%

(apsolutno crnog tela) iz literature

Ukupna relativna merna nesigurnost | 1,12 %

VI. ZAKLJUCAK

Shvatanje boje je slozeno pitanje zavisno od prilaza
pojedine nauc¢ne discipline, ali je multidisciplinaran problem
koji zahvata od heritologije i umetnosti do matematike,
elektrotehnike, i pojmova osvetljenosti, interakcije sa
zraCenjima razne prirode. Kad se pride sa gledista
koherentnosti, unitarnosti izvora osvetljenja i podseti se da se
u dozivljavanju boje pojavljuju razne terminologije, propisi i
uobicajene, ali i specifiéne merne tehnike, danas se situacija
komplikuje sa linearnim i nelinearnim procesima, koje donose
laseri velikih gustina snopa i kratkih impulsa, pa se i aberacije
hromatske prirode jos vise komplikuju, a i dozivljaji bioloskih
objekata. Uz klasi¢ne aberacije pojavljuju se nove klase.
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ABSTRACT

The human sense of color has many aspects, from man's
understanding of the world around him to medical terms that include
colorblind people, but (in everyday life) the most humane is man's
sense of that part of the day or night (month or year), to enjoy
heritage , left to us by our ancestors. Research assessing human life
span, the existence and development of human beings, as well as the
origin and evolution of flora and fauna, all this must be treated multi
disciplinary, whether we start from rocks, stalactites and stalagmites,
sea depths, atmospheric traces or the search for an Earth-like planet.
The paper gives several approaches to color and colorimetry, from
the aspect of various scientific disciplines. The role of lasers in new
problems, quantitative definitions of color and its indicators are
presented, and in the field of measurement, an approach is given
from the aspect of filters and a correct description of the condition
and operation of selected filters with modern expression of results
and measurement methods. The perception of color and its
description play a major role in everyday life, as well as in certain
technical and mass media applications, including the social and
technical sciences.

Key words: lasers, heritology, new techniques/methods.

Deskription, heritolog and color metrology

Milesa Sreckovié, Veljko Zarubica, Aleksander Kovacdevic,
Milena Davidovi¢, Suzana Polié

ISBN 978-86-7466-930-3



ZBORNIK RADOVA, LXVI KONFERENCIJA ETRAN, Novi Pazar 6 - 9. juna 2022.

Razliciti rezimi rada kvantnih generatora kao
instrument za modifikacije u stomatologiji

Aleksandar Bugarinovié *?, Zeljka Tomié %, Sanja Jevti¢ 4, Aleksander Kovagevié °, Svetlana
Pelemis 6, Zoran Nedié /, Dragan Druzijani¢ !

Apstrakt - Upotrebom kvantnih generatora u raznim
oblastima, a i u stomatologiji, bavi se veliki broj istraZivaca sa
perspektivom da taj broj bude i veéi. Ciljevi su razliditi: od
dobijanja materijala za dalje formiranje do uce$¢a u formiranju
modifikovanih  materijala, modifikacije = osobina  veé
tradicionalnih materijala do postizanja zadataka koji se
pojavljuju u vezi sa zahtevima heritologije / forenzike ili za
masmedija primenu. Specijalno, dijagnosticke tehnike na bazi
jadih ili slabijih interakcija elionskih snopova sa materijalom,
postaju sve viSe traZene merne tehnike zbog vremena same
dijagnostike i moguénosti ispitivanja karakteristika uzoraka i u
malim lokalnim povrSinama, a skeniranjem po potrebi i u
veéim. Podrazumevaju se i kvantitativne i kvalitativne analize,
arad sa viSe od jednog snopa (manje i veée gustine snage), pored
mogucnosti pracenja interakcije sa teoretske strane, pruza i
praktic¢an deo aplikacije laserske ili uopste elionske tehnike, koji
je usao u praksu ili je od potencijalnog interesa za proteticke i
druge svrhe. Sta bi onda moglo biti generalno novo u ovoj
oblasti? Novi dinamicki reZimi rada kvantnih generatora, oblici
impulsa, njihovo trajanje i frekvencija, donose novi kvalitet,
koji mozZe proizvesti drugacije efekte pri interakciji laserskih
snopova sa materijalom, uspostaviti nove standarde i/ili
potisnuti stare. Rad se bavi interakcijom laserskih snopova, u
razli¢itim reZimima rada, sa odabranom klasom materijala.
Diskutovani su modeli za opis i rezultati interakcija, analizirana
se oStecenja i dat je osvrt na trenutna i potencijalna polja
primene i izabrane paralele sa drugim snopnim tehnikama.

Kljuéne reéi - kvantni generatori, reZimi rada, interakcije,
modeli, polje primene.

I. UvoD

Primena laserske tehnike ili, u $irem smislu, kvantnih
generatora, treba da, na prvi pogled, menja znacenje
modifikacije sa kvantifikacijom od minornih uticaja na
materijal mete do totalne ili lokalne destrukcije mete, zavisno
od rezima rada sistema kojim se vrSi tretman.

Posto je stvarnost omogudila da se interakcija koristi: a) u
dijagnosti¢ke svrhe, b) u strogo modulacione svrhe c) za
spajanje materijala iste vrste ili razli¢itih tipova d) za
razdvajanje materijala, to postoji i grupisanje gustina
energije, snage, primena cw ili impulsnog rada sa razli¢itim
parametrima, slike 11 2.

Vremenska baza impulsa (Sirine impulsa) je u rasponu od
prvih milisekundnih impulsa sa stotinak spajkova [1] do fs
rezima.

U pogledu materijala, koji su od interesa za stomatologiju,
veoma je Siroka njihova paleta, zato §to se danas koristi
laserska tehnika u svakodnevnoj klini¢koj praksi: (a) za

1 Elektrotehnicki fakultet, Univerzitet u Beogradu, ? Provis doo. Bijeljina, 3
Akademija tehni¢kih strukovnih studija Beograd, 4 ATUSS, 5 Institut za
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saniranje bioloskog aparata, uklju¢ujuéi i meka i tvrda tkiva,
(b) u proteti¢ke svrhe.

Vacuum Polarization
Ultra Relativistic Optics

=

Relativistic Optics

E,=m,?

Bound electrons

Focused Intensity (W / cm’)

1960 1970 1980 1990 2000 2010 2020 2030

Slika 1. Istorija i predvidanje razvoja fokusiranog intenziteta od prvih
demonstracija lasera (sa razli¢itim rezimima rada).

U svim tim procesima, postavljali su se i postavljaju se i
dalje objektivizacije opisa procesa, pored toga $to se veliki
broj interakcija koristi u svakodnevnoj praksi, s obzirom na
viSedecenijsku primenu lasera u stomatologiji, zavisno od
zemlje 1 njene regulative. To znaci da su ukljuceni skoro svi
glavni tipovi materijala: metali, dielektrici, specijalne klase
keramike i dr. Posebno su vazne i primene za paradentozne
tretmane u kojima su kori$éeni laseri malih snaga (reda mW)
i gde se radilo samo o ozracavanju tkiva u vremenu
predvidenom protokolom (kada je odobrena ta terapija u
pojedinoj drzavi). Za simulaciju procesa interakcije prema
oc¢ekivanom izlazu, koriste se modeli od termalnog do modela
teorija sliénosti i zavisno da li se radi o proceni naponskog
stanja protetske konstrukcije, do holografskih studija
lokalnog optereéenja tacaka od interesa.

TFotonizacija

~3-5nm Coulomb-ova eksplozija Ne termalno
e Asorpeija u
ablacija b 3
v ~30nm elektronskoj plazmi
Asorpcija izazvana
Jaka defektima Termalno
ablacija
~300nm
v v L 2

Slika 2. Procesi ablacije izazvanih laserima i neki procesi uz slojeve
materijala od povrSine.

fiziku, 8 Tehnoloski fakultet Zvornik, Univerzitet u Istoénom Sarajevu, 7
Fakultet za fizicku hemiju, Univerzitet u Beogradu.
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U ovom radu je odabrano nekoliko rezima rada kvantnih
generatora u rezimu slobodne generacije ili Q-switch i dati su
rezultati interakcije.
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Slika 3. Karakteristicna vremena interakcije, intenzitet lasera i mogucéi
procesi sa Cesto koristenim laserskim sistemima. (PLA/PLD — impulsna
laserska ablacija / depozicija, LA — odgrevanje, LC — ¢is¢enje, LIS —
separacija izotopa, MTA - viSefotonska apsorpcija / jonizacija,
LSDW/LSCW - detonacija / sagorevanje podrzana laserom, LCVD —
indukovana hemijska CVD, LEC — elektrohemijsko nanoSenje prevlaka /
nagrizanje, RED/OX - redukcija / oksidacija indukovana sa dugim
impulsima ili cw CO,) [11].

Il. REZULTATI RADA | DISKUSIJA

Jedna od standardnih Sema eksperimenata sa izlaganjem
materijala od interesa, za odredenu oblast stomatologije,
podrazumeva resavanje optike ulaznog snopa, polozZaja mete
sa odgovaraju¢im support-om za promenu geometrije upada
snopa lasera u materijal i prema moguénosti laboratorije,
podrske za promenu polarizacije snopa, ukljucivanje drugog
tipa kvantnog generatora i kontrolu izlaznog snopa,
uklju¢ujuéi moguénost kvantitativnih opisa u vremenskom i
prostornom domenu. Kako se pri impulsnom radu, najéesce
reSava samo vreme ekspozicije, to je potrebno vrSiti i
kontrolu vremena. Ovaj deo aparature, sam po sebi, ne bi
predstavljao specifi¢ne probleme, ali za stomatolo$ke procese
je od specijalnog interesa, jer je upravljanje snopom ru¢no.

Idealni eksperiment bi podrazumevao mnogo drugih
razli¢itih kontrola samog procesa, sakupljanje izbacenog
materijala, kontrolu sastava izba¢enog materijala (nastanak
novih jedinjenja) 1 geometrijske putanje izbacenog
materijala, jer se simulira, odnosno predvida situacija stvarne
upotrebe. Za slucaj primene lasera kod zu¢nih i bubruznih
kamenova, prvi eksperimenti su vrSeni uz sakupljanje
razvijenih gasova, da ne bi doslo do nezeljenog trovanja
organizma, a to podrazumeva i razne vrste operacija u
stomatologiji (¢iS¢enje kamenca i dr.).

Bez obzira na simulaciju iz raznih oblasti posmatranja
dinamike procesa u izabranom rezimu rada, dobro je
posmatrati materijal mete sa vise deskripcionih tehnika
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nedestruktivnog tipa za ulaz u eksperiment i ponoviti ih posle
interakcije, kad dolaze u obzir i destruktivni postupci
merenja, kakvi su zahtevi u SEM i drugim elektronskim
tehnikama.

Za date rezultate interakcije dati su i IC spektri tretirane
povrsine. Za tretiranje LAZ-a (Laser Affected Zone), u
primeni u stomatologiji, trazi se minimum zahvata tkiva ili
bar strogo kontrolisan. Odnos LAZ-a i HAZ-a (Heat Affected
Zone) je uvek pitanje, koje je podlozno diskusiji.

Na slikama 4 i 5, dati su rezultati sprovedenih analiza
stanja povreda na nekim materijalima od interesa za protetiku
i za zubno tkivo. Na slici 6 je izabrani uzorak HAP-3a, koji se
ve¢ duze vremena primenjuje za ojacanja bioloskih tkiva,
privremenih ili stalnih.

Slika 4. Mikrograf analize opti¢kim mikroskopom belog gipsa izloZenog
laserskom snopu. (Nd3*:YAG, E = 35 mJ, povrsinski reljef, OM 40 x)

Slika 5. Analiza opti¢kim mikroskopom interakcije Q-switch tipa lasera na
uzorku Zutog voska. (Nd**:YAG, t = 15 ns, E = 35 mJ, 3 impulsa, OM 40
X, povrsinski reljef)

Prema rezimu rada, o¢ekivalo se da bude proizveden krater
koji ima viSe ili manje nagomilavanje materijala po obodu,
pri ¢emu bi vefe nagomilavanje materijala bilo vezano za
rezim slobodne generacije. Krater sa manje izbacenog
materijala (po obodu) bi, sa druge strane, trebalo da sluzi i
inverzno, za raspodelu gustine energije po preseku snopa ili
prikaz nehomogenosti materijala mete. Zato je i bilo govora
na pocetku eksperimentalnog dela, da bi u idealnom slucaju
bilo dobro imati, paralelno, analizatore laserskog snhopa
direktno ili bar povremenu kontrolu gustine energije / snage,
kojoj je meta bila izloZzena. Jednostavan prilaz bi bio i da se
pri toj vrsti eksperimenata, pre serije impulsa na nekom
materijalu izvrSi isti rezim na materijalu koji je predlozen kao
kontrolni materijal, a koji je pogodan za datu talasnu duZinu.
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Slika 6. Mikrograf povrede na uzorku HAP-a. (Nd3*:YAG, Q-switch, E =
35 mJ, povrsinska modulacija, OM 40 x)

Na slikama 7 i 8 dati su IC spektri za uzorke gutaperke i
HAP-a.
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Slika 7. Infracrveni spektar (IC) uzorka gutaperke u dijapazonu 4000 - 180
cm.
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Slika 8. Infracrveni spektar (IC) uzorka HAP-a u dijapazonu 4000 - 180
cm.

Idealno bi bilo da se spektri uvek rade pre i posle
interakcije, zato $to bi zavisno od povrsine povrede mogao da
se sprovede formalizam za dobijanje opti¢kih konstanti
materijala, kao $to su koeficijenti refleksije, koeficijenti
dielektricnih  osobina, vezano za opticke osobine i
kompleksan zapis. Ovde bi od koristi bio i Raman-ov spektar,
koji bi i samim poredenjem sa IC spektrima dao neki
kvalitativan odgovor bez sprovodenja primene algoritama za
analizu strukture materijala.

Pretpostavka 0 novim materijalima, ¢iji broj raste u
stomatologiji, je uvek potrebna, a za poznate materijale
potrebna je iz razloga kontrole postojet¢ih podataka i
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izbegavanje razlika u tehnologiji izrade protetskog materijala.
Cini se da je dobro ponoviti uvek provere i za poznate
materijale.

Od interesa bi bila i tehnika termovizije, koja je skoro dve
decenije bila prisutna sa prvim primenama lasera u
stomatologiji, u vreme kada je ekonomska strana nabavke te
kontrole predstavljala veci problem. To su eksperimenti koji
mogu pratiti proces za odredene dinamicke dijapazone
kvantnih generatora, kad se radi o dugim impulsima ili
srednjim vrednostima, pri ve¢im repeticijama, kao kontrolna
relativna tehnika.

Vazna oblast bi bilo i odredivanje boje kod zuba ili
protetickih materijala, gde bi moglo biti od interesa vezivanje
sa trenutnim stanjem deskripcije boje, u kojima glavne boje
pripadaju kategoriji lasera (za televizijske svrhe HDTV,
odavno je razvijen tip RGB lasera).

I1l. SIMULACIA

Kako je u uvodu konstatovano, posle izabranog modela, za
odredene rezime rada kvantnih generatora [9] se konstatuje
da i vise modela mogu da se koriste za odredene rezime, koji
odgovaraju tipu grejanja materijala do tacke klju¢anja. To su
slucajevi izlaganja patogenog tkiva (paradentoza) koje se veé
vise od deceniju koristi za saniranje stanja. Sluc¢ajevi buSenja
(otklanjanja materijala), zavisno da li se problemu prislo sa
redosledom grejanje-topljenje ili grejanje-sublimacija i sl., bi
morali da koriste odgovarajuce algoritme kod programa kod
kojih su oni razvijeni [5].

Posto je za busenje najbitnije pitanje dimenzija (dubina,
Sirina), onda se za preliminarnu ocenu koriste formule koje
zavise od parametara izlaganja, termodinamickih i opti¢kih
osobina materijala.

U sirokoj paleti materijala, ¢ini se da je situacija Status quo
i da se moze na¢i mnogo praktiénih korekcija za izabrane
rezime rada, gde e se za promenu koeficijenata u formulama
za standardne uslove rada pribliziti simulacija eksperimentu.
Pri interakciji je jedna od vaznih Ccinjenica pitanje
maksimalne gustine snage / energije, koja ne¢e dovesti do
praga za ,,lom”. Sve to pripada slozenoj problematici ,,laser
damage”, gde se ukljucuje statistika malih brojeva i statistika
velikih brojeva, koje se razli¢ito modeluju.

IV. ZAKLJUCAK

U dana$njem stepenu laserske tehnike postoji nekoliko
definisanih reZima rada kvantnih generatora, Kkoji
potencijalno mogu da se primene u biomedicinske svrhe. U
praksi, iako postoji dosta dobro razvijena industrija laserskih
sistema okrenutih medicini, pokazalo se da, generalno,
postoji niz pozitivnih novih pravaca za primenu lasera. Ipak,
od stanja same drzave i stepena njenog instrumentarijuma,
vezano za klasi¢nije metode (mehanicka busilica,
rentgenografija, poznate klase protetskih materijala sa
komercijalnom podrskom), zavisi koliko ¢e u njoj biti brzo
uklapanje novih ,optickih” metoda u sve &etiri uslovno
podeljene oblasti: dijagnostika, modulacija u uzem smislu
(tkiva ili materijala), invazivna interakcija (hirurgija) i
saniranje i formiranje ispuna i pravljenje mostova i dr. U
ovom radu je pokazana interakcija sa tipovima odabranih
materijala (keramickog tipa i dr.), izvrSene su analize sa
strane opti¢ke i elektronske mikroskopije, definisanje
materijala mete putem IC spektroskopije. Ukazano je na
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potrebu daljeg eksperimentalnog rada, vezano za stanje
uzoraka i za, potencijalno, organizaciju daljih ispitivanja ili
primena holografskih i tomografskih tehnika za definisanje
dinamike opterecenja, ukljucujuéi tehnike brzog starenja
materijala, koje bi sluzile za ocenu, vek trajanja protetskog
nastavka i pravac trazenja, kroz Krojenja novih vrsta
materijala od interesa za protetiku i prihvatanje ,,stranog
tela”. Po pitanju samog HAP-a, bile su razvijene dve teorije
koje su primenjivane na mehanizam stapanja sa organizmom.
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ABSTRACT

The use of quantum generators in various fields, as well as in
dentistry, is dealt with by a large number of researchers with the
perspective that the number will be even higher. The goals are different:
from obtaining materials for further formation to participating in the
formation of modified materials, modifying the properties of already
traditional materials to achieving tasks that appear in connection with
the requirements of heritology / forensics or for mass media application.
In particular, diagnostic techniques based on stronger or weaker
interactions of elion beams with material are becoming more and more
sought-after measurement techniques due to the time of diagnostics and
the possibility of testing sample characteristics in small local areas, and
scanning if necessary in larger ones. Quantitative and qualitative
analyzes are included, and work with more than one beam (lower and
higher power densities), in addition to the possibility of monitoring the
interaction from a theoretical point of view, provides a practical part of
the application of laser or elion techniques in general, which has entered
into practice or is of potential interest for prosthetic and other purposes.
What, then, could be generally new in this area? New dynamic modes of
operation of quantum generators, pulse shapes, their duration and
frequency, bring new quality, which can produce different effects when
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laser beams interact with material, establish new standards and / or
suppress old ones. The paper deals with the interaction of laser beams,
in different operating modes, with the selected class of materials. Models
for the description and results of interactions are discussed, damages are
analyzed and an overview of current and potential fields of application
and selected parallels with other beam techniques are given.

Key words - quantum generators, modes of operation, interactions,
models, field of application.
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Luminescentni efekti materijala 1 primena

Milanka Pecéanac’, Becko Kasalica®, Aleksander Kovacevi¢®, Zoran Nedi¢*, Miodrag Malovic’,
Predrag Drobnjak®

Apstrakt—Luminescentne pojave se neizbeZno javljaju u
mnogim oblastima, od svakodnevnog Zivota do sofisticiranih
aplikacija u nauci i tehnici. Odavno su predmet izu¢avanja po
kome se modeluju teorije i realizuju prakticni sistemi.

Kako je izu¢avanje materijala vezano kako za sve veéi broj
novih materijala, tako i za veliki broj materijala sa dugom
istorijom, a sa druge strane postoji viSe uzro¢nika pojave
luminescencije, ova oblast je multidisciplinarna tj. stalno
prisutna u kombinaciji sa mnogim nau¢nim disciplinama.

U ovom radu su razmatranii novi materijali razvijeni na
razli¢ite nacine. Neki od njih su sintetizovani od ¢e$¢e prisutnih
hemijskih jedinjenja, a neki su vezani za retke zemlje u obliku
malih primesa, ¢ime su prema danaS$njem trendu vezani za
lasere - kvantne generatore, kao i razlifite tipove senzora,
detektora i slicno. Promena koncentracije za koje su aktivni
materijali kod kvantnih generatora vezani, direktno su donele
poboljsanje koeficijenta korisnog dejstva izlaganjem aktivnih
materijala snopovima elektromagnetnog zracenja, kao i
izlaganjem nuklearnim zracenjima.

Razmatrani su eksperimentalni rezultati luminescentne
pojave na izabranim uzorcima, na aparaturma - sistemima gde
je temperatura bila parametar, a laserski izvor je bio u okviru
upotrebljenih spektrofluorometarskih sistema. Sa koherentnom
pobudom, mereni su luminescentni spektri. Iz dobijenih
spektara odredena su karakteristicna vremena vezana za oblike
dobijenih spektara u vremenskom domenu.

Kljuéne re¢i—luminescentne pojave, novi materijali, retke
zemlje, promene koncentracije, pojacanje efekata.

I. Uvop

Nece se ulaziti u daleku istoriju luminescentnih pojava,
ali nije mali broj nauka u kojima je luminescencija odigrala
veliku ulogu. lako na mnogo mesta postoje definicije
luminiscnentih  pojava na materijalima pri raznim
ekscitacijama, ipak postoji viSe termina i podela
luminescentnih pojava prema raznim parametrima i
kvantitativnim pokazateljima njenog opisa, pema oblasti
primene ili vremenima karakteristicnim za izazivanje emisije
fotona pri raznim ekscitacijama.

Prilikom  kategorizacije = luminescentnih  osobina
materijala, oslonili smo se na razne podele vezane za
materijale, kako stare oprobane tako i nove materijale.
Pradenjem odziva materijala na razne tipove ekscitacije
fluorescencije od posebnog interesa je poredenje i
analiziranje raznih vrsta luminescencije u odnosu na
materijale. Kroz istorijski osvrt teorijskog i eksperimentalnog
razvoja uz pracenje aplikativnosti svakog pojedinog
otkrivenog procesa uzrazvoj novih oblasti, vazan momenat
bi bio u periodu nastanka kvantne elektronike.
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U ovom radu ¢emo se potsetiti na jednu od definicija
luminescencije. Luminescencija se definise kao proces, gde
je vreme izmedu apsorpcije i emisije zraenja vece od trajanja
perioda proizvedenog zracenja.[1] Podse¢amo da se prema
vremenu provedenom u pobudenom stanju razlikuju
fluorescencija i fosforescencija. Fluorescencija se vezuje za
trajanje procesa za vreme dok je uzorak izlozen nekom
elektromagnetnom zracenju, dok fosforescencija traje i po
prekidu pobude. Ovde bi mogla da se povede diskusija u
odnosu na druge pobude luminescencije ili za modifikacije
naziva i prema drugim procesima.

Teorijski se moze procenjivati  koncentracija aktivnih
primesa koje ucestvuju u luminescenciji uz sagledavanja
distribucija naseljenosti u materijalima jednostavnom
primenom distribucija naseljenosti u materijalu koja je
tipa,... , 1 uklju¢ivanjem pravila baziranih na verovatno¢ama
dozvoljenih i nedozvoljenih prelaza s obzirom na Paulijev
princip kojim se definiSu. Dozvoljeni prelazi su vezani za
terminologiju prelaz singlet - singlet, sa velikom
verovatnocom za njihovo deSavanje. Pobudena stanja su u
ovim opcijama vezana za materijale koji imaju kratka
vremena Zivota, reda ns.

Materiijali od potencijalnog interesa za luminescentne
pojave su veoma razliCiti, neki od njih su interesantni u cilju
istrazivanja razlicitih efekata i karakteristika primenjljivih u
raznim oblastima i nau¢nim disciplinama. U ovom radu,
kori$¢eni su materijali dopirani retkim zemljama u formi
metalnih plocica, soli ili bronzi. Ispitivani su luminescentni
efekti sa definisanim pobudama.

Slozene veze medu osobinama materijala u raznim
fazama (agregatnim stanjima) postaju jo§ slozenije, ako se
radi o jednjenjima sa viSe elemenata. Dopirani materijali sa
malo procenata retkih zemalja predstavljaju ve¢ odavno
Siroko polje istrazivanja, gde je i dobijanje koherentnih
zraCenja, odavno dobilo presudnu ulogu, pored istorijskih
proucavanja luminescencije raznih tipova. Bez obzira na
nalazenje razlika u terminologiji danas su razvijene mnoge
grane u vezi sa koherentnim zracenjima, a i nuklearnim.
Posebno je interesantno proucavati luminescenciju bioloskih
materijala. Od interesa bi sigurno bilo da se na istom
materijalu, po mogucnosti ispitaju i korektno metroloski
dobiju osobine sa strane luminescencije izazvanih raznim
mehanizmima ekscitacije. To bi doprinelo dobijanju
kompletnih odziva materijala u kvantitativnom obliku.
Interesanto je polje istrazivanja vezano i za razne procese
podvrgavanja materijala raznim upadnim zracenjima koja
podrazumevaju i promene temperature, pritiska okoline, ali i
¢isto mehanickih naprezanja, ozraCavanja raznim snopovima

Zoran Nedi¢, Fakultet za fizicku hemiju Univerziteta u Beogradu,
Studentski trg 12, 11001 Beograd, Srbija, (e-mail: zoran.fth@yandex.com)

Miodrag Malovi¢, Tehnolosko metalurski fakultet Univerziteta u
Beogradu, Karnegijeva 4, 11120 Beograd, Srbija (e-mail:
ofiss@malovic.in.rs)

Predrag Drobnjak, Akademija tehnickih strukovnih studija Beograd,
Katarine Ambrozié 3, 11000 Beograd, Srbija, (e-mail:
pdrobnjak@atssb.edu.rs)

ISBN 978-86-7466-969-3



ETRAN 2023

ZBORNIK RADOVA, LXVII KONFERENCIJA ETRAN, Isto€no Sarajevo, BiH, 05 - 08.06.2023.

iz mikrotalasnog podrucja, drugim koherentnim izvorima,
akustickim poljima. Izaazvani luminescnentni spkteri i
korektna obrada rezultata bi bili realni pokazatelji ponasanja
materijala u vezi sa promenama tretiranja uzoraka i
njihovom prethodnom modifikacijom.

Poredenje spektara dobijenih od tretiranih i netretiranih
uzoraka bi bio materijal za interpretaciju daljeg trenda na
intenziviranju ili guSenju luminescentnih osobina uzoraka.

U ovom radu su vrSene analize na uzorcima, koji su
pripremani u laboratorijskim uslovima sa raznim
tehnologijama, gde su izazivana nova hemijska jedinjenja ili
se samo radilo o tankim premazima plocica lakih metala sa
primesama retkih zemalja.

Zaneke od merenja je izabrana oblast koja trazi zavisnost
luminescentnih osobina od temperature na kojoj se nalazi
uzorak.  VrSena su merenja luminescentnih svojstava
sintetizovanih materijala, odmah po zavrSetku tehnoloskog
procesa (tretiranja materijala i raznim parametrima ambijenta
sa raznim uzroCnicima luminescencije), pa su ponovo
proverena luminescentna svojstva, odnosno, vrSeno je
ispitivanje luminescentnih svojstava prekursora i dobijenih
bronzi, na temperaturama pre i posle faznih prelaza.

II. MATERUALI

Upotrebljeni materijali u ovom radu pripadaju razli¢itim
grupacijama, kako prema hemijskom sastavu, tako iprema
obliku i nacinu dobijanja. Za prvu grupu odabrani su laki
metali dopirani retkim zemljama, za drugu kompresovani
prah sa primesom mangana i za trecu, fosfat — volframove
bronze dopirane jonima Li, Mg, Eu.

Laki metali dopirani europijumom - Eksperimenti su
radeni na ploCicama Al dopiranim sa 10% Eu koje su
anodirane kiselinama: fosfornom, sumpornom, hromnom,
oksalnom i bornom. Anodizacija[2] je vrSena na uzorcima
koji su prvo odgrevani 5 ¢asova na temperaturama od 150 °C,
250°C, 350 °C 1450 °C, a onda sporo hladeni. Za anodizaciju
su pripremani na tri nacina: 1) elektropolirani u HCIO4 /
C,Hs0H rastvoru u zapreminskom odnosu 1:4, propustanjem
konstantne jednosmerne struje gustine 100 mA / cm?. Nakon
toga su prani u etil alkoholu i suSeni toplim vazduhom.
Zaostali oksidni sloj je skidan u smesi od 20 g / 1 hromne
kiseline i 35 ml /1 koncentrovane fosforne kiseline na 80 °C
za vreme od jednog minuta. 2) hemijski ¢is¢eni potapanjem u
smesu od 20 g / 1 hromne kiseline i 35 ml / | koncentrovane
fosforne kiseline na 80 °C za vreme od pet minuta, a zatim
prani u destilovanoj vodi i suseni strujom toplog vazduha, 3)
odmasceni acetonom u ultrazvu¢noj kadi. Da bi se tacno
definisala povrsina uzorka koja se anodizira i da bi se izbegao
efekat puzanja elektrolita u toku anodizacije, na gornji deo
uzorka, izuzev mesta elektricnog kontakta, nanoSena je
grani¢na maska od laka za nokte.

Generalna klasifikacija anodnih oksidnih slojeva na Al
formiranih anodizacijom u galvanostatskom rezimu obuhvata
6 karakteristi¢nih vrsta oksidnih slojeva, slika 1 [3,4].
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Slika 1. Struktura oksidnih slojeva formiranih u raznim
elektrolitima [3,4].

(1) Povrsina Al prekrivena formiranim oksidnim slojem
koji formiraju izolatorskre anodne oksidne slojeve jonskim
prevodenjem pod uticajem jakog elektricnog polja. Zbog
visokog afiniteta Al prema kiseoniku, Al povrsine su uvek
pokrivene prirodnim visokootpornim oksidnim slojem
debljine 2 - 5 nm.

(2) Barijerni oksidni slojevi u elektrolitima koji ne
rastvaraju novostvoreni oksidni sloj, debljine 700 —1000 nm.
Elektroliti za njihovo stvarajne su: vodeni rastvori borne
kiseline, amonijum borata, amonijum tartarata (pH 5 — 7) i
neki organski elektroliti (citricna, malicna i glikolna kiselina).

(3) Dupleks (porozni) oksidni slojevi nastali u
elektrolitima koji slabo rastvaraju novostvoreni oksidni sloj
su mnogo vece debljine od grupe 2. KarakteriSu ih dva sloja:
unutrasnjei tanak, kompaktni sloj tioa 2 i spoljasnjeg, debljeg
iporoznog, ¢ija debljina ne zavisi od napona anodizacije nego
od gustine struje anodizacije, vremena anodizacije,
temperature i koncentracije elektrolita u odnosu na prvi.
Tipicni elektroliti su vodeni rastvori sumporne, fosforne,
hromne i oksalne kiseline.

(4) Oksidni slojevi koji nastaju u jakim elektrolitima kao
§to su koncentrovana sumporna, fosforna i perhlorna kiselina
ineki alkalni elektroliti. Koriste za dobijanje glatkih visoko —
reflektujucih povrsina.

(5) Oksidni slojevi nastali u nekim mono — karbonskim
kiselinama (mravlja, sir¢etna), i u nekim elektrolitima sa
dodatkom hlorida.

(6) Koroziono ponasanje aluminijuma u jakim alkalnim
rastvorima 1 halidima i karakteriSe se malim pocetnim
naponom koji se dalje znac¢ajno ne menja.

Na slici 2. [1] su prikazane faze rasta poroznih oksidnih
slojeva na aluminijumu
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Slika 2. Faze rasta poroznih oksidnih slojeva na Al

Galvanoluminescencija (GL) ili elektroluminescencija
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[2,3], 1883. G. I Sluganova su dosta prouavanenom sa
raznih strana, te se u ovom radu ne¢emo baviti detaljnom
analizom ovih pojava.

Drugu grupu materijala prikazanih u ovom radu ¢inili su
komprimovani prahovi, dobijeni u Laboratoriji za radijacionu
hemiju i fiziku Instituta na nuklearne nauke “Vinca” gde su
izvrSena merenja na dva jedinjenja , Li>SnO3 0,5% Mn i
LiLaP30O12 0,5% Mn. Eksperimentalni rezultati peikazani u
ovom radu, odnose se na prvo jedinjenje. Materijali ovog tipa
daju odli¢an odziv i veoma su pogodni za ispitivanja na
velikom opsegu, ali naro€ito na niskim temperaturama, od 10
do 300K. Zbog veoma izrazene zavisnosti luminescentnih
efekata od temperature, mogu se smatrati osnovnim
materijalima u ispitivanju i primeni termoluminescentnih
efekata, te ih je lako primeniti u svim situacijama gde
merenje temperature nije moguce primenom klasi¢nih
metoda.

Treca, mozda najinteresantnija grupa materijala su fosfat
volframove bronze dopirane jonima Li, Mg, Eu. - Heteropoli
kiseline pripadaju familiji polioksometalata sa ugradenim
heteropoli anjonima, tipa metal-kiseonik, koji predstavljaju
osnovnu strukturnu jedinicu Keggin-ovog anjona.[5]
Oktaedri su medusobno povezani preko atoma kiseonika i
formiraju  veoma  stabilan i1  kompaktan  skelet
heteropolianjona. Katjoni mogu biti: vodonik, alkalni metali
i drugi metalni joni. Vise od dvadeset tipova struktura,
ukljucuje Cetiri do Cetrdeset atoma metala i od jednog do
devet heteroatoma pa su poznati molibdenovi, volframovi,
vanadijumovi 1 niobijumovi heteroplianjoni Heteropoli
kiseline i soli heteropoli kiselina se mogu koristiti i kao
polazni materijali za dobijanje volframovih bronzi.
Heteropoli kiseline su poznate vise od sto godina i kao novi
materijali, superjonski provodnici, interesantni su radi
njihove prakti¢ne primene kao ¢vrstih elektrolita u gorivnim
¢elijama, senzorima i displejima. One imaju vaznu ulogu u
industriji boja, komercijalnih katalizatora za mnoge reakcije,
koriste se za dobijanje antikorozivnog pigmenta, zatim kao
fotooksidacioni agensi u procesu razvijanja fotografija. Od
posebnog znacaja je primena u biologiji, farmaciji i medicini
(antikoagulantna sredstva, antireumatici, antineoplastici,
antivirotici, a postoje i pokusaji da se iskoriste u le¢enju HIV
infekcija). Utvrdeno je da su ove kiseline potentni inhibitori
celijske, bakterijske i virusne DNK i RNK polimeraze.
Volframove bronze imaju specifi¢nu strukturu koja nastaje
rusenjem Keggin-ovog anjona na temperaturi od 602 °C. Ta
struktura je slojevita i sastoji se od medusobno povezanih POy
tetraedara i WO oktaedara. U takvoj strukturi formiraju se
pentagonalni i heksagonalni otvori (Supljine, kanali) koji
omogucavaju laksi transport alkalnih i zemno alkalnih
metala, kojima su procesom jonske izmene u potpunosti ili
delimiéno zamenjeni H" joni u WPA. Pored jonske
provodljivosti koja je karakteristicna za ove materijale, oni
pokazuju i elektronsku provodljivost zbog velike elektronske
gustine uslovljene prisustvom kiseonika i elektronske
konfiguracije volframa, koji ima veliku statisticku tezinu
slobodnih d-elektrona.

Volframove bronze obuhvataju veoma veliku grupu
stehiometrijskih 1  nestehiometrijskih  jedinjenja  sa
empirijskom formulom MxWO3; (M je obi¢no jedan od
elemenata alkalnih metala, zemnoalkalnih metala, amonijum
jon, metalni joni retkih zemalja gde x ima vrednost izmedu 1
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i 0). Prvu volframovu bronzu sintetisao je Wohler 1823.
godine [6], zbog relativno velike stabilnosti katjona volframa.
Bronze karakteriSe metalni sjaj, boja (od zlatno-zute do
crveno-crne), dobra elektricna provodljivost, ili su
poluprovodnici zavisno od M i vrednosti za x. Volframove
bronze najcesce imaju kubnu strukturu, ali ako su promenjene
x vrednosti moze do¢i do faznih transformacija bronze, pa su
tako nadene i tetragonalna i heksagonalna struktura. U slucaju
fosfat volframovih bronzi je moguce dobiti strukture Ciji
dizajn na nivou cestice i subCestice pokazuje dobru
saglasnost, izmedu teorijskih proracunatih i dobijenih
eksperimentalnih vrednosti. Slaganje eksperimentalnih i
teorijskih podataka je u granicama greske od 6,7 do 19 %.
Asemblirani filmovi pokazuju morfologiju povrSine koja
odgovara u celosti morfologiji Cestica iz koje se filmovi
sastoje. Veoma su niske hrapavosti , reda velic¢ine ispod 80
nm. U procesu sinteze/nanoSenja tankih filmova na povrsinu
substrata (kvarcna plocica) samoasembliranjem
monoklinickih fosforvolframovih bronzi, dobijeni su filmovi
dobro definisane morfologije, koju Cine Cestice praha sa
njihovim subelementima/subcesticama, koje se rasporeduju
na veoma homogen nacin duz cele povrsine substrata, slika
3.[5]

Slika 3. AFM mikrofotografija tankog filma
fosforvolframove bronzena povrsini substrata

Merenje hrapavosti dobijenih filmova pokazuje da njihova
hrapavost osciluje u uskom intervalu od nekoliko nm do
najvise 80 nm, zavisno od mesta na kome se meri i od
zakrivljenosti povrsine na tom mestu. Pri tome zakrivljenost
povrsine prati morfologiju samih samoasembliranih Cestica.
Srednja vrednost je ispod 10 nm.

Volframove bronze pokazuju makroskopske kvantne
osobine, na primer, elektronsku nestabilnost koja je
odgovorna za pokretanje spinske gustine talasa (SGT) i
gustine naelektrisanja talasa (GNT) [7 - 12].

Raspolozivi (dostupni) modeli za mehanizme nastanka GNT
su neadekvatni, te su sprovedena sistematska istrazivanja
GNT u jedinjenjima koja pokazuju niske dimenzionalne
elektrofizicke osobine, ali imaju razli¢ite sastave 1 strukture.
Medu $iroko koris¢enim modelom objekata nalaze se fosfor
volframove bronze koje sadrze perovskitni tip slojeva,
gradeni od ReOs tipa, slojevi WOg oktaedara odvojeni su
slojevima koji se sastoje od monofosfatnih grupa ili
difosfatnih jedinica (slika 4).[5]
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Slika 4. Zamena WOg oktaedra u strukturi ReOs tipa: a)
klasi¢an perovskitni tip;b) jedan WOs oktaedar zamenjen je
sa POy tetraedrom i dobijaju se MPTB; ¢) dva susedna WOg
oktaedra zamenjena su sa P,0O; difosfatnom grupom i
dobijaju se DPTB.

Manje varijacije termodinamickih parametara (temperature,
pritiska, hemijskog potencijala, itd.) mogu izazvati znacajne
promene kod fizickih osobina ovih jedinjenja. Zbog ove
termodinamicke osetljivosti ovi neorganski materijali mogu
posluziti kao model objekata za ispitivanje razliCitih
nestabilnosti.

Dobijanje slozenih metalnih oksida sa karakteristicnim
elektricnim, opti¢kim i superprovodnim osobinama polazi od
molekulskih prekursora koje je potrebno transformisati u
krajnje proizvode. Trenutno razvijene tehnike dobijanja
polaze iz rastvora, ali su samo aerosolni procesi uspeli da
sjedine precipitaciju, termolizu i sinterovanje u jedan
kontinualni proces. Doslo je do pojave velikog broja pojmova
koji su imali za cilj da razdvoje aerosolne procese bilo po
mehanizmu nastajanja aerosola ili po vrsti prekursorske
termoliticke reakcije (razlaganje isparavanjem, sprej piroliza,
termoliza aerosol, reakciono rasprsivanje, ultrazvucéna sprej
piroliza). Pojam ultrazvucna sprej piroliza se koristi za
opisivanje ovih procesa. Dobijanje slozenih metalnih oksida
sa karakteristicnim elektri¢nim, optickim i superprovodnim
osobinama polazi od molekulskih prekursora koje je potrebno
transformisati u krajnje proizvode. Od svih, do sada
razvijenih tehnika, samo su aerosolni procesi uspeli da
sjedine precipitaciju, termolizu i sinterovanje u jedan
kontinualni proces. Tokom ultrazvuéne sprej pirolize rastvor
se rasprsuje u sitne kapi, koje se potom uvode u reakcionu
zonu i koje tada predstavljaju veliki broj mikro reaktora. U
okviru svake kapi dolazi do isparavanja i precipitacije
rastvorene supstance unutar kapi, suSenje, razgradnja
precipitacione Cestice na visokim temperaturama, formiranje
mikroporozne Cestice definisanog faznog sastava i na kraju,
sinterovanje mikroporozne cCestice u gustu Cesticu.
Ultrazvucna sprej piroliza omogucava kompletno odrzanje
stehiometrije na nivou kapi, pa je zbog toga izuzetno pogodna
za sinteze meSovitih metalnih oksida.

III. EKSPERIMENT

Prva grupa materijala - Merenja na ovim uzorcima su
vr§ena u Laboratoriji za Metrologiju Fizickog fakulteta u
Beogradu. Priprema uzoraka takode je bila rezultat rada u
ovoj laboratoriji.  Osnovnu  aparaturu  Cinio  je
spektrofluorometar, Slika3, ¢iji glavni deo aparature je
standardna volframska lampa Wi 17/G.
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Slika 5. Sema spektrofluorometra: 1 — Xe impulsna ili
kontinualna lampa ili laser, 2 — ekscitacioni monohromator,
3 — detektor, 4 - emisioni monohromator, 5 — ¢elija sa
uzorkom, 6 — emisioni monohromator, 7 — detektor, 8 —
racunar sa softverom za obradu podataka. [13]

Dobijeni spektri predstavljaju zavisnost intenziteta
populacije ekscitovanih fotona od talasne duzine na
razliCitim temperaturama. Iz odnosa dva karakteristicna
maksimuma moguce je izracunati vreme zivota.
Karakteristi¢an spektar uzorka na temperaturi 20 oC, slika 4.

——S1_cyclet

300000 -
Uzorak 1 Al+10%Eu (anod. fosforna kiselina)
Excitation 393 nm, slit 10 nm
™ Emission 420nm - 750 nm, slit 2 nm
\ T=20C
200000 4 \ Y(577 nm) = 57518
N Y(612nm) = 194150

150000 - \ “ |

250000 4

Intensity (CPS)

100000 - N\ |\ |

50000 - AN

o] ) NS

T T
440 550 660
Wavelength (nm)

Slika 6. Spektar uzorka Al 10%Eu na 20 °C

Koris¢eni su Al uzorci dimenzija 25 mm x 10 mm x 0.12 mm
sa zaobljenim ivicama c¢ime su uklonjene mehanicke
deformacije koje bi mogle biti uzrok neZzeljene
luminescencije — efekat §iljka (deformacije mogu biti uzrok
jakog elektri¢nog polja (Stojadinovié —teza).

Druga grupa materijala - Prikazani su rezultati za
Li2Sn030,5%Mn. Uzorci su bili izloZzeni koherentnoj
svetlosti ekscitacione talasne duzine 532 nm, slit 200 pum,
1800 zareza. Kao izvor pobudne svetlosti koris¢en je OPO
laser (Opticki parametarski oscilator) koji se sastoji od
optickog rezonatora i nelinearnog kristala. Postoje
kontinualni i impulsni OPO laseri, s tim S§to je impulsna
verzija lakSa za izgradnju jer su za nelinearne efekte potrebne
veée gustine energije pumpe. Za merenje vremena Zivota
pobudenih stanja na temperaturama od 10 do 300 K koris¢en
je spektrofluorimetarski sistem Horiba Jobin-Yvon Model
FHR-1000 sa iCCD detektorom (slika 7.)[14] Sistem sadrzi i
termo-elektricno hladeni fotomultiplikator (hladenje sa
Peltije-ovim elementom).
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Monohromator je jednostruki sa fokalnim rastojanjem od
jednog metra, takode sadrzi dve difrakcione resetke od 300 i
od 1800 zareza po milimetru, koje se mogu birati zavisno od 40000
rezolucije koju zelimo posti¢i. Veca spektralna rezolucija
postize se koriS¢enjem difrakcione resetke od 1800 zareza, ali
je signal nekoliko puta slabiji.

180K

Response

600 700 800
Wavelength (nm)

Slika 9. Zavisnost intenziteta populacije ekscitovanih fotona
od talasne duzine na 180 K

30000 o
190K
20000 4
g
$ 100004
44
Slika 7. Spektrofluorimetar Horiba Jobin-Yvon Model FHR-
1000 04
U delu za postavljanje uzorka postavljen je Kriostat Advance 600 700 800

Research Systems sa zatvorenim sistemom napunjenim Wavslongth (om)

helijumom i omogucava postizanje minimalne temperature

od 9 K (slika $)[14] Slika 10. Zavisnost intenziteta populacije ekscitovanih

fotona od talasne duzine na 190 K

200K
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Slika 11. Zavisnost intenziteta populacije ekscitovanih
fotona od talasne duzine na 200 K

Slika 8. Krio Advance Research Systems

Dobijene zavisnosti prikazane su na slikama 9, 10, 111 12.

s 650 ors 700 28 7% ”s 800
Wavelength (nm)

Slika 12. Zavisnost intenziteta populacije ekscitovanih
fotona od talasne duzine na temperaturama 180, 190 i 200K
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Treca grupa materijala - Eksperimentalni rezultati su
koriS¢eni za karakterizaciju litijumove fosforvolframove
bronze koja je dobijena iz soli Li;PW;2040-nH,O i
LisPWi12040-nH20 u SiO; supstratu, kao prekursorima za
dobijanje bronzi u procesu kalcinacije i ultrazvucne sprej
pirolize (USP).

Termijska analiza uzorka Li;PW;,040-nH,O radena je sa
ciljem dobijanja podataka o termalnoj stabilnosti ove soli, a
egzotermni pik na datoj temperaturi oznacava strukturni fazni
prelaz ove soli u fosfat volframovu bronzu dopiranu sa
litijjumom, to jest Li-PWB. DTA 1 TGA krive za
LisPW1,040-nH,O so od sobne temperature do 1000 °C
prikazane su na slici 13.

Dva endotermna fazna prelaza, na 67,6 1 192,4 °C, odgovaraju
procesu dehidratacije fizicki vezane vode i kristalne vode, pri
¢emu se gubi tri odnosno osam molekula vode. To znaci da
ova so kristaliSe sa osam molekula kristalne vode. Ovaj
proces je vise ili manje kontinualan, pa se proces
dehidratacije zavrsava na oko 300 °C.

eight [%]

Temperature [ C)

Slika 13. DTA i TGA krive za Li3PW12040°nH,0 —

IV. DISKUSUA

Iz dobijenih spektara dobijana su karakteristi¢na
vremena vezana za oblike dobijenih spektara u vremenskom
prostoru.

Pored toga, ovaj rad predstavlja i  novi prilog
rasvetljavanju problema vezanih za strukturu, identifikaciju
provodnih vrsta 1 ispitivanje faznih transformacija WPA do
formiranja bronzi razli¢itim metodama, i dizajniranja
dobijenih Cestica.

Ovde su prikupljeni i sistematizovani teorijski i
eksperimentalni podaci o sintezi, strukturi, osobinama i
primeni fosforvolftramovih bronzi. Posebno se obratila
paznja na odnos izmedu strukturnih karakteristika i
elektrofizickih osobina ovih jedinjenja. Razmatrane su i
mogucénosti prakticne primene fosfor volframovih bronzi.

V. ZAKLJUCAK

Cini se da ipak ne postoje sveobuhvatne analize gde je
jedan materijal podvrgavan raznim vrstama pobude, $to
pogotovo vazi za novorazvijane materijale. Zato bi tom tipu
istrazivanja trebalo posvetiti posebnu paznju

Od posebnog interesa bi svakako bilo ispitivanje na istom
materijalu, po moguénosti da se ispitaju i korektno metroloski
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dobiju osobine sa strane luminescencije izazvanih raznim
mehanizmima ekscitacije. To bi doprinelo dobijanju
kompletnih odziva materijala u kvantitativnom obliku.

Dalji tok istrazivanja i¢i ¢e u smeru ispitivanja
luminescentnih ~ svojstava  prekursora i bronze na
temperaturama pre i posle faznog prelaza. Luminescentni
procesi ve¢ sada nalaze Siroku primenu u merenjima
temperature, kako na mernim instrumentima dostupnim
mestima, tako i na formacijama nepristupacnim za klasi¢ne
metode  meenja. Pored etaloniranja = metroloskom
kategorizacijom obojenih organskih rastvora, sve veca
primena luminescentnih efekata ogleda se u identifikaciji
materijala od interesa za kulturnu bastinu [15] i dejstva
nuklearnih zrac¢enja termoluminescentnih karakteristika.
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ABSTRACT

Luminescent phenomena inevitably occur in many areas, from
everyday life to sophisticated applications in science and technics.
They have long been the subject of study, based on which theories
are modeled and practical systems are implemented.

Since the study of materials is related to both an increasing
number of new materials and a large number of materials with a long
history, and on the other hand there are several causes of the
appearance of luminescence, this field is multidisciplinary, i.e.
constantly present in combination with many scientific disciplines.

In this work, new materials developed in different ways were
considered. Some of them are synthesized from more commonly
present chemical compounds, and some are connected to rare earths
in the form of small impurities, which according to today's trend are

ISBN 978-86-7466-969-3



ZBORNIK RADOVA, LXVII KONFERENCIJA ETRAN, Istoéno Sarajevo, BiH, 05 - 08.06.2023.

related to lasers - quantum generators, as well as different types of
sensors, detectors etc. The change in concentration, to which active
materials in quantum generators are connected, directly improved
the coefficient of useful effect by exposing active materials to beams
of electromagnetic radiation, as well as by exposing them to nuclear
radiation.

The experimental results of the luminescent phenomenon on the
selected samples, on the apparatus - systems where the temperature
was a parameter, and the laser source was within the
spectrofluorometric systems used, were considered. With coherent
excitation, luminescence spectra were measured. From the obtained
spectra, the characteristic times related to the shapes of the obtained
spectra in the time domain were determined.

Keywords—luminescent phenomena, new materials, rare earths,
concentration changes, enhancement of effects.

Luminescent effects of materials and applications
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Apstrakt

Luminiscentni spektri materijala su se ne mogu izbeci u velikom
delu teorijskih i prakti¢nih deskripcija kvantitativne i kvalitativne
prirode. Pobuda luminiscentnih spektara , vreme gaSenja, vreme
uspona se u merenjima ve¢ odavno prate i odreduju brzine, koje
viadaju u nekom ansamblu. U raznim vrstama pobuda luminiscencije
(termoluminiscencija, radioluminiscencija, hemoluminiscencija i dr)
Ppojavljuju se karakteristicne krive koje se na pocetku interpretacije i
obrade signala dokazuju sa svojim analitickim modelima. Za
interpretaciju uradenih merenja ili pripremi materijala za merenja,
razmatraju se eksperimentalni uslovi za dobijanje stanja materijala u
zavisnosti od potrebne aparature i ocekivane/dobijene zavisnosti.
Pored ostalih materijala na kojima su mereni termoluminescntni
spektri, razmatraju se i materijali fosfat volframove bronze dopirane
retkim zemljama. Uzorci predstavijaju nekomercijalne materijale, sa
postupcima dobijanja u laboratorijskim uslovima . Radi se o solima,
koje su dobijene termickim tretmanom, o solima heteropoli kiselina.
Vrsi se sinteza kiseline i rezultat su prahovi razlic¢itih dimenzija do
vecih domena (centimetar do dva, zavisno od brzine rasta kristala
stajanjem na sobnoj temperaturi, kada prelaze u prah). To su
Jjedinjenja sa velikim brojem molekula vode . U mati¢nom rastvoru
soli heteropoli kiselina, kristali imaju 29 molekula vode, spajanjem u
ambijentalnim uslovima broj molekula vode opada na 21, pa 14 itd.
Najstabilnija forma je sa 6 molekula vode, a komercijalni uzorci
kiseline imaju 8 — 10 molekula vode. Hemijskom analizom se vidi i u
kojim temperaturskim procesima jonske izmene hetropolne kiseline
sa hloridima retkih zemalja, dobijamo soli jedinjenja. Sa dobijenih
termograma se odreduje temperatura na koji se rusi Keginov anjon i
Jjedinjenje prelazi u bronzu (stabilno jedinjenje).

Kljucne  reci:  termoluinescencija,  radioluminescencija,
hemoluminescencija, spektri, karakteristicne krive, fosfat —
volframova bronza.

1. Uvob

Luminescencija (od latinske re¢i lumen, luminis = svetlost)
predstavlja pojavu hladnog zradenja svetlosti (fotona). Ove
pojave ne nastaju poviSenjem temperature, nego od vise
drugacijih uzroka, te tako postoji vise vrsta luminescencija. Od
toplotnog zracenja se razlikuje po nacinu nastajanja, svojstvima
i vremenu trajanja.
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Termin hladna nije sasvim opravdan. On se koristi zato $to
energija kojom se podstice (izaziva) luminescencija ne potic¢e od
pretvaranja toplotne energije u svetlosnu, ve¢ od drugog oblika
energije. Luminescentna svetlost ne podleze zakonima toplotnog
zraCenja. Ta svetlost se moze javiti vrlo intenzivno i na niskim
temperaturama i u svim agregatnim stanjima.

Luminescentne spektre materijala je nemoguée izbe¢i u
velikom delu teorijskih i prakti¢nih deskripcija kavalitativne i
kvantitativne prirode.

Luminescencija moze biti izazvana na razne nacine i glavni
su pobrojani u Tabeli 1:

TABELA 1. NACINI DOBIJANJA LUMINESCENCIJE I ODGOVARAJUCI
NAZIVI
Proces Naziv
Hemijski Hemoluminescencija
Bioloski Bioluminescencija

Delovanje a i  zaka Radioluminescencija

Delovanjem svetlosti Fotoluminescencija

Delovanjem elektri¢ne struje Elektroluminescencija

Delovanjem toplote Termoluminescencija

Mrvljenjem

Triboluminescencija

Drugu podelu je moguée napraviti s obzirom na vreme
trajanja sekundarnog zracenja, $to je prikazano u Tabeli 2:

TABELA 1I. VRSTE LUMINESCENCIJE PREMA TRAJANJU
SEKUNDARNOG ZRACENJA
Naziv Trajanje sekundarnog zracenja
Fluorescencija Dok deluje pobuda
Fosforescencija I nakon prestanka pobude

Na slici 1 (a, b, ¢ i d)[3] dati su fluorescencija i
fosforescencija — dijagrami Jablonskog.

https://doi.org/10.69994/68E24067
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II. KARAKTERISTICNE KRIVE U ZAVISNOSTI OD POBUDE

U raznimm vrstama pobuda luminescencije (termalna, radio,
hemo, foto i druge), pojavljuju se karakteristi¢ne krive (funkcije)
koje se na pocetku interpretacije i obrade signala dokazuju
svojim analitickim modelima.

Teorijski, jedna od najcesc¢ih linija, od kojih se druge dve
krajnje linije dobijaju limesom, sa razvijenim formalizmima, su
Voigtova, Lorencova i Gausova linija. Izvode se prema dinamici
procesa u nekom ansamblu odabranih mikro Cestica, u najSirem
smislu. Indikatori se odnose i na kosmos (astronomiju),
dinamiku rastvora u teCnostima, sa malim ili makromolekulima.
Razvijeni formalizmi u oblasti kriticnih pojava, gde su merenja
mnogo teza, u slucaju magneta ili neutrona, sa razvijenim
teorijama, uz merenja u ,lakSim oblastima” metrologije,
omogucavaju mnoge prakticne odgovore i potvrde, kroz
odbacivanje hipoteza u oblasti kriticnih pojava (BL, Stanli).

Osnovna matematicka formula za opis linije odnosi se na
razliCite oblasti elektromagnetnog spektra, koje se protezu od
reda kHz, MHz, do Sirina koje su prakti¢no izrazene u Kajzeru.

Detaljno proucavanje promena oblika i glavnih karakteristika
linija, za razne oblasti, u spektroskopima razli¢itih tipova
(atomski, molekularni i dr.), prakti¢no je savladana savremenim
paketima programa i aparata, sa direktnim konstantama
odredenih vrsta materijala i koriS¢ena za mnoge senzore
temperature, prljavstine, proces koagulacije itd. S druge strane,
prema vrsti mikrocestica koje ucestvuju u luminescentnim
pojavama, u najSirem smislu, kroz PSD tehnike (Pulse Shape
Discrimination). PSD - Puls se izraCunava pomoc¢u formule:

—(t — to)?
(2dt?)cos (2mfy(t — to)))

f(©) = exp(

gde je: fy noseéa frekvencija, ty=1/(2*n*df) je polusirina
impulsa, df je polusSirina opsega.

Spektar ovog impulsa je Gauss-ov sa centralnom

frekvencijom fj i standardnom devijacijom df.

Oblikovanje impulsa je posebno vazno u RF komunikaciji za
uklapanje signala unutar odredenog frekventnog opsega i obi¢no
se primenjuje nakon linijskog kodiranja i modulacije, Slika 4.[]

.-

S1. 4 PSD - oblikovanje impulsa

Gauss-ova kriva, na Slici 5. pretstavljena je formulom i
slikom koja docarava idealnu raspodelu:

Ovo je prostor za navodenje sponzora i/ili finansiranja. Ukoliko nema
sponzora i/ili finansiranja obrisite ovaj ‘text box’.(sponsors)
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S1. 6 Primena (snimljenji emisioni spektar i razlaganje)

Lorencova kriva (izgled), dat je na Slici 7.
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lokalnih defekata u kristalnoj strukturi; S1. 9 Aparatura i emisioni spektar uzorka Li,SnO; 0,5 %Mn u 3D predstavi na

B . temperaturama 180, 190 i 200 K (Institut Vinca)
Aparatura se sastoji od dve grane: prva — za merenje spectra
luminescentnog zracenja pobudenog X ili UV zracenjem; druga
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fosforescentnog zracenja. Izlaz iz obe grane ide na automatsko Fiw | =T
snimanje i analizu spektara. UV - monohvomator 1
(< (240-850 nm)
Fotometar

[[Ex:=anatiinee-y

¥ Uzorak

/: -
i [
Aol !
UL E

Halogena lampa

ksitacionim i detekcionim tal im dui-

- Mikrospektrofluorometar sa promenljivim
nama (Carl Zeiss UMSP 80)

S1. 8 Blok Sema apaature za merenje rendgeno i termoluminescencije

Na Slici 9 i Slici 10.[12], prikazane su aparature i dobijeni
emisioni spektri u laboratorijama Fizickg fakulteta Univerziteta
u Beogradu i Instituta Vinca.
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Sl. 10 Aparatura (mikrospektrofluorometar) i emisioni spektar uzorka
Al+10%Eu, anodizovano fosfornom kiselinom (Fizi¢ki fakultet Univerziteta u
Beogradu)

IV. MATERUJALI

Za pripremu materijala za merenje i interpretaciju merenja,
razmatraju se eksperimentalni uslovi za dobijanje stanja
materijala u zavisnosti od potrebne aparature 1 ocekivane
dobijene zavisnosti definisanih klju¢nih veli¢ina.

Pored mnogo klasi¢nih materijala na koje bismo se oslonili
pri merenju luminescentnih spektara, u razmatranju su materijali
fosfat volframove bronze dopirane retkim zemljama.

Uzorci predstavljaju  nekomercijalne materijale sa
postupkom dobijanjau laboratorijskim uslovima. Radi se o
solima koje su dobijene termickim tretmanom hetropoli kiselina.

Vrsi se sinteza kiseline i rezultat su prahovi Cestica raznih
dimenzija, do ve¢ih domena (1 do 2 cm, zavisno od brzine rasta
kristala stajanjem na sobnoj temperature, kada prelaze u prah).

To su jedinjenja sa velikim brojem molekula vode. U
mati¢nom rastvoru heteropolikiselina, kristali imaju 29 molekula
vode. Spajanjem u ambijentalnim uslovima, broj molekula vode
opada na 21, pa na 14 itd. Najstabilnija forma je sa 6 molekula
vode, a komercijalniuzorci kiseline imaju 8 — 10 molekula vode.

Poznato je da, u principu, hetropoli kiseline grade vise
kristalohidrata sa 21, 14 i 6 molekula vode. Razliite
modifikacije kristalohidrata heteropoli kiselina morale bi se
zapaziti pri termickim promenama, gde se mogu pratiti
metodama termicke analize (TGA i DTA). Medutim, u literature
postoji dosta neslaganja o broju molekula vode prisutnih u
pojedinim fazama kod ovih jedinjenja (29 — 31,24 - 18, 14— 13
16-5).

Rezultati termijske analize H3PW12040¢ 29H20, od sobne
temperature do 1000 “C su prikazani na Slici 11.[13]

Pri brzini odgrevanja od 10 ‘C /min na DTA krivoj ,
pojavljuju se tri pika za H3PW12040 . 29H20. Zapazamo jedan
dublet sa maksimumom na 54°C (endotermjski pik). Ovaj dublet
moZe se razdvojti u dve komponente, na oko 30 C i 40 C. Pri
brzini zagrevanja od 1 C /min, odgovaraju prelazi krive
kristalohidrata od 29 do 6 molekula vode, uz medufaze
kristalohidrata sa 21 i 14 molekula vode.
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SI. 11 DTA i TGA krive za H3PW12040+29H20: a) oblast od sobne
temperature do 100 ‘C (1°C/min); b) oblast od 100-620 ‘C(5°C/min); c¢) oblast
od sobne temperature do 1000 “C (10 ‘C/min)

Heteropoli kiseline

Zbog svojih osobina heteropoli kiseline i njima srodna
jedinjenja predstavjaju veoma znacajnu grupujedinjenja, Cija se
primena zasniva na njihovim redoks osobinama I velikom
jonskom naelektrisanju.

Pripadaju familijipolioksometalata sa ugradenim heteropoli
anjonima, tipa metal — kiseonik, koji pretstavljaju osnovnu
strukturnu jedinicu Keggin-ovog ajona.

Oktaedri su medusobno povezani preko atoma kiseonika i
formiraju veoma stabilan i kompaktan skelet heteropolianjona.

Katjoni mogu biti vodonik, alkalni metali i drugi metalni
joni. Vise od dvadeset tipova struktura ukljucuje cetiri do
Cetrdeset atoma metala i od jednog do devet heteroatoma, pa su
poznati  molibdenovi,  volframovi,  vanadijumovi i
niobijumoviheteropolianjini.

Najrasprostranjenija jedinjenja pripadaju Keggin-ovoj i
Silverton-ovoj strukturi [zasiéenom 12 — o€lanom nizu
(M:X=12)], koja ima najve¢i znacaj za katalizu. Ovaj keggin-ov
tip heteropoli kiselina je najstabilniji i najdetaljnije proucavan.

Dobro definisana Keggin-ova struktura je sastavljena od
X0O4 tetraedra okruzenog sa 12 ivica i uglom koji formiraju
metal — kiseonikovi oktaedarski (MO6) ligandi, kiji su kao anjoni
uvek negativno naelektrisani, pri ¢emu njihova konkretna
gustina naelektrisanja zavisi prvenstveno od elementarnog
sastava 1 molekulske strukture.. heteropoli anjoni su polimerni
oksoanjoni i formiraju se kondenzacijom vise od dva razli¢ita
mononuklearna oksianjona u kiseloj sredini kako je prikazano
slede¢om jednadinom:

pXx + Or + qMm + On + zH ---->XpMqOs (px + mg — zs/q)
+z/z H20

Klasifikacija heteropoli jedinjenja — heteropoli jedinjenja
mogu biti klasifikovana prema odnosu centralnih atoma i
perifernih molibdenovih ili sli¢nih atoma. Jedinjenja koja imaju
isti broj atoma u anjonu, obi¢no su izomorfna i imaju sli¢ne
hemijske osobine. Obi¢no heteropolimolibdati i
heteropolivolframati sadrze neprelazne elemente kao centralne
atome i imaju viSe strukturnih sli¢nosti od prelaznih elemenata
koji mogu biti centralni atomi. Keggin-ov tip heteropoli
jedinjenja sastojinse od tri vrste struktura. Veoma je vazno
praviti razliku izmedu primarne, sekundarne i tercijarne strukture
koje su izgradivacki delovi kompleksa.

Dizajniranje materijala

Prva faza procesa sinteze obuhvata pripremu 20 % vodenog
rastvora 12-volframfosforne kiseline (H3PW12040+29H20),
koja je posluzila kao prekursor za dobijanje odgovarajuce
fosforvolframove bronze sprej pirolizom.

U drugoj fazi procesa sinteze, dati rastvor je podvrgnut
ultrazvuénom rasprsivanju ultrazvu¢nim atomizerom Gapusol
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9001, RBI, koji se sastoji od tri transducera koji rade na
frekvenciji od 2,5 MHz i njegovom ocvr§éavanju unutar
reakcione komore, koju ¢ini pe¢ sa kvarcnom cevi (Heraues
Rof7/50) koja se nalazila na temperaturi od 625 C.

Aecrosol nastao tokom ultrazvuéne pobude rastvora nosen je
strujom vazduha (gas nosac) brzinom protoka od 0,66 dm3/s
kroz reakcionu komoru u kojoj je dolazilo do o¢vr§¢avanja praha
sve do posude za talozenje Cestica. Vreme boravka kapljice
aerosola u pec¢i iznosilo je 20 s. Na ovaj nacin dobijen je prah
fosforvolframove bronze. Sematski prikaz dobijanja praha
metodom reakcionog rasprSivanja, predstavljen je na Slici
12.[13]

Isparavanje- Precipitacija- Suenje- Dekompozicija-Sinterovanje

Reakciona peé, T = 898K u centru
i gas

(vaz Iuh/ ’. @

stica

protok 0.6 dm’/ s

Sakupljanje praha
Generator aero: "pyanje p

. - u vodenoj ispiralici
(ultrazvuéni, v = 2.5 MHz) P

S1. 12 Sematski proces dobijanja praha metodom reakcionog raspriivanja

(a) 1 — generator aerosola (GAPUSOL 9001 tip RBI); 2 —
posuda sa konstantnim nivoom; 3 — fluometar; 4 — kvarcna cev
(pre¢nika 40 nm); 5 —cevasta cev (HERAEUS ROF Z/50); 6 —
vodena ispiralica;

(b) kvarcna pe¢ (proces dobijanja praha)

Difraktogrami su predstavljeni na Slici 13.i Slici 14.[13]

8000

I icounts)
§

Sl. 13 Difraktogrami odgrejane 6-WPA faze na razli¢itim temperaturama

a) 6-WPAna 170 C; b) 0-WPA na 250 'C; c) 0-WPA na
350 'C,id) 0-WPA na 400 C.

3800

1 toounts)

Sl. 14 Difraktogrami 0-WPA (H3PW12040) faze transformisane na razli¢itim
temperaturama: a) 0-WPA na 400 ‘C; b) D-WPA na 450 C; ¢c) D-WPA na 500
Ci d) D-WPA na 550 C.

Primena volframovih bronzi

Potencijalna primena bronzi je u njihovoj ugradnji u
basterije 1 gorive celije, koje imaju veliku primenu u
komunikaciji. Potrebne su jeftinije katode za ove sisteme, jer
sadasnje katode koriste platinu ili legure platine, koje su veoma
skupe i poveéavaju cenu proizvoda. Poteskoée pronalazenja
odgovarajuéih katalizatora za odgovarajuée electrode, odnose se
na Cinjenicu da elektronski provodnici korodiraju na
potencijalima na kojuma se kiseonik redukuje (1,23 V u kiseloj
sredini). Njihova hemijska i elektrohemijska stabilnost je veoma
znacajna za njihov izbor i za zamenu postojecih katalizatora koji
se koriste u navedenim sistemima.

Volframova bronza zadovoljava neke od uslova koji su
karakteristicni za kiseoni¢nu elektrodu (dobra elektronska
provodljivost i velika stabilnost na najniZoj ph vrednosti). Celija
je kubna i1 zapreminski centrirana sa atomom volframa u centru,
koji je ortogonalno okruzen sa Sest atoma kiseonika koji se
nalaze na bo¢nim stranama. Uglovi kocke predstavljaju osam
interstacionalnih mesta (polozaja) koja su dostupna, ali nisu
kompletno zauzeta, sa atomima natrijuma. Volframove bronze
su dobri katalizatori za elektroredukciju.

ZAKLJUCAK

Pokazano je da je u slucaju volframovih bronzi moguée
dobiti strukture ¢iji dizajn na nivou Cestice i subCestice pokazuje
dobru saglasnost izmedu teorijski proracunatih vrednosti po
datom modelu i dobijenih eksperimentalnih vrednosti.

Srednja, eksperimentalno odredena veliina Cestica praha
iznosila je 1000 nm, odnisno 1 um, a na osnovu prora¢una po
datim modelima ta veli¢ina je 1066 nm, dok je srednja veli¢ina
subcestica 45 nm, a proracunom dobijena vrednost je 55 nm.

Spektar diskretnih vrednosti Cestica praha obuhvata
raspodelu izmedu 890 i 1220 nm, dominantno za
eksperimentalno dobijene podatke, a 850 do 1320 nm za teorijski
procenjene vrednosti. Slaganje eksperimentalnih i teorijskih
podataka je u granicama greske od 6,7 do19 %.

Asemblirani filmovi pokazuju morfologiju povrsine koja
odgovara u celosti morfologiji Cestica iz koje se sastoje filmovi.
Veoma su niske hrapavosti (reda veli¢ine ispod 80 nm), Slika
15.[13]
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S1. 15 SEM mikrofotografija Cestica i subcestica fosfor volframove bronze

Dobra saglasnost izmedu teorijski izracunatih i
eksperimentalno dobijenih vrednosti , navodi nas na dalji tok
istrazivanja i daje jasan signal da ispitiivanja luminescentnih
svojstava prekusora i bronze na temperaturama pre i posle faznog
prelaza, otvaraju mogucnost za dizajniranje novih materijala i
njihovo podvrgavanje razliitim vrstama pobude kao i
tumacenje kroz veoma jasno definisanu matemati¢ku analizu.
Pored sve Sireg spektra primene luminescentnih svojstava
materijala, znacajna je sve veéa primena u identifikaciji
materijala od interesa za kulturnu bastinu.
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ABSTRACT

Luminescent spectra of materials cannot be avoided in a large
part of theoretical and practical descriptions of a quantitative and
qualitative nature. Excitation of luminescent spectra, quenching
time, rise time have long been monitored in measurements and
determine the velocities that rule in an ensemble. In various types
of luminescence excitations (thermoluminescence,
radioluminescence, chemoluminescence, etc.), characteristic
curves appear, which are proven with their analytical models at
the beginning of signal interpretation and processing. For the
interpretation of the measurements made or the preparation of
the material for the measurements, the experimental conditions
for obtaining the state of the material depending on the required
apparatus and the expected/obtained dependence are considered.
In addition to other materials on which the thermoluminescence
spectra were measured, the materials of phosphate tungsten
bronze doped with rare earths are also considered. The samples
represent non-commercial materials, with procedures for
obtaining them in laboratory conditions. These are salts obtained
by heat treatment, salts of heteropoly acids. Acid synthesis is
carried out and the result is powders of different dimensions up
to larger domains (centimeter to two, depending on the speed of
growth of crystals standing at room temperature, when they turn
into powder). These are compounds with a large number of water
molecules. In the parent solution of the heteropoly acid salt, the
crystals have 29 water molecules, by combining in ambient
conditions the number of water molecules decreases to 21, then
14, etc. The most stable form is with 6 water molecules, and
commercial acid samples have 8-10 water molecules. Chemical
analysis also shows at what temperature processes of ion
exchange of hetropolic acid with chlorides of rare earths, we get
salts of compounds. From the obtained thermograms, the
temperature at which Kegin's anion breaks down and the
compound turns into bronze (stable compound) is determined.

Key words: thermoluinescence, radioluminescence,
chemoluminescence, spectra, characteristic curves, phosphate -
tungsten bronze
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Apstrakt—Generalizovani prilazi karakteristicnim krivama iz
raspodela raznih individualnih objekata u ansamblima razli¢ite
dinamike i sluZe da bi se doslo do glavnih karakteristika zakona,
koji odreduju cestice/objekte ansambala u makroskopskoj skali.
Statisti¢ki prilaz je i nastao iz potreba da se nalaze ,stariji”
atributi, koji ¢e opisati ansambl. Time se u neorganskom,
organskom, odnosno biosvetu i dobijaju razne zavisnosti koje su
opisane matricnim formalizmom sa rangom po potrebnim i
dovoljnim parametrima. Procesima rasejanja raznih snopova
elektromagnetskog, akustickog ili drugog zracenja se iz mnostva
cestica, kapljica, centara rasejanja u molekularnom, atomskom i
¢elijskom zapisu, dobija kategorija povezana sa makroskopskim
opisima temperature, pritiska i drugih parametara, atributa.
Tako se dobijaju kvantitativni prilazi, koji vode do razli¢itih
interpretacija o statusu, pojedinog elementa ansambla sve do
celijskog nivoa. Drugi prilaz sledi za interpretacije i generalne
postavke, koje se fituju sa Voigtovom krivom, a Gaussian i
Lorenzian se pojavljuju kao dva limesa. U mnogo primena,
interpretacija rezultata merenja iz raznih klasi¢nih i savremenih
mernih metoda, pojavljuje se potreba za traZenjem generalizacije
raspodela. U ovom radu se analizira jedno od reSenja
generalizovane funkcije sa fitovanjem po 4 parametra. Merenja
autora u raznim laboratorijama i razli¢itim tehnoloSkim
postupcima iz kojih su dobijeni prahovi, kapljice, to jest
objekti/Clanovi skupa, pojavljuju se prakticni zahtevi za
generalizacijom prilaza. Sa druge strane, za stara merenja,
traZeni su programi za dobijanje karakteristi¢nih ta¢aka (gustina
uzetih ta¢aka sa kontinualnih krivih, koja ¢e $to manje uticati na
promenu generalne analiticke krive. Analiziran je generalniji
prilaz familiji krivih, kako bi se fitovali rezultati jedne metode
merenja na analogan nacin sa podeSavanjem fitovanja putem
Cetiri parametra.

Kljucne reCi—Iluminiscencija, biosvet, rasejanje, Voigtova kriva,
ansambl

I. Uvobp

Intenzitet luminescentnog zracenja i dimenzije Cestica

Intenzitet luminescentnog zracenja i dimenzije Cestica koje
zrace su sustinski povezani na nekoliko nacina, u zavisnosti od
specifi¢nog tipa luminescentnog materijala, dinamike uslovnog
ansambla Cestica i mehanizma luminiscencije. Evo nekoliko
mogucih prilaza:
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1. Velika povrsina za apsorpciju: Kod nekih materijala, kao
§to su polimeri ili nanomaterijali, ve¢e dimenzije Cestica
obi¢no imaju za rezultat vefu povrSinu za apsorpciju
zracenja raznih vrsta. To dovodi do veceg intenziteta
luminiscentnog zracenja, jer se omogucava kvantitativno
veca apsorpcija energije/fotona.

2. Kvantni prinos luminescencije: Kvantni prinos
luminiscencije kao odnos izmedu broja emitovanih fotona i
broja apsorbovanih fotona materijala, ¢e po definiciji biti
modulisan veli¢inom Cestica i tako uticati na kvantni prinos
luminiscencije. Uz date pretpostavke, manje Cestice mogu
imati ve¢i kvantni prinos luminiscencije zbog svojih
specifi¢nih kvantnih svojstava.

3. Maksimalna talasna duzina apsorpcije: Zavisno od
veli¢ine Cestica, luminiscentni materijali mogu imati
razli¢ite karakteristicne maksimalne talasne duZine
apsorpcije. Ovaj pojam zasluzuje posebnu diskusiju, Sto ¢e
se u nekom modelovanju usvojiti. Promena u veli¢ini
Cestica moze dovesti do promene maksimalne talasne

duzine apsorpcije, S§to 1ima uticaj na intenzitet
luminiscentnog zracenja.
4. Stabilnost i distribucija veli¢ine Cestica: Promena

dimenzija Eestica, moZe uticati na stabilnost materijala i
distribuciju veli¢ine Cestica, a to se dalje prenosi na
efikasnost luminiscentnog procesa i intenzitet zracenja.

Ovi faktori su samo neki od mnogih, koji utiCu na
povezanost intenziteta luminiscentnog zracenja i dimenzija
Cestica koje zrace. Za svaki specificni materijal i luminiscentni
proces, potrebno je izvrsiti eksperimentalne i teorijske studije,
kako bi se bolje razumeo mehanizam i povezanost pojmova. S
obzirom na razne mehanizme i procese pobude, istorijski je,
¢ini se, viSe radeno na tipu pobude luminiscencije i trazenju
formalnih matematickih relacija za ogranicen pristup pobude i
materijala.

Ispitivanje  dimenzija Cestica praha na  osnovu
luminiscencije, moze biti izvedeno na nekoliko nacina, u
zavisnosti od specifi¢nih karakteristika materijala i tehnika koje
se koriste. U savremene metode spadaju:

https://doi.org/10.69994/68E24053
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1. Spektroskopija luminiscencije: Tehnika uklju¢uje merenje
emitovane svetlosti iz praha posle izlaganja nekom obliku
energije; u sprezi koherentne/nekoherentne pobude
pojavljuje se zracenje najcesce u vidljivoj ili UV oblasti.
Dimenzije Cestica mogu uticati na intenzitet i formalni
detektovan izlaz u frekventnom ili vremenskom domenu.
Detektovan odziv materijala ¢e imati specificne
karakteristike, gde se ,kriju” razne informacije o
materijalu. Promene u ovim karakteristikama, mogu se
koristiti za procenu dimenzija Cestica.

2. Time-Resolved Luminescence (TRL): Razvijene aparature
na danasnjem stupnju elektronike i ra¢unarskih algoritama
uspostavljaju vremenski profil luminiscencije posle
izlaganja izabranoj definisanoj energiji pobude u
odgovarajucoj dinamici. Time se obezbeduje i razlikovanje
dinamika manjih i ve¢ih Cestica bez traZenja posebnih
uslova. Analizom vremenskog profila luminiscencije,
moze se proceniti raspodela veliine Cestica u prahu.

3. Luminiscentni markeri: Ako se organizuje u eksperimentu
odabir pogodnih luminiscentnih markera, smatra se da je
emisija markera u zavisnosti od sopstvenih dimenzija.
Merna aparatura prati spektralni oblik kroz intenzitet §to je
baza za interpretaciju dimenzija Cestica.

4. Fluorescentna mikroskopija: Kombinacija fluorescentnih
markera sa  mikroskopijom, omogucava direktno
vizuelizaciju i merenje kroz ocenu dimenzija Cestica praha.

5. Upotreba kalibracionih standarda: Kalibracioni standardi
Cestica etalonskih dimenzija uz luminiscentne signale
izabranih uzoraka, organizovanom komparacijom, dovode
do realnih dimenzija u uzorku.

Na nasim, a i na inostranim prostorima su velike hemijske
farmaceutske kompanije (instituti i fakulteti) imali ogranicen
broj aparatura za primenu statickog rasejanja, a za izbor
kapljica ili prahova sa dinamickim rasejanjem su se vise bavili
poljoprivredni, veterinarski, vojni instituti i ambulante [1-9].

S obzirom da je stara kategorizacija fine Cestice prebacila u
oblast nanotehnologija, smanjene su znatno dimenzije Cestica,
posto se prosirio broj tehnika kojima se ciljano dobijaju druge
kvantitativne vrednosti karakteristike ansambala. Ove i druge
tehnike za karakterizaciju praha u podru¢ju farmaceutskih
proizvoda i nanomaterijala su danas proSirene i odgovaraju
strozijim zahtevima u smislu mernih nesigurnosti.

Ove tehnike mogu biti korisne za karakterizaciju praha u
mnogim primenama, ukljucuju¢i farmaciju, materijale,
nanotehnologiju i mnoge druge oblasti. Medutim, vazno je
napomenuti da su potrebni odgovaraju¢i instrumenti i
metodologije za preciznu i pouzdanu analizu.

II.  GRAFICKA PREDSTAVA REZULTATA MERENJA

Tokom godina, menjala se tehnicka podrska i prvobitni
relativno jednostavni algoritmi za dokaz standardnijih predstava
spektra lasera i spektra ansambla objekata tipa praha
(rasprsenog), molekula, makromolekula i daljih formacija do
koloida. Objekti/elementi ansambala su se prosirili sa molekula
u bioloske celije, viruse. U vreme korone, tehnike su prema
literaturi ukljucivale i neelasticna rasejanja i Ramanove spektre
za razlikovanje kovida—19 od drugih oblika virusa.

Grafici koji se odnose na luminiscenciju Cesto prikazuju
intenzitet emitovane svetlosti u funkciji nezavisne promenljive
(vreme, talasna duZzina, frekventni pomak). Oblici grafika su
razli¢éite  matematiCke  funkcije, koje  predstavljaju
luminiscenciju, sa specijalnim tipovima relaksacije materijala:
fluorescencija, fosforescencija, elektroluminiscencija i dr.
Literatura se odlikuje sa dosta razli¢itih definicija pri poredenju
strogih izrazavanja sa izabranom matematickom predstavom ili
zadovoljavanja sa samo parametrima karakteristi¢nih krivih kao
Sto je vreme relaksacije.

Grafik fluorescencije, moze prikazati intenzitet emitovane
svetlosti od strane fluorofora (molekula koji emituje svetlost
posle apsorpcije fotona) u zavisnosti od talasne duzine svetlosti
ili od vremena, posto je fluorofor izloZen pobudi.

Grafik fosforescencije prikazuje slicne podatke, ali za
fosforescentne materijale koji emituju zracenje i posle
prestanka pobude.

Elektroluminiscentni grafici prikazuju intenzitet svetlosti
koji se emituje iz OLED-a ili drugih sli¢nih uredaja u zavisnosti
od elektricnih parametara.

U ovim 1 sli¢nim sluCajevima u merenju se traze grafici
istog tipa za precizno definisane: pobude, vrstu materijala i time
se koriste za analizu karakteristika materijala i procesa koji
ukljucuju luminiscenciju.

[II. MATEMATICKE FUNKCUE

Postoji niz matematickih modela, koji opisuju vezu i
formalizme intenziteta luminescentnog zracenja, dimenzija
Cestica 1 drugih moguéih mernih parametara. Precizna
matematicka funkcija, koja bi opisala veze direktno ¢e varirati
zavisno od  konkretnih  karakteristika  materijala i
luminiscentnog procesa, odnosno pobude. Primena odabrane
metode merenja koja bi se koristila u izabranom slucaju bi se
ukljudila sa interfejsom dela programa za interpretaciju mernih
retultata, ako se ne radi samo o zahtevu glavnih statistickih
sakupljenih podataka i obrade na uobicajen nacin odredene
laboratorije. Medu modelima su ceste podele na empirijske,
fizicke 1 teorijske (ova podela bi mogla da bude predmet
diskusije):

Empirijski modeli se temelje na eksperimentalnim
podacima i koriste za opisivanje veze izmedu dimenzija Cestica
i intenziteta luminiscentnog zraCenja. Koriste se funkcije u
obliku polinoma, eksponencijalne funkcije ili drugi oblici
funkcija, koje se prilagodavaju eksperimentalnim podacima
vezano za prethodno fitovanje mernih podataka i
pretpostavljenu klasu funkcija koja se bira.

Fizicki modeli se temelje na fundamentalnim fizickim
principima, koji opisuju interakciju svetlosti s materijalom i
procese koji dovode do luminiscencije. Posebno se razvijaju
modeli koji mogu ukljucivati kvantno-mehanicke efekte, efekte
povrsine, strukture materijala i drugih atributa/parametara.

Teorijski modeli koriste analiticke koncepte i racunarske
simulacije kako bi se predvidelo ponasanje luminiscentnih
materijala na osnovu njihovih strukturnih i elektronskih
svojstava. Ukljueno je modelovanje energijskih nivoa u
materijalu, interakcije fotona i elektrona i efekti veliCine i
oblika Cestica zavisno od trazenih izlaznih parametara opisa
Cestica po ustaljenoj nomenklaturi (80 parametara) [6].
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Za konkretne primene, postoji literature, koja je iskljucivo
vezana za odredenu vrstu luminiscencije prema pobudi ili
prema klasi luminiscentnih materijala. Laboratorije su razvile
svoje interesne kalibracije prema svojim budZetima i prema
prakti¢nim zahtevima istrazivaca ili massmedia primena. I uvek
se sve svodi na potrebu da se dobiju korisni i prakti¢ni postupci
za friendly upotrebu date aparature/sistema tima, koji radi na
aparaturi 1 priprema eksperimente. Ilustracija tezine
interpretacije luminiscentnih procesa i moguc¢ih mernih
rezultata je predstavljena na Sl. 1-3, od kojih su ukljuéeni i
stimulisani procesi [7].

AA[MAOD)
AA[mAOD)

313

| Ginnaitaben
E W Glarem
9110 Desh chancation
B Ganticle anben

" - L "- "
L-M- \ e
ey ¥ g =y iy |
10 w00 wa sw 1o () 9 120 aoage WO wa

Pl

Sl. 1 Predstava sloZenijeg skupa mernih podataka iz literature (3D)
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S1. 2 Drugi nacin predstave luminiscentnih merenja iz literature sa drugim karakteristiénim krivama iz originalne literature gde su intenzitet i talasna duzina vezani
za singletne i tripletne prelaze
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S1. 3 Emisije i ekscitacije luminiscencije (EEM) iz apatita (a) i kalcita (b),
putem ekscitacije sa UV (210-340 nm) i vidljive svetlosti (405-535 nm) sa

korakom od 1 nm. Vreme kasnjenja je bilo 50 ms, a prozor 500 ms.

A. Generalizovani prilaz problematici sa izborom potrebnih

specificnih funkcija

Prema postavljenim premisama u postupku generalizovanog
prilaza ansamblima objekata koji mogu biti neograni¢enih
atributa (prahovi, mikroorganizmi, kapljice,...) koji se odlikuju
specificnim oblicima: uniformnih, anizotropnih, viseslojnih
struktura, koji se za prakti¢nu upotrebu i danas dalje razvijaju.
Konkretno, moze se pretpostaviti da je element skupa
pravilna/nepravilna matematicka aproksimacija sfere ili kugle,
cilindar ili valjak i dalje praviti kombinacije sa spomenutim
pretpostavkama o  uniformnosti zahvaéene zapremine,
vieSeslojnosti i sl. [4]. U osnovi razvijanja fitovanja poslo se od
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Gausove i Log-normalne raspodele, posto intuitivno ne radimo
sa malim brojem Cestica. Iz niza predvidenih matematickih
koraka od generalizovane funkcije do LG4.

Nova generalizovana logaritamska jednacina je definisana
sa Cetiri parametra, nazvana LG4. Formulisana je i predlozena
za opisivanje distribucije veli¢ine i oblika Cestica. Za poseban
izbor parametara LG4 je redukovan na logaritamsku
distribuciju LG2 definisanu sa dva parametra, pa se omogucéava
odabir srednje vrednosti raspodele kao parametra i ona se kao
parameter pojavljuje eksplicitno u funkciji distribucije. LG2 je
predlozen kao funkcija gustine verovatnocée za veli¢inu i oblik
raspodele Cestica (,,Cetvrto stanje materije” prema Hejvudovoj
definiciji) kao, na primer, metalne i keramicke Cestice koje
privlace veliku paznju javnosti, kao novi materijali visokih
performansi za magnetne materijale, koji obecavaju, a zatim
hemijski katalizatori, materijali koji promovisu sinterovanje,
senzori, itd. Oblik 1 sli¢nost Cestica za neke svrhe su veoma
vazni. Ukupna zapremina, ukupna povrsina ili bilo koje drugo
korisno svojstvo uzorka moze biti vezano za oblik i veli¢inu
pojedinih Cestica. Ako su sve Cestice geometrijski sli¢ne, sav
naknadni tretman je znatno pojednostavljen u pogledu oblika.
Uvodenjem parametra oblika Cestice, generalizovana sli¢nost i
elipticki faktor sklopa Cestica, primena LG2 za proucavanje
raspodele oblika projektovane éestice sprovodi se formalizam u
ovom radu..

Srednja vrednost, kao parametar veliCine, pojavljuje se
eksplicitno distribuciji LG2. Parametri se odreduju fitovanjem
empirijske raspodele razli¢itih projektovanih Cestica (najduze i
najkrace dimenzijei povrSina Cestica). LG2 jednaCina je
usvojena kao model za distribuciju oblika Cestice. Medutim,
izvedeno modelovanje moze biti korisno za razliCite primene
bez obzira na vrste Cestica. Parametar oblika Cestice je uveden i
zatim uopStena sliCnost C¢ime su definisani elipticki faktori
sklopa CcCestica. Primenom LG2 distribucije dobijena je
distribucija najduze i najkra¢e dimenzije parametara oblika.
Metoda za razmatranje sli¢nosti Cestica je razvijena. Postupak
ove metodeje jednostavan, lak i brz, ali metoda je ograni¢enog
opsega primene 1 moze biti od koristi za opis elipti¢ne Cestice.

Na osnovu prethodnih formalizama, izvrSeno je fitovanje u
definisanu krivu F(R) koja je fitovana prema eksperimentalnoj
raspodeli najduze dimenzije Cestice (Slika 4)
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Slika 4. Kriva F(R) fitovana prema eksperimentalnoj raspodeli najduze
dimenzije Cestice
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Za slucaj generalizovane funkcije LG4 [1] izveden je
detaljno potreban formalizam do dobijanja raspodele Cestica za
slucaj magnetnih Cestica NdFeB , materijal koji je vrlo vazan za
gabarite savremenih magneta [8,9].

Posto je iskoriséen prilaz sa generalizovanom funkcijom i
deo primene sproveden sa LG4, odnosno LG2 i povezan sa
eksperimentalnom krivom, vrati¢emo se na teorijski put putem
kernela. On se uvodi za resavanje problematike koja bi
povezala luminiscenciju sa raspodelom cCestica koje
luminisciraju.

Ako postoji f(x) zasnovano na eksperimentalnim merenjima
i ako znamo funkciju transformacije parametara K(x,y)
(kernel), onda se teorijski dobija funkcija g(y), koja moze da
predstavlja funkciju raspodele Cestica. Ukljucena je i funkcija
greske £(x),

£60 = [ K yg)dy + )
Za slucaj da je upotrebljena merna angularna raspodela za
procese Mievog rasejanja [3,4]
f(X) = Isca(e)

Raspodela dimenzija ¢estica se u principu moze predstaviti
slede¢im raspodelama: Rosin-Rammler, Nukiyama-Tanasawa,
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Log-normalna, §to se moze direktno povezati sa razvijenom
LG4 koja je definisana sa 4 parametra, na pocetku ovih
planiranih operacija, sa varijacijama LG3, LG2.

Zakljucak

Poznavanje dinamike procesa za slu¢aj velikih ansambala je
sloZena problematika i sa eksperimentalne i sa teorijske strane.
Izazivanjem procesa emisije fotona (spontano ili stimulisano) je
jedan od nacina za povezivanje formalizama adekvatnih
spektroskopija i planiranje potrebnih osobina novih materijala.
U ovom radu je na osnovu predlozene generalizovane funkcije
raspodele prikazan postupak i rezultati za magnetne materijale

Luminiscentne pojave imaju vise razlicitih nacina pobude i
¢ini se da bi bilo interesantno povezati razliite krive koje se
pojavljuju u literaturi sa generalnijom bazom funkcija i po
mogucéstvu ih sa gledista izbora sa fitovanjem sa Cetiri
parametra, kao §to je skicirano u ovom radu predstaviti za Siru
upotrebu.

Razli¢ite krive (matematicke formule) se pojavljuju i u
savremenim knjigama posvecenim luminiscenciji, i u fitovanju
za date familije luminiscentnih materijala .
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ABSTRACT

Generalized approaches to characteristic curves from the
distribution of various individual objects in ensembles of different
dynamics and serve to arrive at the main characteristics of the
law, which determine the particles/objects of the ensemble on a
macroscopic scale. The statistical approach was born out of the
need to find "older" attributes that will describe the ensemble. In
this way, various dependencies are obtained in the inorganic,
organic, i.e. bio world, which are described by the matrix
formalism with the rank according to the necessary and sufficient
parameters. Through the scattering processes of various beams of
electromagnetic, acoustic or other radiation, a category associated
with macroscopic descriptions of temperature, pressure and other
parameters and attributes is obtained from the multitude of
particles, droplets, scattering centers in the molecular, atomic and
cellular record. Thus, quantitative approaches are obtained,
which lead to different interpretations of the status of a single
element of the ensemble down to the cellular level. Another
approach follows for interpretations and general propositions,
which are fitted with the Voigt curve, and Gaussian and
Lorenzian appear as two limes. In many applications, the
interpretation of measurement results from various classical and
modern measurement methods, there is a need to search for the
generalization of distributions. In this paper, one of the solutions
of the generalized function with 4-parameter fitting is analyzed.
The author's measurements in various laboratories and various
technological procedures from which powders, droplets, that is,
objects/members of the set were obtained, show practical
requirements for the generalization of the approach. On the other
hand, for old measurements, programs were requested for
obtaining characteristic points (the density of points taken from
continuous curves, which will affect the change of the general
analytical curve as little as possible). A more general approach to
the family of curves was analyzed, in order to fit the results of one
method of measurement on analog mode with fit adjustment via
four parameters.

Key words—luminescence, bio world, scattering, Voigt curve,
ensemble

Luminescence through characteristic curves and analytical
formulations
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ITpea HanHOHATHA KOH(epeEnHja
~-MeTozoToMEKa HCTPAKHBAKHA ¥ XePHTOIOIH{H H HOBHM
TeXHOJOrHjaMa™

MNPENO3HABAKE OBJINKA HEYPOHCKOM MPEXOM Y OBJIACTU 3AWITUTE
KYNTYPHOI HACJIEDA

NEURAL NETWORK PATTERN RECOGNITION IN THE AREA OF CULTURAL
HERITAGE PROTECTION

AnexcaHgep Kosauyesuh
HHCmumym 3a Qu3uKky, YHueepaumem y beozpady

Ynotpeba anroputama HEYpPOHCKMX MPEXa je CBe BuMWE 3acTyr/beHa y obnacTv sawTtute,
KoH3epsauWe W pecTopaumje xynTypHux gobapa. HeypoHcke mpexe umajy npegHOCT YKONWMKO ce
saxTesa oDpaga senuxor Spoja y3opaka v YKONWKO HWje Moryhe yCTaHOBUTW aHANUTUHKE 33BHCHOCTH
usmeRy objexara.

Qopmuparbem 0asa cnuka agenoBa apxuTekToHckuMx objexata ce aobuja OCHOBa 3a Tpeduparse
HEYPOHCKAX MpEXa YuMe ce omoryhasa npenosHaBarbe HOBMX Y30paxka W thHXoBa Knacudukaumja.
KoHBOnyLuMoHa HeypoHCKa Mpexa gytoxor yyetba je obydyasaHa Ha npumepuma (npexo 10000 cnuka)
Kao WTO Cy: ONTap, ancuaa, 3BOHKK, Kynona (M3HyTpa u cnosba), BuTpaxm v 6pog. Hekonuko npumepa
U3 jaBHO focTynHe Dase nogaraka je npukasaHo Ha cn. 1.

C. 5 B 1:1 n Ha Kojuma je oby4asaHa HeypoHCKa Mpe 3a
cnosba (rope) v BuTpaxm (gone).

npeno3Hasamne CNUKa: Kynona

Osa MeTogonorvja je Nnokasana saBuaHy Ta4YHOCT U HaZ BanWaauuoHUM M Haa UenuTyjyhuMm ckynom
(95% ogHocHo 94,6%).

Y ppyrom cnyyajy je HeypoHcka mpexa obyyasaHa Ha cnextpuma Koju cy aobujedm LIBS
{cnexTpockonuja nacepcku uMHayxoBaHor npoboja) Texxukom. Ha ocHoBy 93 cnextpa je gobujeHa
TayHocT og 87,5%. MNpenuMuHapHa aHanv3a TeLKo 4OC TYNHAX WNK AenuMuyHO ussafeHux ysopaka je
noHexaq HeonxoaHa Aa 6u ce Ha TepeHy fgoHene Opse ognyke 0 Aarbem HacTasky pagosa. Ha osaj
HaYWH Ce onaxwasa waeHTuduKaymja obnacTv BpegHe UCTPaXUBaba.

HeypoHcke Mpexe ce mory ynoTpebuTi 1 ca acnexTa gpyLWTBEHUX HayKka. Y jeqHOM ucTpasusary ce
KOPWCTW TONONOWKa MPEXa, Kao HeHaArNeAaHa HEYPOHCKa MPEXa Koja Tpara 3a XOMOTEHUM rpynama
y OKBMpYy Aator cKkyna nogaraka. Ha npumepy TypucTUMKOr TpKMwTa AycTpuje cy TypucTi
KnacuduxkosaHu y AeseT Tunosa. CermeHTauuja je ussplueHa Ha ocHOBY HauuoHanHor ucTpaxvuearba
rocTujy AycTpuje oGasreHor neta 1997 v sume 1997/1998, rae je untepsjywucado npexo 10000 roctujy,
a TepuTopMja je nogerneHa Ha 49 perworda. Cxyn nogataxa je ogabpar oa ckopo 2500 TypucTa Koju cy
KNacuWKOBaHM y ASBET TUNOBAa Ha OCHOBY CBOjUX aKTUBHOCTU 33 BpEME TYPHCTHHKE NoceTe. 3a 0BMX
[EBET KnacTepa cy AehuHUCaHE ONUCHE U HYMEPUYKE NPOMEHIbMBE, Koje ¢y npahexe. Mpumep 3a Tpu
KnacTepa je npukasad Ha cn. 2.

YoueHo je aa TMn geduHKCaH Kao NojeauHadHu ucTpaxmsay kynrype® Hajbome pearyje Ha noHyae
KOje Ce jaBroajy ¥ TOKY SUMCKE CEe30HE.
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Oruanfx;d Excursions

%

Qrganized Busirps

Visiting bokal, segional events am |

Viziing Festvais. concerts T A A RBRL

Visitng thaaies, musicals and
the opera

Visiting museums and
exthibtions

Cn. 2. MNMpocunin NpoMeHbMsnx 3a Tpu Tuna [4].

Y uctpaxusarby obasrbeHoM 3a speme uanoxbe Jlenota wnm uctura® (it “ll bello o il vero®) [5] je
noHalame NoceTnala MogenoBaHo HEYPOHCKOM Mpexom. CBakv of NOCETUNaLa je NpeacTasbeH
HEYPOHOM (4YBOPOM HEYPOHCKE MPpEXe) N0 HajjegHocTaBHujeM mMogeny Owonowxor HeypoHa
JHTErpaumje v axumje® Koju yxibydyje M BpEMEHCKY KOMMOoHeHTY. CuHanmwdka TexuHa usmely asa
ysopa ogrosapajy creneHy cBufjama y ofHOCy Ha nojeguHn objexar koju Aene gsa noceTuoua.
Mpahexa je y3ajamHa KoMyHUKaLWja NPEKOo APYLUTBEHUX MPEXA, K20 U NojeanHaYHe aKTUBHOCTH Npexo
mobunre annukaumje (cn. 3).

Cn. 3. NnaBu expax Mmobunxe ammxauuye 33 OLeHY yTUCKa 0 noyep,mauuou YMETHUYKOM Aeny Ha
usnoxou Jlenota unu uctuHa“ [S].

AHanu3npaHo je kaxo uHdopmaumja gerbeHa usmelly noceTunaua yTuye Ha ocTane y4YecHWKe yHyTap
Kpyra gpywTBEHE MPEXE Ca TEMOM KynTypHor Hacneha. Buonowka Mmopdonorja Mpexe je ManupaHa
¥ aybmee cy ucTpaxensu oarosapajyhu napameTpu: HUBO APYLWTBEHOCTH M MaTpyua npujarerncTsa.
OBaj cUCTEM je yNpasrbac BENWKOM KONWYMHOM KOPHUCHUYKMX NOAATaKa, Kao M TeMa annukauuwja, kao
WTO Cy NPOMUMCEtLE NO KOHTEKCTY W NOBPaTHA CNpera, U CUCTEMY NPENopyYmuBaLa.

l'lomsy;e ce aa je ynotpeba HEYPOHCKWX MpEXa ONpasaaHa, rAe rof UMa Benviu ©Opoj nopartaka 3a
Koje HMCY jacHO geduHUCaHe penaumje y AenosuMa obnacTi 3alTuTe, KoH3epBaLUMje U pecTaypauuje
KynTmypHux gobapa.
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Pempocnsrmusa Memodo oI APRCiyia RPIMERE TACEPCRIN MEXHURT ¥
XEPUMOTOSNU; NIAGPAHE ChIVaje

Muneca Cpelinonhil, Agencantep Kosauennh’

PETPOCIIEKTHEA METOJOIOIIENY ITPHCT¥IIA ITPHMEHE
JACEPCEMX TEXHHEA ¥V XEFHTOIOTHIH: H3ABPAHE
CTYIHIE

Ancrparr: Vacoa nceporuy mMeXHURS ¥ XEPUMOToIU ¢ pasuja v criady
£ SUHAMUEOM METHOTOWES? HONPEMEQR, NOCEOHO IACEPOXNY cUCmeEMa Ko )
KOMOUHOSAHY €A OWJAsROCHUEAM Ha Sa3u KoXepewmuos 3pavera. V usdopy fednos
N021880a HA UAOPAHY MEMINUKY, HEXOTUND CHVONU[A NPUNEHS JCEPOXID MavHuka ¥
CEPYE OMIIORRARA EHKPVOMANU[G, V O0S0M Pady ce XPORGTOWNN NPOME SOXCHU
MPHVYL V) PASOfy Memodatoslje MpuMEHe AcEPCKIN MEXKNED ¥ OKSUDY CUHMEIS
SNMUNENLY 1 XEPUMATOUKIY THATUZA 0 CHPEIN MEXHOI0ZUA 1 Memod oTos1ja.

Exmyune pewnm: nmacepcrke TeXHHEe, VETARAME HACTAMA, METOIOIOTH]A,
OITHES, XepHTOIOTH]A

REETROSPECTIVE OF METODOLOGIC APPROACHES TO LASER
TECHNIQUES IMPLEMENTATION IN HERITOLOGY: CHOSEN
STUDIES

Abstract: The role of laser technigues in heritology develops accordingly fo
the dynamics of the technelogical advance, specially laser systems, which are
combined with diagnostics based on coherent radiation. Chosing one view fo selected
thematics, several studies on the implementation of laser fechmigues in encrusiation
removal, in this work important points of the development of the methodology of the
implementation of laser techmigues in the frame of the symthesis of opfical and
heritology analyses on the couplings between technologies and methodologies are
chronalogically monitored.

Key words: laser techniques, encrustation removal, methodelogy, optics,
henitalogy
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because it is often sampled at multiple points and averaged (to be linked with a single
outcome variable observation). The proposed method is evaluated in simulations and
with experimental data obtained in South Adriatic zooplankton research. Practical
advices on how to apply it using popular software tools are given.

SS-MD1.3 MOGUCNOST PROCENA RADIJACIONOG RIZIKA POMOCU
RETROSPEKTIVNE DOZIMETRIJE

Aco Janicijevic and Aleksandra Janicijevié

U savremenim istrazivanjima aktuelna su tri pristupa za procenu rizika raka pluca ljudi
nastalog od izlaganja radonu I njegovim kratkozive¢im potomcima u vazduhu. Ova tri
pristupa su pre svega zasnovana na: a) plué¢noj dozimetriji; b) rudarskoj epidemiologiji,
i ¢) kontroli slu¢ajeva stambene epidemiologije. Od navedenih prisupa najdirektniji je
ovaj pod c), koji izbegava mnoge nesigurnosti u pretpostavkama i kompleksnostima
obuhvacenih pod a) i b) i ima odredene prednosti u odnosu na ova prva dva pristupa.
Poslednjih godina raste broj epidemioloskih studija koje imaju znacajnu ulogu u
povezivanju rezultata retrospektivne dozimetrije sa procenom rizika raka pluca
stanovni$tva usled izlaganja radonu Rn i njegovim potomcima. Razvijeno je niz mernih
tehnika koje imaju za cilj rekonstrukciju izlaganja radonu i njegovim potomcima tj.
odredivanje kumulativnog izlaganja tokom proteklih (dve-tri) decenije. To je bitno zato
$to indukcija raka plu¢a ima dug period skrivanja, pa se doSlo do zakljucka da je
sveukupno izlaganje najvaznija determinanta rizika raka plu¢a. U ovom radu je data
teorijska zasnovanost po pitanju ambijentalne prisutnosri aktivnosti 210 Po u
povrsinskom sloju stakla nekog prostora za profesionalni rad ili stambeni boravak.

SS-MD1.4 CHOSEN PROBLEMS AND APPLICATIONS OF METHODS IN
ENTOMOLOGY AND ENGINEERING AND THEIR COUPLING WITH
NATURAL SCIENCES

Aleksander Kovacevié¢

Insect collecting — capture, storage and preservation — is important method in
entomology. Using insect studying in other scientific fields can be a good alternative to
common methods of solving problems or can help develop various engineering
applications. Moreover, some engineering methods can be used in entomology to
improve studying of insects. Selected methods, like using femtosecond beam induced
fluorescence, laser focusing microscopy, studying of the structure of butterfly scales,
etc., are described as well as their applications, coupled in the fields of natural sciences.

SS-MD1.5 IMPACT OF LOW MELTING ALLOYS FROM PRINTED
CIRCUITS/WASTE CARS ON STRENGTH OF SUCH REMELTED
STEEL

Zoran Karastojkovié

Modern cars contain printed circuits, which in their nature were made from a number of
low melting alloys (LMA). The role of LMA in printed circuits is pretty well known and
explained at an appropriate literature in PC fabrication. One of the main demand of alloys
used for soldering of PC components is in their relatively low temperature of melting.
The basic components for making these alloys belong to low melting metals as: Pb, Sn,
Sb, Cd, Bi, In, Ge, and others. One of the main characteristics is in temperature of melting
below 4500C, in PC production below 2500C. Farther, those LMA also must posses the
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Abstract

The occurrence of laser-induced periodic surface structures (LIPSS) has been known for a
while. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for
applications—due to their wearing behavior and corrosion resistance; LIPSS generation
may improve their properties as well. LIPSS properties depend not only on the material but
also on the beam characteristics, like wavelength, polarization and scanning directions, etc.
After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in sev-
eral beam exposures, we have analyzed the samples of thin metal film systems with Tescan
Mira3 SEM and NTegra AFM. The formation of LIPSS is most probably due to the gener-
ation of surface plasmon polariton, through the periodic distribution of energy in the inter-
action zone which lead to thermal processes in layers and interfaces. Two types of LIPSS
were generated, which differ in shape, orientation and in ablation pronounced or not. For
consecutive interactions in the same direction, LIPSS maintained its orientation, while
for orthogonal passes LIPSS with mutually orthogonal orientation were generated. LIPSS
period fluctuated between 320 and 380 nm and structures with pronounced ablation have
significantly smaller width. Probable mechanism is that for greater accumulated energy
pronounced ablation takes place giving LIPSS in the form of trenches or grooves, while for
less accumulated energy the buildup of the material—probably due to pronounced oxida-
tion—lead to LIPSS in the form of hills or ridges.

Keywords Laser nanostructuring - Thin metal films - LIPSS - Structures orientation
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1 Introduction

Interaction of pulsed laser beam with surfaces yields the appearance of LIPSS (laser-
induced periodic surface structures). The occurrence of LIPSS has long been known and
studied (Birnbaum 1965; Van Driel et al. 1982; Sipe et al. 1983; Young et al. 1984; Ursu
et al. 1985). It has been studied on variety of materials: metals (Ursu et al. 1985; Wang and
Guo 2005; Vorobyev and Makin 2007; Vorobyev and Guo 2008, 2013), semi-conductors
(Von der Linde et al. 1997; Bonse and Kriiger 2010; Bonse et al. 2011; Varlamova et al.
2014), dielectrics (Reif et al. 2008), graphite (Golosov et al. 2011), compounds (Kautek
et al. 2005; Gakovic et al. 2011), diamond (Shinoda et al. 2009), graphene (Beltaos et al.
2014). LIPSS properties depend not only on the material but also on the beam character-
istics, like wavelength, polarization and scanning directions, etc. (Kovacevic¢ et al. 2017).

Surface morphology is a key factor in controlling the optical, mechanical, wetting,
chemical, biological, and other properties of a solid surface. LIPSS may improve mate-
rial properties by functionalization and may widen applications: structural coloring,
absorptance enhancement, antireflective films, biomedical applications, optofluidics appli-
cations, holography, anti-counterfeiting, decorating, sensing, catalysis, optical data storage
(Vorobyev and Guo 2013).

The occurrence of LIPSS can be viewed as an inherent phenomena of the interaction
of the ultrafast beam with solid surface, with main characteristics that the spatial period
of LIPSS is less than the beam wavelength. The orientation depends on the incident beam
polarization direction. Generation is explained by self-organization or by surface plasmon
polaritons (SPP) (Vorobyev and Makin 2007; Reif et al. 2008). Incident wave induces
oscillations of charges (surface plasmon) and SPP forms as the coupling between incident
and induced waves; in this way periodic distribution of energy is formed on the surface.

Two types of LIPSS are reported: low spatial frequency LIPSS (LSFL) and high spa-
tial frequency LIPSS (HSFL) (Bonse et al. 2005). LSFL period < wavelength and HSFL
period < wavelength/2. Named after their size (magnitude of spatial frequency), their orien-
tation in respect to the polarization direction is not yet fully understood. It seems that LSFL
orientation is perpendicular to polarization for metals and semiconductors (Bonse et al.
2012). Due to SPP, periodical distribution of thermal energy on the surface can instigate
thermal processes. The occurrence of metal-oxide, or thermochemical type of LIPSS has
been reported on Ti, Ni, Cr and NiCr surfaces, as well as ablative LIPSS and models have
been proposed (Oktem et al. 2013; Dostovalov et al. 2017, 2019a).

When creating LIPSS on multilayer thin metal films, the underneath layer has an impor-
tant role. In the example of Al/Ti multilayer film (Kovacevi¢ et al. 2015), Ti and Al have
different electron heat conductivity and electron—phonon coupling. Top layer (Al) electrons
accept energy and quickly transfer to the next layer (Ti). Strong coupling keeps the energy
in Ti and away from topmost Al. In this way, the damage threshold for Al increases which
preserves LIPSS for longer expositions. In this work, we have examined the LIPSS gen-
erated upon consecutive scanning over the same area of same and of different scanning
orientations. By changing the parameters of the beam (fluence, scanning speed, scanning
number and directions over the same area) the formation of LIPSS was affected. Two types
of LIPSS, which differ in shape, orientation to the incoming beam polarization and in abla-
tion pronounced or not, are generated and examined during repeated consecutive scan-
ning of same and orthogonal directions. For lower accumulation on energy, LIPSS in the
form of ridges formed while for higher fluences and accumulated energies, the generation
of LIPSS gave prevalence to the ablation. After repeated consecutive scanning along the
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same trajectory LIPSS preserved to some extent. Also, during scanning along close parallel
lines, LIPSS from one line affected generation of LIPSS from neighboring line. Overlap-
ping scanning lines should generate LIPSS mutually perpendicular. We have examined the
three cases of LIPSS: repeated consecutive scanning along same trajectory, scanning with
close parallel lines, and scanning with perpendicular lines. The results can be of use in
functionalization of materials by LIPSS forming with possible impact in wetting and bio-
medical applications.

2 Experiment and methods

The samples were prepared by D.C. ion sputtering in a single vacuum run, using Ar ions
and switching from one target to the other. Targets were 99.9% pure Al and Ti deposited on
a Si(100) wafer as a substrate. In this way, 5X(Al/Ti) multilayer structures have been gener-
ated, where each layer was 13 nm thick and total thickness of the multilayer structure was
130 nm.

Coherent Mira 900 laser system was a source of NIR femtosecond pulses (wavelength
730-840 nm, repetition rate 76 MHz, fluence 145-260 mJ/cm?) pumped by Verdi V10
Nd:YVO4 CW laser (wavelength 532 nm, power 10 W) for exposition of the samples.
Steering and focusing was a part of a modified optical microscope with 2D mirror scanner
(objective 40x, NA 0.65). Ocean optics HR2000CG UV-NIR fiber spectrometer was used
for spectral detection. The samples have been analyzed with Tescan Mira3 SEM and NTe-
gra Prima AFM under ambient conditions. The numerical simulations have been performed
by COMSOL Multiphysics package, with one-dimensional two-temperature (1D TTM)
model. Basic relations underlying the TTM model were proposed by Anisimov (Anisi-
mov et al. 1974). The model observes the electron and lattice subsystems. TTM model has
been used for many years to calculate the temperature of the electrons and lattice during
interaction of ultrashort laser pulses with different materials. All necessary physical quanti-
ties and constants that we used in the simulation can be found in the literature (Majchrzak
et al. 2010a, b). The fs beam from laser was introduced into the modified microscope onto
the steering two-axis scanning mirror system and transferred through the objective of the
microscope to the sample.

Patterns used for interaction are presented in Fig. 1. For consecutive repeated scanning
over same trajectory, the pattern in the form of letter “N” is used (Fig. 1a). The laser beam
traverses over the sample surface following the pattern of the letter. At first location, it
“writes” one letter. At second (neighboring) location, it traverses the same trajectory twice,
writing two letters one over another. At third location, it writes three letters, and so on. The
pattern used for perpendicular overlapped scanning is composed of set of parallel lines and
the sample is rotated by 90° (Fig. 1b).

3 Results and discussion

The samples were exposed to laser beam of 730, 800 and 840 nm of wavelength with dif-
ferent fluences. Irradiated areas were examined by SEM and AFM. For specified param-
eters, simulations of 1D temperature distribution were performed.

In Fig. 2, the results after beam of 800 nm wavelength and 153 mJ/cm? of fluence
repeatedly scanned from 1 to 10 times over the surface are presented. The area where beam
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Ix 2 n-times

n=15

(@) (b)

Fig. 1 Implemented patterns of scanning: a for consecutive repeated scanning; b for perpendicular over-
lapped scanning

D2 =283.34 nm

D1 =230.91 nm

SEM HV: 20,0 kV. WD: 4.56 mm
View field: 18.8ym  Det: SE + InBeam & um
SEM MAG: 29.5 kx _ Date(midly): 02126118 Performance in nanospace.

(b)
Fig.2 LIPSS generated after beam of 153 mJ/cm? repeatedly scanned over the same trajectory: a SEM of

the area of 8—10 passes: b AFM, detailed portion of the area in a—rendered area is (3 X 5) pm and maximal
height is 50 nm; ¢ graphical presentation of the AFM current (a.u.) of the area in b

@ Springer



Inducing LIPSS on multilayer thin metal films by femtosecond... Page50f9 301

scanned 8, 9 and 10 times along the same trajectory, following the shape of the letter “N”,
is shown in Fig. 2a. White line on the left side of the image presents polarization direction.
The beam repetition rate was 76 MHz, diameter ~ 1.2 um, scanning speed 242 um/s. Effec-
tive number of pulses (number of pulses which affect the area of a beam spot) for one pass
is 317,000. LIPSS in the form of ridges parallel to the polarization direction with spatial
period of ~283 nm are generated and preserved up to 10 passes. In Fig. 2b, detailed AFM
view of a part of the area from Fig. 2a which shows 10 passes is presented. AFM current of
the area from Fig. 2b is shown in Fig. 2c.

The simulation of the lattice temperature from the surface to the bulk is shown in Fig. 3.
Odd layers (Al) are presented with light grey bars, even layers (Ti) are presented with grey
bars, while substrate (Si) is presented with dark grey bar. After 1.25 ps (Fig. 3a), the tem-
perature reaches maximum in the second (Ti) layer. After 20 ps (Fig. 3b), the temperature
reaches maximum in the first (Al) layer.

In Fig. 4, the results after beam of: (a) 730 nm wavelength and 145 mJ/cm?® fluence
(repetition rate 76 MHz, diameter ~1 um) scanned 15 times (scanning speed 1.14 mm/s,
effective number of pulses for one pass 67,000) and (b) 800 nm wavelength and 215 mJ/
cm? fluence (repetition rate 76 MHz, diameter ~ 1.1 um) scanned 10 times (scanning speed
24 um/s, effective number of pulses for one pass 667,000) along the same trajectories are
presented. In Fig. 4a, LIPSS are in the form of ridges (spatial period of ~278 nm) parallel
to the polarization direction. In Fig. 4b, LIPSS are in the form of grooves (spatial period
of ~370 nm and groove width of ~80 nm) perpendicular to the polarization. In both cases
LIPSS are preserved up to 15 and 10 passes, consecutively. Higher fluence provoked the
appearance of groove-type of LIPSS. Spatial temperature distribution is similar in shape to
the distributions shown in Fig. 3.

In order to create structures of mutual perpendicular direction at the same area, we
performed perpendicular consecutive scanning of two (same) patterns by sample rotation
(Fig. 1b). The beam was of 840 nm wavelength and the fluence was set to ~ 182 mJ/cm? in
order to generate groove-type of LIPSS. The beam repetition rate was 76 MHz, scanning
speed 1.5 mm/s. diameter ~ 1.1 pm, Effective number of pulses for one pass is 51,000.

In Fig. 5a, the interaction area of the sample with two consecutive beam scanning of the
same pattern (Fig. 1b) is presented. The right-hand and lower parts of the image present
areas where patterns don’t overlap, while central, upper and left parts present overlapped
patterns. Magnified portion of the right-hand part, Fig. 5b, shows that grooves of two

8000+ 80004
70004 7000+
_. 6000+ __ 6000+
S 3
o 5000 o 5000
S 5
& 4000 & 4000
[0} o
£ 3000 g 3000
2 2
2000 20001
[
1000 1000
04 04
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14
depth (um) depth (um)
(@ (b)

Fig.3 Spatial temperature distribution from the surface to the bulk after exposition to the beam of 800 nm
wavelength and 153 mJ/cm? of fluence: a after 1.25 ps; b after 20 ps
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D1 = 788.59 nm

D2 = 1112.28 nm

{

D3 =70.47 nm

D4 =182.71 nm

SEM HV: 10.0 kV WD: 2.64 mm IO T T | MIRA3 TESCAN|

View field: 880 ym  Det: SE + InBeam 2 pm
SEM MAG: 62.9 kx _ Date(midly): 05/28/18 Performance in nanospace

SEM HV: 20.0 KV wo:4s6mm | ] MIRA3 TESCAN|
View field: 11.3ym  Det: SE +InBeam 2 pm
SEM MAG: 49.0 kx _Date(m/dly): 02126/18 Performance in nanospace

(a) (b)

Fig.4 SEM micrographs of LIPSS generated after beam of: a 145 mJ/cm? scanned 15 passes and b 215 mJ/

cm? scanned 10 passes. White line on the left side shows polarization orientation

neighboring lines connect when patterns do not overlap. Where patterns overlap, Fig. 5c,
grooves don’t form in connected perpendicular directions; their width ranges from 98 to
126 nm.

The decrease in the AFM current (Fig. 2c) in the areas of laser exposition could be
explained by increased resistivity of the exposed areas. Interaction with the beam fostered
the penetration of nitrogen and/or oxygen into the first (Al) layer increasing the resistivity,
which goes well with the three-step model (Oktem et al. 2013). The lattice temperature dis-
tribution from the surface to the bulk (Fig. 3) shows the influence of the multi-layer struc-
ture. After 1.25 ps (Fig. 3a), the temperature reaches maximum in the second layer (Ti).
Moreover, the temperatures are higher in Ti layers than in neighboring Al layers. This is
explained by the difference between two materials characteristics (Kovacevic et al. 2015).
Electrons from Al can quickly transfer energy to Ti layer away from the interaction zone
due to the difference in electron—phonon coupling. This increases the damage threshold
in Al leading to more regular ripples. The repetition rate also influences the regularity of
the LIPSS, as noted in (Dostovalov et al. 2019b): higher the repetition rate, more ordered
structures are formed.

The LIPSS in the form of ridges (Figs. 2a, 4a) are most probably generated by the pen-
etration of the nitrogen and/or oxygen from the ambient (air) into the material—thermo-
chemical LIPSS (Oktem et al. 2013; Dostovalov et al. 2017). For higher fluences, LIPSS
formed in the form of grooves by ablation mechanisms, which can be deduced by scat-
tered ejected material seen in Fig. 4b. Slower scanning speed and low melting point of Al
induced energy accumulation sufficient for Al melting and ablation, which gave the preva-
lence of the generation of grooves (ablative LIPSS) over ridges (thermochemical LIPSS).
The comparison of the spatial periods—283 nm (Fig. 2a) and 278 nm (Fig. 4a) for ridges
versus 370 nm (Fig. 4b) for grooves—suggests grooves could be classified into LSFL and
ridges into HSFL; this could be also supported by their orientation in respect to the beam
polarization direction (Bonse et al. 2013).
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SEM HV: 20 kV WD: 4.03 mm MIRA3 TESCAN]
View field: 26.7 ym Det: SE +InBeam 5§ pm
SEM MAG: 21.6 kx  Date(m/dly): 09/28/18

L2 =1110.09 nm

L3 = 140.54 nm

L5=98.38 nm

L4 = 196.75 nm

L6 = 126.48 nm
%

WD: 4.06 mm | | MIRA3 TESCAN| SEM HV: 20 kV WD: 4.04 mm

View field: .60 ym  Det: SE +InBeam 500 nm

SEM MAG: 361 kx  Date(m/dly): 09/28/18

View field: 8.81 ym  Det: SE + InBeam 2 pm
SEM MAG: 65.6 kx Date(m/dly): 09/28/18

(b)

Fig.5 SEM micrograph of LIPSS generated by consecutive pattern scanning and sample rotation: a wide
area; b right-hand part of the area in a; ¢ magnified part of the central area in a

The attempt to generate intersecting perpendicular grooves was not successful. The reason
is twofold. First generated LIPSS pattern distracts the formation of the second LIPSS pattern.
Also, the formation of the second LIPSS pattern smears the first LIPSS pattern due to the
accumulation of energy.
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4 Conclusion

We have exposed 5xX(Al/Ti) multilayer thin film metal structures to fs laser beam of
various wavelengths and fluences. Due to differences in materials characteristics, the
temperatures are higher in Ti layers than in neighboring Al layers, which was illustrated
by simulations. The appearance of LIPSS indicates lateral periodical distribution of
temperature in second layer (Ti). Two types of LIPSS emerged depending on the beam
fluence. For fluence lower than ~ 170 mJ/cm?, LIPSS in the form of ridges are generated
most probably by the penetration of nitrogen and/or oxygen into the sample material
(thermochemical LIPSS), which can be deduced by the decrease in the AFM current
indicating the increase in resistivity. For higher fluences (above 170 mJ/cm?), LIPSS
in the form of grooves are generated by ablation mechanisms (ablative LIPSS). Both
types are preserved after 1015 consecutive beam scanning along the same trajectory.
Intersecting perpendicular LIPSS can’t be successfully formed because of competing
influences of perpendicular patterns causing smearing of LIPSS.

Acknowledgements The work was supported by the Ministry of Science of the Republic of Serbia under
No. 11145016, OI171038 and OI171005. The authors appreciate the valuable help from: Dr. Davor Perusko
(Institute of Nuclear Sciences “Vinca”, University of Belgrade), Dr. Aleksandar Krmpot, Dr. Mihajlo
Rabasovi¢, Dr. Svetlana Savié-Sevi¢ and Vladimir Lazovié (Institute of Physics, University of Belgrade),
Dr. Dorde Veljovi¢ and Dr. Zeljko Radovanovi¢ (Faculty of Technology and Metallurgy, University of
Belgrade).

References

Anisimov, S.I., Kapeliovich, B.L., Perel’man, T.L.: Electron emission from metal surface exposed to
ultrashort laser pulses. Sov. Phys. JETP 39, 375-377 (1974)

Beltaos, A., Kovacevié, A.G., Matkovié, A., Ralevié¢, U., Savié—gevié, S., Jovanovi¢, Dj, Jelenkovid,
B.M., Gajié, R.: Femtosecond laser induced periodic surface structures on multi-layer graphene. J.
Appl. Phys. 116, 204306 (2014)

Birnbaum, M.: Semiconductor surface damage produced by ruby lasers. J. Appl. Phys. 36, 3688-3689
(1965)

Bonse, J., Kriiger, J.: Pulse number dependence of laser-induced periodic surface structures for femto-
second laser irradiation of silicon. J. Appl. Phys. 108, 034903 (2010)

Bonse, J., Munz, M., Sturm, H.: Structure formation on the surface of indium phosphide irradiated by
femtosecond laser pulses. J. Appl. Phys. 97, 013538 (2005)

Bonse, J., Rosenfeld, A., Krueger, J.: Implications of transient changes of optical and surface properties
of solids during femtosecond laser pulse irradiation to the formation of laser-induced periodic sur-
face structures. Appl. Surf. Sci. 257, 5420-5423 (2011)

Bonse, J., Kriiger, J., Hohm, S., Rosenfeld, A.: Femtosecond laser-induced periodic surface structures. J.
Laser Appl. 24, 042006 (2012)

Bonse, J., Hohm, S., Rosenfeld, A., Kriiger, J.: Sub-100-nm laser-induced periodic surface structures
upon irradiation of titanium by Ti:sapphire femtosecond laser pulses in air. Appl. Phys. A 110,
547-551 (2013)

Dostovalov, A.V., Korolkov, V.P., Terentyev, V.S., Okotrub, K.A., Dultsev, F.N., Babin, S.A.: Study of
the formation of thermochemical laser-induced periodic surface structures on Cr, Ti, Ni and NiCr
films under femtosecond irradiation. Quantum Electron. 47, 631-637 (2017)

Dostovalov, A.V., Derrien, T.J.-Y., Lizunov, S.A., Pfeucil, F., Okotrub, K.A., Mocek, T., Korolkov,
V.P., Babin, S.A., Bulgakova, N.M.: LIPSS on thin metallic films: new insights from multiplic-
ity of laser-excited electromagnetic modes and efficiency of metal oxidation. Appl. Surf. Sci. 491,
650-658 (2019a)

@ Springer



Inducing LIPSS on multilayer thin metal films by femtosecond... Page90of9 301

Dostovalov, A.V., Okotrub, K.A., Bronnikov, K.A., Terentyev, V.S., Korolkov, V.P., Babin, S.A.: Influ-
ence of femtosecond laser pulse repetition rate on thermochemical laser-induced periodic surface
structures formation by focused astigmatic Gaussian beam. Laser Phys. Lett. 16, 026003 (2019b)

Gakovic, B., Radu, C., Zamfirescu, M., Radak, B., Trtica, M., Petrovic, S., Panjan, P., Zupanic, F., Ristoscu,
C., Mihailescu, I.N.: Femtosecond laser modification of multilayered TiAIN/TiN coating. Surf. Coat.
Technol. 206, 411-416 (2011)

Golosov, E.V., Ionin, A.A., Kolobov, Yu.R., Kudryashov, S.I., Ligachev, A.E., Makarov, S.V., Novoselov,
Yu.N., Seleznev, L.V., Sinitsyn, D.V., Sharipov, A.R.: Near-threshold femtosecond laser fabrication of
one-dimensional subwavelength nanogratings on a graphite surface. Phys. Rev. B 83, 115426 (2011)

Kautek, W., Rudolph, P., Daminelli, G., Kruger, J.: Physico-chemical aspects of femtosecond-pulse-laser-
induced surface nanostructures. Appl. Phys. A 81, 65-70 (2005)

Kovacevi¢, A.G., Petrovié¢, S.M., Boki¢, B.M., Gakovié¢, B.M., Bokorov, M.T., Vasi¢, B.Z., Gaji¢, R.B.,
Trtica, M.S., Jelenkovi¢, B.M.: Surface nanopatterning of Al/Ti multilayer thin films and Al single
layer by a low-fluence UV femtosecond laser beam. Appl. Surf. Sci. 326, 91-98 (2015)

Kovacevi¢, A.G., Petrovié, S., Lazovié, V., Perusko, D., Panteli¢, D., Jelenkovi¢, B.M.: Inducing subwave-
length periodic nanostructures on multilayer NiPd thin film by low-fluence femtosecond laser beam.
Appl. Surf. Sci. 417, 155-159 (2017)

Majchrzak, E., Poteralska, J.: Two-temperature microscale heat transfer model. Part I: determination of elec-
tron parameters. Sci. Res. Inst. Math. Comput. Sci. Czestochowa Univ. Technol. 9, 99-108 (2010a)

Majchrzak, E., Poteralska, J.: Two-temperature microscale heat transfer model Part II: Determination of lat-
tice parameters. Sci. Res. Inst. Math. Comput. Sci. Czestochowa Univ. Technol. 9, 109-119 (2010b)

Oktem, B., Pavlov, L., Ilday, S., Kalaycioglu, H., Rybak, A., Yavas, S., Erdogan, M., Ilday, F.O.: Nonlinear
laser lithography for indefinitely large area nanostructuring with femtosecond pulses. Nat. Photonics 7,
897 (2013)

Reif, J., Varlamova, O., Costache, F.: Femtosecond laser induced nanostructure formation: self-organization
control parameters. Appl. Phys. A 92, 1019-1024 (2008)

Shinoda, M., Gattass, R.R., Mazur, E.: Femtosecond laser-induced formation of nanometer-width grooves
on synthetic single-crystal diamond surfaces. J. Appl. Phys. 105, 053102 (2009)

Sipe, J.E., Young, J.E., Preston, J.S., van Driel, H.M.: Laser-induced periodic surface structure. I. Theory.
Phys. Rev. B 27, 1141-1154 (1983)

Ursu, L., Mihdilescu, I.N., Prokhorov, A.M., Konov, V.I., Tokarev, V.N.: On the role of the periodical struc-
tures induced by powerful laser irradiation of metallic surfaces in the energy coupling process. Phys.
B+C 132, 395-402 (1985)

Van Driel, H.M., Sipe, J.E., Young, J.F.: Laser-induced periodic surface structure on solids: a universal phe-
nomenon. Phys. Rev. Lett. 49, 1955-1958 (1982)

Varlamova, O., Martens, C., Ratzke, M., Reif, J.: Genesis of femtosecond-induced nanostructures on solid
surfaces. Appl. Opt. 53, I10-115 (2014)

Von der Linde, D., Sokolowski-Tinten, K., Bialkowski, J.: Laser—solid interaction in the femtosecond time
regime. Appl. Surf. Sci. 109-110, 1 (1997)

Vorobyev, A.Y., Guo, C.: Femtosecond laser-induced periodic surface structure formation on tungsten. J.
Appl. Phys. 104, 063523 (2008)

Vorobyev, A.V., Guo, C.: Direct femtosecond laser surface nano/microstructuring and its applications. Laser
Photonics Rev. 7, 385-407 (2013)

Vorobyev, A.Y., Makin, V.S.: Periodic ordering of random surface nanostructures induced by femtosecond
laser pulses on metals. J. Appl. Phys. 101, 034903 (2007)

Wang, J., Guo, C.: Ultrafast dynamics of femtosecond laser-induced periodic surface pattern formation on
metals. Appl. Phys. Lett. 87, 251914 (2005)

Young, J.F,, Sipe, J.E., van Driel, H.M.: Laser-induced periodic surface structure. III. Fluence regimes, the
role of feedback, and details of the induced topography in germanium. Phys. Rev. B 30, 2001-2015
(1984)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



iriried applied
L sciences

Article

Molding Wetting by Laser-Induced Nanostructures

Aleksander G. Kovatevié 1*, Suzana Petrovi¢ 2, Alexandros Mimidis 3, Emmanuel Stratakis 3,
Dejan Panteli¢ ! and Branko Kolaric 14

1 Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia; pantelic@ipb.ac.rs (D.P.);

branko.kolaric@umons.ac.be (B.K.)

Institute of Nuclear Sciences “Vinca”, University of Belgrade, Mike Petrovi¢a Alasa 12-15,

11351 Vinc¢a-Belgrade, Serbia; spetro@vin.bg.ac.rs

3 Institute for Electronic Structure and Laser, FORTH, 100 Nikolaou Plastira, 10073 Heraklion, Greece;
amimidis@iesl.forth.gr (A.M.); stratak@iesl.forth.gr (E.S.)

Micro- and Nanophotonic Materials Group, University of Mons, Place du Parc 20, 7000 Mons, Belgium
Correspondence: Aleksander.Kovacevic@ipb.ac.rs

check for
Received: 23 July 2020; Accepted: 28 August 2020; Published: 30 August 2020 updates

Abstract: The influence of material characteristics—i.e., type or surface texture—to wetting properties
is nowadays increased by the implementation of ultrafast lasers for nanostructuring. In this account,
we exposed multilayer thin metal film samples of different materials to a femtosecond laser beam
at a 1030 nm wavelength. The interaction generated high-quality laser-induced periodic surface
structures (LIPSS) of spatial periods between 740 and 790 nm and with maximal average corrugation
height below 100 nm. The contact angle (CA) values of the water droplets on the surface were
estimated and the values between unmodified and modified samples were compared. Even though
the laser interaction changed both the surface morphology and the chemical composition, the wetting
properties were predominantly influenced by the small change in morphology causing the increase in
the contact angle of ~80%, which could not be explained classically. The influence of both surface
corrugation and chemical composition to the wetting properties has been thoroughly investigated,
discussed and explained. The presented results clearly confirm that femtosecond patterning can be
used to mold wetting properties.

Keywords: wetting; nanostructures; LIPSS; nano-optics

1. Introduction

Generating periodical sub-wavelength structures on material surfaces by interaction with
pulsed laser beams has been known for some time [1-4]. The structures in the form of parallel
ripples—laser-induced periodic surface structures (LIPSS)—have been reported on various materials,
including dielectric materials, metals, semiconductors, and graphene [5-7]. Being in the nanometer
scale, and with the occurrence due to the laser-surface interaction, they are a frequent subject of
investigation in nano-optics (nanophotonics).

The causes of LIPSS generation and shaping are seen most probably in the emergence of the
surface plasmon polariton (SPP), as well as in the hydrodynamic features [8-10]. If compared to single
layer metal films, more regular LIPSS are generated with low-fluence femtosecond (fs) laser beam
interaction with multilayer thin metal films, since the existence of the metal sublayer influences the
quality and stability of LIPSS [11].

Changing the wetting and tribological properties of the material by LIPSS formation opens
new fields of application in nano/microfluidics, optofluidics, fluid microreactors, biomedicine,
biochemical sensors, and thermal management [12,13]. The control of wetting properties and achieving
super-hydrophobic surfaces by laser interaction have been reported for various materials: stainless
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steel, TiAl alloy, Si and materials coated with hydrophobic materials, such as chloroalkylsilane and
fluoroalkylsilane [14-16]. In all mentioned cases super-hydrophobicity is achieved by the chemical
modification of the surface or micro-structuring.

Laser interaction can induce the change in chemical composition of the surface, forming ultra-thin
oxide layers, which contribute to the wetting. Wetting is initially enhanced, but as time passes, it is
ultimately reversed by surface chemistry phenomena that take place on the irradiated surfaces—i.e.,
hydrophobicity is increased [16,17].

Van der Waals and electrostatic forces play an important role in adsorption, adhesion and
wetting phenomena [18]. The Casimir force shows application potential in the field of micro- and
nano-electromechanical systems—engineered devices, where controlling forces between microscopic
bodies or surfaces are crucial for a variety of applications [19,20]. The influence of submicron
surface corrugations on Lifshitz—van der Waals forces have been calculated for polyethylene,
where surface nano-patterning is responsible for changing the forces from attractive to repulsive [21,22].
For metal surface nano-structuring at scales below the plasma wavelength, the Casimir interaction
decreases faster than usual for large inter-surface separation, while at short separations an equivalent
pressure is larger [23]. The motivation of our study is to experimentally reveal the link between
wetting and nano-corrugation [21,22] and to extend the potential application of nanostructures.
Surface nanostructures affect the optical characteristics via refractive index on the one hand, while on
the other, they influence the wetting characteristics. Patterning the surface of the lamellar material
changes the characteristics of the interface, as well as the characteristic of the bulk to some extent.
The nanometer level of the patterns increases the importance of their control and places it in the field
of nano-optics/nano-photonics.

The morphology of surface micro/nanostructures obtained by fs laser is evaluated with the aim
of determining the influence of morphology on their wetting. By interaction with fs laser beam,
we generated LIPSS on the surfaces of several metallic multilayer materials. We estimated the contact
angle (CA) difference for different materials and also for materials before and after LIPSS forming,
thus examining the change in hydrophobicity.

2. Materials and Methods

The samples were multilayer thin films on Si substrate: 15x(Zr/Ti), 15x(Ti/Zr), 8x(Zr/Cr/Ti),
with the topmost layer being Zr, Ti and Zr, respectively. The total thickness of each multilayer structure
was aimed to be ~500 nm, making the thicknesses of individual layers—controlled by the deposition
rate—about 17 nm for bi-layer samples and ~21 nm for tri-layer sample. The samples were exposed to
femtosecond beam which generated the LIPSS.

The laser source was the Pharos SP Yb:KGW laser system from Light Conversion. The surfaces of
the thin films were irradiated at normal incidence in open air by focusing a linearly polarized pulsed
beam with a 1 kHz repetition rate, 160 fs pulse duration, and 1030 nm central wavelength to a 43 pm
Gaussian spot (1/e?) diameter. The samples were mounted on a motorized, computer-controlled, X-Y-Z
translation stage, which enabled scanning (3 mm/s) and positioning out-of-focus to widen the scanning
line. For higher precision, the irradiations were conducted at identical conditions, covering a surface
of 5 X 5 mm at a pulse power of 2.5 mW (fluence of 0.662 J/cm?) and scan velocity of 3 mm/s with a
constant distance between the lines of 15 pm.

In order to determine the effects of chemical composition and morphology on wetting, the drops
of distilled water were placed onto both the unmodified and laser-processed surface areas in open
air. The volume of each droplet was of 3 uL, controlled by a motorized syringe, while the shape was
determined by micro-photographing in the horizontal direction by using Data Physics OCA (optical
contact angle) Series device. The values of contact angles were estimated from the images by the
utilization of the Gwyddion software [24].
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3. Results and Discussion

The wetting properties of the surfaces were influenced both by their chemical composition and
by their morphology—i.e., corrugation [25,26]. The influence of the different chemical composition
is represented by different materials of the topmost layers, while the influence of the morphology
is caused by the interaction with the laser. The role of the more complex multilayer structure is
represented by using 8x(Zr/Cr/Ti) samples. Exposing the samples to the fs laser beam generated
LIPSS on the surfaces, shown in Figure 1. LIPSS on the surface of 15x(Ti/Zr) on Si are shown for two
magnifications in Figure 1a,b. LIPSS on the 8x(Zr/Cr/Ti) are presented in Figure 1c,d, and also for two
different magnifications. In addition to wavy-patterned LIPSS, the occurrence of nanoparticles with
dimensions less than the periods of LIPSS, is also noticeable.

ey o w
- I

15.0kv X5,000 WD 10.1mm 1um SEI 15.0kV  X30,000 WD 10.2mm 100nm

Figure 1. SEM micrographs of LIPSS on the surface of the: (a) 15x(Ti/Zr) on Si, magnification 5000%;
(b) 15%(Ti/Zr) on Si, magnification 30,000X%; (c) 8x(Zr/Cr/Ti) on Si, magnification 5000x; (d) 8x(Zr/Cr/Ti)
on Si, magnification 30,000%.

Since the ablation threshold for the multilayer components is lower than the applied fluence,
the ablation of the multilayer samples was expected [27]. The experiment with similar conditions
(beam, environment, material), created similar ablative LIPSS, while the remaining material in the
laser-affected area retained the layered structure (alternating Ti and Zr layers) [28]. Due to the similarity
in both conditions and of the outcomes (LIPSS) between the two experiments, it is possible to assume
that in the presented experiment the material also retained layered structure in laser affected zones
and there were no drastic changes in Ti, Zr, Si and O components among the three zones—the center
of, the periphery of, and away from the laser-affected zone.
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SEM results (Figure 1) reveal that there is a periodicity in the pattern, but the 2DFFT processing
of LIPSS micrograph from Figure 1a presented in Figure 2 provides better insight. The appearance
of the maxima (inset in Figure 2) shows that the structures are periodic. A clear distinction in the
maxima indicates that LIPSS are highly regular, due to the multi-layer structure. By the convenient
combination of the materials, the existence of the underneath layer produces a steep change in the
layers’ temperatures and enables the transfer of thermal energy through the interface and away from
the interaction zone [11].

-20 -10 Opum-1 10 20
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Figure 2. Representative 2D-FT of the image shown in Figure 1a. Inset: detailed view of the central
part. Intensity scale (bar on the right) is in arbitrary units.

The interaction of fs beam with multilayer thin film materials induces the intermixing of initially
separated layers, which could be attributed to the alloying between the components [29]. Due to
no drastic changes in the components, not much of the oxides were produced, suggesting that their
contribution to the CA value was not significant.

The contact angle of a surface processed by laser beam evolves after the processing. It was shown
for some alloys that CA increases to the equilibrium level with a higher rate for lower implemented
laser fluence: for alloys containing Ti and fluence of 0.78 J/cm?, it takes a couple of days to be close
enough to the equilibrium [16]. The images of water droplets, placed on the surfaces both unexposed
and exposed to fs beams, are presented in Figure 3. For 15X(Ti/Zr), the droplets are shown in Figure 3a
(on unexposed surface) and Figure 3b (on exposed surface). Different shapes indicate the influence of
the laser-induced change of the surface, which is twofold: both in the morphology and in the chemical
composition. Similar holds for the droplets on the 15x(Zx/Ti) unexposed (Figure 3c) and exposed
(Figure 3d) surfaces, as well as on the 8x(Zr/Cr/Ti) unexposed (Figure 3e) and exposed (Figure 3f)
surfaces. On exposed surfaces, the droplets were placed 180 days after the exposition (15%(Ti/Zr)) and
2 days after the exposition (15x(Zr/Ti) and 8x(Zr/Cr/Ti)).
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5 um

(e) ()

Figure 3. The image of the droplet of distilled water on the surface of: (a) 15x(Ti/Zr) on Si (Ti is the
topmostlayer), as-deposited, the CA =72.11°; (b) 15X (Ti/Zr) on Si (Ti is the topmost layer), laser-modified,
the CA = 137.15°%; (c¢) 15x(Zr/Ti) on Si (Zr is the topmost layer), as-deposited, the CA =77.29%;
(d) 15%(Zr/Ti) on Si (Zr is the topmost layer), laser-modified, the CA = 144.49°; (e) 8x(Zr/Cr/Ti) on Si
(Zr is the topmost layer), as-deposited, the CA = 68.10°; (f) 8x(Zr/Cz/Ti) on Si (Zr is the topmost layer),
laser-modified, the CA = 123.45°. White bar denotes 5 um. Golden lines are added for the visualization.

As a consequence of ultra-short laser beam interaction with metal surfaces in open air, the surface
plasmon polariton (SPP) occurred at the interface between the metal and the dielectric (air) surfaces,
inducing periodic distribution and accumulation of the energy on the surface. Because fs pulse duration
is shorter than the characteristic relaxation time of the material, energy deposition is shock-like and
leads to the ablation of the material, leaving parallel trenches—LIPSS. The spatial period of LIPSS is less
than the incoming wavelength. The heat load to the surrounding material was minimal. The ablated
material was dispersed away in the form of nanoparticles with the dimensions of up to 100 nm. In this
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way, the deposited energy was mostly invested in the ablation and not in heating, which implies that,
for fs interaction, the creation of a thick oxide layer did not take place.

The values of the LIPSS periods estimated from the micrographs, as well as measured values of
contact angles of both surfaces, are summarized in Table 1. The period matches between 72 and 77%
of the value of the implemented wavelength. The uniformly distributed LIPSS are oriented in the
normal to the polarization direction of the incoming beam and their period is not close to the used laser
wavelength for all observed samples. These types of LIPSS originate from the interference of the incident
laser beam with surface electromagnetic wave excited during the laser treatment [8]. The CA values
indicate that non-corrugated surfaces are hydrophilic. Similar CA values for surfaces unmodified by
the laser suggest that they are not much influenced by the difference in the composition. The difference
in CA between the untreated samples of Zr/Ti and Zr/Cr/Ti could be explained by long-range wetting
transparency [30]. For surfaces modified by laser beam, the values also do not differ much. However,
a strong increase after the interaction by the fs laser beam suggests it is dominantly caused by the
structural change—the occurrence of LIPSS—and not by the composition change. Different to the case
where a 40° rise in hydrophobicity of Ti surface was obtained by um corrugations [17], better results
in this work were obtained by nm corrugations. In open air ambience, all transition metals (except a
few) are covered with a thin native oxide layer [31]. Different values of CA in the literature are the
consequence of different preparation methods, which lead to differences in the chemical composition
on the interface. Thin zirconium oxide layer (80-90 nm) on the SiO, substrate shows small values of
CA (hydrophilicity), but thicker layers show higher values of CA [32,33]. Oxides of titanium have
various values of water contact angles [34]. Due to long-range wetting transparency, the water contact
angle of the MgF; layer, thinner than 100 nm, becomes highly insensitive of its chemical composition
and its value approaches the value of the CA of the underlying materials: glass, Au and Au/MgF,
metamaterial [30]. Therefore, it could be assumed that very thin (<100 nm) layers of metal-oxides did
not contribute to the water CA value. Due to the similarity in the experiments [28], the change in the
components was small and due to the forming of LIPSS by fs ablation (energy invested in ablation,
not in heating), not many of the oxides were produced and their contribution to the CA value was not
significant. The CA changed mostly due to the corrugations and not the presence of oxides.

Table 1. The LIPSS period of the sample materials and the CA values.

Material Pel‘];(I)I;S(im) CA (°) A(S)A cA I(r;/:;‘ease
untreated corrugated
surface surface
15%(Ti/Zr) 740 7211 +£3.32 137.15 + 11.63 65.04 90
15%(Zr/Ti) 740 7729 +1.71 144.49 + 14.97 67.20 87
8X(Zr/Cr/Ti) 790 68.10 = 6.41 123.45 + 25.26 55.35 81

In this view, all the samples should have a similar increase in the CA after the interaction. However,
there is a small difference which would mean that slightly different amounts of Zr and Ti components
are removed by laser treatment depending on the initial order of the layers. Here, a significant mixture
of the materials did not take place and spatial distribution retained a layered structure, which resulted
in a similar increase in the CA angle.

From the SEM images (Figure 1), the Gwyddion program was used to graphically extract the
profiles along the selected lines perpendicular to the direction of the LIPSS, and from them to estimate
the filling factors—the ratio between the ripple width and the spatial period. For 15x(Ti/Zr), it is ~0.6,
while for 8x(Zr/Cr/Ti), it is ~0.72. It is possible to assume that greater filling factor leads to greater
Casimir pressure for the same distance between the surfaces, while the corrugation height does not
play a significant role [23]. The topmost surface is covered with a very thin oxide layer, because the
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ambience is open air. Laser interaction will enforce the oxidation, but only to the saturation level [35].
However, the results presented in Table 1 show that whichever film structure we have at the beginning,
after the interaction with the laser, the creation of the nanoscale corrugation causes an increase in CA.
The higher filling factor for the samples with Zr as the topmost layer should cause the CA values’
relatively more significant change than for those with Ti on top. This was observed for 15x(Zx/Ti),
but in the case of 15X (Zr/Cr/Ti), the long-range wetting transparency [30] means that CA is also affected
by the presence of a thin Cr layer.

While LIPSS are anisotropic, the isotropy of the contact angles was not investigated. The direction
of LIPSS (sample orientation) relative to the direction of recording (camera orientation) was arbitrary
for each sample and undetermined. No significant difference in the left and right contact angles can be
seen in Figure 3b,d,f, meaning either LIPSS and recording directions were set parallel by chance for
each sample or the droplets were not significantly anisotropic. To match the directions of LIPSS and
camera recording to be parallel by chance is less likely, indicating that the droplets are not significantly
anisotropic. Though the anisotropy of the surface structures influences the anisotropy of the CA,
with the smaller width of the structures (ripples itself), the influence is smaller [36]. Very small
widths of the ripples (~700 nm) in the presented experiment suggest that the influence of the structure
anisotropy (LIPSS) to the droplet anisotropy is not significant.

Corrugation is responsible for hydrophobicity (wetting). Classical theory demands the size of
corrugation to be above micrometer level in order to achieve super-hydrophobicity. If we assume
that a multilayer structure can be imagined as an optical cavity, quantum effects cause the rise of
super-hydrophobicity [21,22]. Recently, experimental proof of the impact of nano-corrugation to
wetting properties exploiting the Casimir effect has been published [37]. The effect of small corrugations
and quantum effects to superhydrophobicity is phenomenologically confirmed. In our work, it has
been shown that, for laser generated nano-corrugation, observed wetting properties can be explained
only if quantum effects are taken into account. Corrugations of nanoscopic level dramatically affect the
Van der Waals interaction energy (through quantum vacuum photon modes) and thus the wetting
contact angle is modified. Up to now, to achieve super-hydrophobicity, different coatings and dozens
of micro-size structures were described elsewhere [38,39]. For thin film materials, the wetting angle is
nearly insensitive to the chemical nature of the immediate substrate and, by the forming of hyperbolic
(plasmonic) metamaterials, the effective refractive index changed as well as the contact angle [30].

Here, the authors are the first, to our knowledge, to report significant change in the wetting
properties by subwavelength corrugation. The increase in hydrophobicity caused by fs nano-patterning
experimentally confirms the model developed by Dellieu et al. [21,22].

Furthermore, the presented study goes beyond the proposed model, since super-hydrophobicity
is achieved on the metallic surface (not only the molecular solid). In the end, the possibility of
attaining super-hydrophobicity using submicron corrugation by controlling quantum vacuum modes
opens large almost unlimited fundamental and technological applications. While the responsibility
for the change in the dispersion component is doubtful, the corrugation is responsible for all the
changes in the CA. However, the magnitude of the effects is too big for such small corrugations,
which can be explained with the abovementioned non-classical approach [21,22]. Untreated metal
surfaces are generally hydrophilic, but in this experiment they changed to highly hydrophobic by the
implementation of sub-micrometer-sized corrugation.

4. Conclusions

We have investigated the wetting of laser modified multilayer thin films of different metal
materials by using contact angle measurements. The values do not differ much for different materials
(both as-deposited and laser modified) but significantly change after the laser interaction and the formation
of LIPSS. Here, due to nanometer-sized structuring, wetting cannot be explained without taking quantum
effects into consideration. To our actual knowledge, this is the first example of significant wetting
change by nanostructures and it is in good agreement with previous publication [21,22], which explains
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wetting by quantum vacuum modes. This suggests that the increase in the hydrophobicity is related
to the morphological changes in the cavity. The presented results extend the application of the model
previously developed [21,22] for molecular solids, and show that the nanocorrugation of metal surfaces
can be used to significantly affect the wetting. While the influence of quantum modes freezing to
superhydrophobicity has been phenomenologically confirmed [37], we have shown that observed
wetting properties of surfaces with fs laser generated non-corrugations can be explained only if quantum
effects are taken into account. The potential applications of the presented research could be numerous.
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Single crystal of Bij2SiO29 was grown from the melt by Czochralski technique. The crystal growth was in the
[111] direction. The surface of the polished sample was irradiated by a femtosecond pulsed laser beam of various
power. The influence of laser power on structural properties of Bi12SiOg crystal, as well as on its phase
composition, was studied. The surface morphology of our samples was investigated by AFM. The surface of
unirradiated sample is rather smooth with no cracks observed. In sample modified by pulsed femtosecond beam,
we registered the presence of small spherical islands on the surface. The dimensions of the islands and their
density depend on the applied power. There were also significant changes in far-infrared spectra of irradiated

sample in comparation to non-irradiated sample. Based on these results, the material obtained after femtosecond
pulsed laser irradiation consisting of bismuth oxide based nano-objects, formed as nanocrystals (dimensions
below 20 nm in diameter), which are arranged in a matrix of Bi;2SiOg.

1. Introduction

Sillenites (Bi;sMO29, M = Si, Ge, Ti) are optically active crystals
exhibiting a lot of strong effects (optical rotation, electro-optical
(Pockels), magneto-optical (Faraday) and photo-induced effects) and
interesting properties such us remarkably large values of dielectric,
piezo-electric and elasto-optic constants, very high values of the dark
electric resistance, the index of refraction [1] etc. These crystals have
application as active elements in many devices [2]. For these applica-
tions the materials are bulk single crystal samples.

On the other hand, due to their extremely small sizes, nanomaterials
(one, two or three dimensions of less than 100 nm) cannot be used in
large scale, particularly as long-bearing materials in engineering appli-
cations. For this it has long been a desire to develop bulk composites
incorporating these nanomaterials (for example nanocomposites) to
harness their extraordinary properties in bulk applicable materials.
Initial ideas and principles are given in Ref. [3]. The most important fact
is that the characteristics of the nanomaterials are fundamentally
different in comparison with the bulk materials [4].

Lasers play an ever expanding role in material processing [5], as is
the case with surface treatment of single crystals [6] where the energy of
a laser beam interacts with a material to transform it in some way in a
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E-mail address: romcevic@ipb.ac.rs (M. Romcevic).
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thin surface layer. This transformation (or laser process) is controlled by
precisely regulating the wavelength, power, duty cycle and repetition
rate of the laser beam. All materials have unique characteristics that
dictate how the laser beam interacts and consequently modifies the
material [7,8].

In our previous papers, we have investigated the influence of locally
induced heating with increasing laser power densities on some nano-
materials such as stable hexagonal transition oxides ZnO doped with
CoO [9] and cubic rock-salt MnO [10]. The influence of femtosecond
pulsed laser power on the quality and optical characteristics of
Bi12GeOyy single crystal was also studied [11].

The aim of this work is to continue our research with investigation
influence of femtosecond pulsed laser irradiation on Bi;2SiOy single
crystal using FTIR spectroscopy along with atomic force microscopy
(AFM), but this time the focus is on modification of material and its
structural characterization.

2. Experimental procedure
2.1. Preparation of crystal samples

Czochralski technique was applied to grow Bi;2SiO9g single crystal,
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where MSR 2 crystal puller controlled by a Eurotherm was used with
temperature fluctuations of the experiment lower than 0.2 °C. Addi-
tional weighing set was used to monitor the crucible weight in order to
keep a crystal diameter constant (absolute deviation was below 0.1
mm).

A platinum crucible was used to contain the melt, which was placed
in an alumina vessel on a zircon — oxide wool. This system was con-
structed in order to stop the excessive radiation heat losses. Also, a cy-
lindrical silica glass after heater was constructed around the system to
reduce the thermal gradients in the crystal and in the melt. Crystal
growth was occurred in an air atmosphere while iridium wires were used
as initial crystal seeds. Later on, seed cuts from the produced Bi;3SiO29
crystals were used for the growth of other crystals.

Bip03 and SiO; were used for synthesis of crystals. Starting materials
were mixed in 6:1 stoichiometric ratio. Optimal pull rate was chosen in
the range 5 — 6 mm/h. Equations of the melt hydrodynamics were used
to calculate critical crystal diameter, d. = 10 mm and critical rotation,
®c = 20 rpm. The crucible was not rotating during crystal growth. The
crystal boule was cooled at ~50 "C/h down to a room temperature, after
the crystal growth. Crystals grew in [111] direction, without core being
observed. Finally, crystals were cut and polished.

2.2. Crystal irradiation and characterization

Crystal samples were exposed to a pulsed femtosecond laser beam
(pulse width 90 fs, repetition rate 76 MHz) from Coherent Mira 900 F
laser system pumped by a 532 nm continuous wave Coherent Verdi V-10
laser. The irradiating beam wavelength was monitored by an Ocean
Optics HR2000CG UV-NIR spectrometer. The samples were irradiated
along their longest axis, z, i.e., along the crystal growth direction.
During irradiation, the crystal facet was partially exposed due to the oval
shape of the beam profile. A graded filter was used to adjust the beam
power on the sample from 50 to 800 mW (measured by Ophir Nova II
powermeter with thermal and photometric heads), which corresponds
to the fluence range of 75-1200 nJ/cm?. Exposure time of each irradi-
ation power was 3s, measured by a stopwatch of 0.2s of accuracy. The
total irradiation time and energy were intentionally kept low to avoid
significant contribution of an accumulative process caused by repopu-
lation of the traps [12].

Far-infrared reflection spectra were recorded in the wave number
range up to 650 cm ™! utilizing an A BOMEM DA - 8 FTIR spectrometer
with a deuterated triglycine sulfate (DTGS) pyroelectric detector.

The surfaces of samples were examined in detail using Atomic Force
Microscope (AFM), NTEGRA prima from NT-MDT. NSGO1 probes with a
typical resonant frequency of 150 kHz and 10 nm tip apex curvature
radius were used.

The X-ray diffraction (XRD) data for Bi;»SiOy¢ single crystals was
measured using X-ray diffractometer (XRD) Rigaku Ultima IV, Japan,
with filtered CuKa1 radiation (A = 0.154178 nm). The X-ray diffraction
data were collected over the 20 range from 20° up to 80° with the step of
0.02° and scanning rate of 2°/min. The PDXL2 v2.0.3.0 software [13],
with reference to the diffraction patterns available in the International
Center for Diffraction Data (ICDD) [14] was used for the phase identi-
fication and data analysis.

3. Results and discussion
3.1. Femtosecond pulsed laser modification

In order to establish the behaviour of the sample material under the
influence of femtosecond beam, three wavelengths from the common
range of the Mira device (700-900 nm) have been chosen. The samples
were exposed to femtosecond beam of 730, 800 and 830 nm, with input
powers of 50-700, 50-800, and 50-550 mW, respectively. For each
wavelength, the transmitted power vs input power has been monitored.
The input power has been gradually increased and in this way the
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influence of possible strong modifications by higher power to the results
of low power was diminished. Transmitted vs. input power dependency
was established (Fig. 1).

Transmitted power dependence on the input power is in fact linear
for each chosen wavelengths. The linear dependence shows uniform
absorption during the input power change — there were no significant
damages in the material of the samples caused by the beam during
exposition. If present, strong or large-scale structural changes inside the
material would change the absorption coefficient which would lead to
the deviation of the Pout vs. Pin (Fig. 1) dependence from the linear one.

Because of that, in the further analysis in this paper, under treated
sample we will consider the sample modified with a laser line of 730 nm
and a power of 700 mW as a representative one. In Fig. 2, a sample
treated with 730 nm and a power of 50 mW was analyzed for
comparison.

3.2. AFM

Fig. 2 shows the results of AFM measurements of the Bi;2SiO9g single
crystal and the same sample after being irradiated by a femtosecond
pulsed laser beam. The surface of unirradiated sample is rather smooth
with no cracks observed, and only traces of mechanical polishing can be
seen in Fig. 2a. Fig. 2b and c. Show the surface of the sample after
irradiated by a femtosecond pulsed laser with 730 nm and power of 50
mW and 700 mW respectively. Full lines at Fig. 2 a-c present directions
in which the structure dimensions were determined. Height prolife on
the surface and in the shine dots is shown in Fig. 2 d. For the treated
samples, the nanoobject clearly stands out in the selected direction. It
could be said that the height of the nano-object for both samples is in the
range of about 10-15 nm, and that the height of the nanoobject increases
with the increase in the power of the femtosecond laser. On the other
hand, the diameter of these nano-objects is about 20 nm (Figs. 2b) and
15 nm (Fig. 2¢). In addition, we note that the density of nano-objects is
significantly higher in Fig. 2c.

Average roughness (Ra) for the samples shown in Fig. 2 a, b, cis 1.25
nm, 1.57 nm and 1.6 nm, respectively. Although the value for Ra is
relatively small, i.e. the surface of the samples is relatively smooth, we
can conclude that as a result of the femtosecond laser treatment, as well
as when increasing the laser power, the value for Ra also increases,
which is expected.

3.3. XRD measurements

Phase analysis using XRD of single crystal BSO samples are presented

600
Bi,,SiO, single crystal
treated by femtosecond laser
400 ~ O A=730nm
— o A=800nm
< A 3.=830nm
£
=
]
o
200 -
0 T T T T T T T T
0 200 400 600 800

Pin [mW]

Fig. 1. Transmitted (Pout) vs. input (Pin) power for samples exposed to the
beam of 730 nm, 800 nm and 830 nm.
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in Fig. 3. Phase analysis indicates that all peaks belong to the Bi;3SiO2¢
phase, which is in good agreement with the JCPDF Card No. 37-0485.
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Fig. 3. X-ray diffraction results of untreated Bi;,SiO single crystal, peaks of
Bi;5Si020 phase marked with hkl.
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Fig. 2. AFM results of Bi;2SiO single crystal: untreated (a); femtosecond laser treated sample: 730 nm, 50 mW (b) and 730 nm, 700 mW (c). Height prolife on the

The XRD for the treated sample is no different from that for the
untreated.

3.4. Far-infrared spectroscopy

The experimental far-infrared spectrum of BSO single crystal was
recorded in the spectral range of 70-650 cm ™! at room temperature and
in Fig. 4 is presented as a blue line. The obtained spectrum shows all
characteristics described in the literature [15,16]. The far-infrared
spectrum of the femtosecond laser treated BSO, recorded in the spec-
tral range of 70-650 cm ™! at room temperature, is presented in Fig. 4 as
ared line. Even though the spectra given in Fig. 4 were recorded under
the same conditions, differences in the BSO single crystal and femto-
second laser treated BSO spectra are clearly visible at in several places,
such as about 130, 180, 280 cm ™ ...

I'=8A + 8E + 25F (@]

Among these modes, only the F modes are infrared active.

Fig. 5, lower spectrum, shows the far-infrared spectra of BSO single
crystal. The points are given the experimental results, and the solid line
is obtained in the standard way by the procedure of fitting parameters
[18,19]. Due to the large energy gap (Eg = 2,57eV) and accordingly very
low concentrations of free carriers, a dielectric function was used which
takes into account only the interaction of electromagnetic radiation with
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Fig. 4. Experimental far-infrared reflection spectra of Bi;5SiO single crystal

untreated (blue line) and treated by femtosecond beam (red line). First, in short

about factor group analysis. Crystal BSO has a cubic unit with space group 123

(T3) [17].
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Fig. 5. Far-infrared reflection spectra of Bi;»SiOy single crystal and femto-
second laser-treated Bi;,SiO5y sample. The experimentally obtained data points
are depicted as circles. The theoretical spectrum obtained with the model
defined by egs. (2) and (3) and fitting procedure is given as solid line. Insert.
Schematic overview of the femtosecond laser-treated Bi;2SiO2o sample.

phonons:

S @ iy, — ©F
(@) = £ H : .7ALO kL0 )
T O T Wiro — Wiro

where ¢, is the bound charge contribution and is considered as a con-
stant, ook and ook are the longitudinal and transverse optical — phonon
frequencies, and yrok and yrok are the phonon dampings.

The results obtained for TO/LO frequencies (in cm™ ) are: 69/71,
94/95, 104/112, 123/150, 129.5/130, 142/143, 175.2/175.5, 187.5/
192.5, 202.5/204.3, 229/251, 267/276.8, 297.5/371, 424/427, 453/
494, 520/551.5, 572/581, 594/613, 647/658. The agreement with the
literature data [15,16] is excellent. This result serves as an introduction
to the spectrum analysis for the femtosecond laser treated BSO sample,
where the situation is somewhat more complex. Fig. 5, upper spectrum,
shows the far-infrared spectrum of femtosecond laser treated BSO single
crystal. The points are given the experimental results, and the solid line
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is obtained in the following way.

Namely, as can be seen from Fig. 2b and c, laser treatment leads to a
change in the surface of the samples. It seems that its composition
changes in a very thin layer, but also that nanoobjects are formed inside
the layer and on its surface. Therefore, we decided to use a model that
takes into account the existence of a three-layer structure (see insert of
Fig. 5), where.

(a) medium 1 is air (¢ = 1),

(b) medium 2 is a layer with thickness d present at the sample surface
with dielectric constant &3 (eq. (2)), and

(c) lower optically thick layer, medium 3, practically single crystal
BSO, described with &3 (eq. (2)).

In this case, the reflectivity can be determined as described in
Ref. [20]:
A, rpe™ 4 rpe”

Ry="r =0 T ne 3
4 Ai e 4 rprp3e® ( )

where rj = (n; —ny) /(i +ny) = (/& —/&)/(\/& +,/&) are the Fresnel
coefficients, A; and A; represent amplitudes of the incident and reflec-
tion beams, respectively, n is the complex index of refraction, ¢ is the
dielectric constant and o = 27nwd (e5)'/2 is the complex phase change
related to the absorption in the crystal layer with the thickness d.
Reflectance, R, is given as R = |RA|2.

The parameters of the treated sample were determined by the fitting
procedure. In that manner, the parameters for the single crystal BSO
layer (medium 3) remained the same as those determined from un-
treated sample. The surface layer (medium 2), besides them, has addi-
tional modes. The layer thickness is d = 1,9 pm. Comparison of our result
with the values from the literature for the registered additional phonons
is given in Table 1.

Some results from literature, for example [22], show that
laser-induced oxidation of bismuth can occur, but the degree of oxida-
tion and the formation of the crystalline phase strongly depend on the
laser power. We think that in our case, due to laser heating, on the
Bi;2Si0y single crystal, the formation of starting material phases occurs.
It is known that bismuth oxide can exist in several polymorphic forms:
a-BizOs, the only phase stable at room temperature, and three
high-temperature phases, p-, 8- and y-BizOs. The orthorhombic phase,
a-BizOs, transforms to cubic §-BiO3 at 729 °C, which may transform to
tetragonal p-BipO3 or body-centered cubic y-Bi;O3 upon cooling to 650
and 639 °C, respectively [24-27]. Both of these forms are metastable,

Table 1
Comparison between additional far-infrared frequencies registered in this paper
and experimentally and calculated frequencies from the literature.

Phonon peaks Experimental literature Calculated phonon Description
This work values of phonon frequencies [em™1]
[em™1] frequencies [cm ']
120 120 [21] 120 [21] Bi4O7 [21]
118 [22] a-Bir O3
[22]
124 [21] $-Bi2O3
[21]
161 157 [21] y-BizO3
[21]
166 [23] y-Bi>03
[23]
278 279 [22] -Biy03
[22]
281 [21] -Biy03
[22]
380 381 [21] y-Biz03
[21]
388 [21] Bi;0; [21]
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but may be stabilized at room temperature by the addition of impurities
[25].

Another metastable phase, which was also registered by our mea-
surements, is Bi4O7. This phase is a fully chargeordered pseudo-binary
bismuth (Bi®*, Bi®") oxide [28,29]. This mixed valence and the opti-
cal gap within the visible range (1.9eV) turns the Bi4O; interesting for
applications in photocatalysis. Also, because of strong luminescence at
about 420 nm Bi4Oy is a candidate as for purplish-blue light emitter
[30]. One of the following directions of research can be dedicated to this
topic as well.

It seems to us that in this way it is clearly shown that femtosecond
laser treating produces nano-objects consisting of different phases based
on bismuth oxide in a matrix of Bi;»SiOy single crystal. In the future, we
will search for new functionalities, which would open up new topics and
areas.

4. Conclusions

We used a femtosecond pulsed laser to modify the surface on a
Bi;2Si0y single crystal growth by Czochralski technique. The treatment
led to the formation of bismuth oxide based nanoobjects in the Bi;2SiO29
matrix. These nanoobjects are formed as nanocrystals with dimensions
below 20 nm in diameter and about 15 nm in height. By composition,
they are a-, -, and y-Bi»O3 and Bi4O;. The concentration of nanoobjects
increases when the power of the femtosecond laser increases. Applica-
tion in optoelectronics and optical sensor industry is expected.
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Abstract. The experimental study of the static and dynamic femtosecond laser ablation of the multilayer
15x(Ti/Zr)/Si system is reported. The layer-by-layer selective laser ablation mechanism was studied by
analysis of the surface morphology and elemental composition in static single pulse irradiation in a range
of pulse energy from 10 to 17 J. The selective ablations, as number of concentric circles in modified spots
are increased with the pulse energy. The boundary between the circles was shown a change in the depth,
comparable to the thickness of the individual layers. Changes in the elemental composition at the edges
are associated with the removal of the layer by layer. The dynamic multipulse irradiation was observed via
the production of lines with laser-induced periodic surface structures (LIPSS) at different laser parameters
(scan velocities and laser polarization). The spatial periodicity of the formed LIPSS depends on changes
in the effective number of pulses and laser polarization, as well as the nature of the material. For better
interpretation of the experimental results, simulations have been conducted to explore the thermal response

of the multiple layered structure 15x(Ti/Zr) after static single pulse irradiation.

1 Introduction

Micron and nano-scaled surface structuring confer
additional functionalities to the material in terms
of mechanical improving, bioactivation and photonic
selectivity. Ultrafast laser surface modification has
become a powerful tool in high quality surface tex-
turing of a wide range of materials including met-
als, ceramics, semi-conductors and plastics [1-4]. The
material processing such as ultrafast laser-surface struc-
turing can enable specific features of the materials
including extraordinary surface wettability, reduction
of friction and wear, improve corrosion resistance, col-
orization of metallic surface, and also improve solar
cell performance and activation of biomaterials [5-8].
Simply by irradiating different materials with ultra-
short laser pulses in the various ambient conditions,
the following surface structures can be formed: ripples,
grooves, spikes, bumps, cavities, nanoparticles and cel-
lular structures. The creation of these structures dur-
ing the laser processing is caused by thermal and non-
thermal processes such as plasma formation, interfer-
ence effects, Coulomb’s explosion, surface plasmon gen-
eration, surface tension gradients, as well as hydrody-
namical effects [9-11].

#e-mail: spetro@vin.bg.ac.rs (corresponding author)

Laser ablation of solids is a complex process of remov-
ing materials in combination by evaporation, melt-
ing, explosion and exfoliation of materials, while the
interaction mechanism is determined by the nature of
the material and applied laser parameters. Laser pulse
duration plays a critical role in the ablation of materi-
als. The ablation process induced by nanosecond laser
pulses generates huge heat-affected zones (HAZ) with
a wide molten area of metallic materials due to their
large thermal diffusivities [12]. However, femtosecond
laser ablation results in precise modification without
collateral damages, due to suppress heat diffusion to the
surroundings of irradiated regions, which significantly
reduces the generation of a heat-affected zone (HAZ).
In femtosecond time domain the excitation of multipho-
ton and avalanche ionization together with free electron
heating are occurred, but without significant changing
the lattice temperature [13-15].

In addition, after multiple-pulse laser ablation it
is possible to generate laser-induced periodic surface
structures (LIPSS) on numerous types of materials
attractive for many applications. Irradiation of metal-
lic surfaces by linearly polarised ultrashort laser pulses
can induce shallow periodic corrugations with sub-
wavelength spatial periods [16,17]. When the spatial
periodicity of LIPSS is almost equal to the laser wave-
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length, they are classified as low spatial frequency
LIPSS (LSFL). The creation of LSFL is explained
by the interference between the incidence laser beam
and the surface-scattered electromagnetic wave, which
induces a periodic variation of laser intensity along
the surface. On the other hand, high spatial frequency
LIPSS (HSFL) has much smaller spatial periodicity.
Several interpretations have been proposed for their cre-
ation, such as self-organization, second harmonic gen-
eration, excitation of surface plasmon polaritons, and
Coulomb explosion [18-20]. Lately, the progress in the
field of ultrafast laser processing based on ablation
is very important, including surface micro- and nano-
patterning as well as 2D-surface and 3D-volume pro-
cessing.

An unusual form of the material, like nano-scaled
metallic multilayer thin films, attracts attention to spe-
cific applications in areas where superficial materials
are decisive factor. Mostly, metallic thin films possess
specific physico-chemical and mechanical properties as
high corrosion resistance, good radiation stability, satis-
factory hardness and porosity. Multilayer thin films are
suitable material for a wide range of application, as pro-
tective coatings, catalytic components, optical devices,
photovoltaic gas sensors, dye sensitized solar cells, in
biomedicine as implants and tools [21-23]. Multilayer
thin film is inherently metastable state and susceptible
to various surface modifications, especially laser pro-
cessing on the micro- and nanoscale by direct pattern-
ing in a very fast and cost-effective manner [24].

In this work, we study the possibility to achieving
the selective ablation as well as the formation of LIPSS
on the multilayer Ti/Zr thin films [25]. Layer-by-layer
selective ablation would be predicted from experimen-
tal results obtained after a static single fs pulse irra-
diation. The depth and elemental composition of the
ablated circular spots are comparable to the thicknesses
of individual layers as a part of the multilayer struc-
ture. The ablation study of the multilayer systems is
included a detail analysis of the influence of scan speed
and laser beam polarization on the spatial periodic-
ity of the formed LIPSS in ablative regime during the
dynamic fs irradiation.

2 Experimental

The multilayer structures composed of titanium and
zirconium layers were deposited in a Balzers Sputtron
IT system, using 1.3 keV argon ions and 99.9% pure
Ti and Zr targets. Before deposition the chamber was
evacuated to the base pressure of 1 x 10~% mbar, while
the Ar partial pressure during deposition was 1 x 1073
mbar. For substrate has selected a silicon wafer Si (100),
which was cleaned by etching in HF and immersion in
deionized water before mounting in the chamber. The
deposition of multilayers was performed in a single vac-
uum run, at deposition rate of 0.17nms~! for both Ti
and Zr components, without heating of the substrates.
The total thickness of the complete multilayer structure
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consisted of fifteen (Ti/Zr) bilayers was 500 nm, where
thickness of individual Ti and Zr layers were about 17
nm.

Laser processing of the multilayer 15x(Ti/Zr) thin
films was performed by two laser systems. One is the
Yb:KGW laser source Pharos SP from Light Conver-
sion. The surface of thin films was irradiated by focused
linearly p-polarised pulses with follow characteristics:
repetition rate of 1 kHz, pulse duration equal to 160
fs, central wavelength of 1030 nm and 40pm Gaussian
beam diameter. The other is Ti:S laser system Mira
900 by Coherent, a source of linearly polarised ~ 130
fs pulses with 76 MHz repetition, wavelength of 860
nm and 600 nm Gaussian beam diameter. Mounted
on a motorized, computer-controlled X-Y-Z translation
stage, samples were processed by laser beam at normal
incidence in open air environment. By irradiation of
Ti/Zr samples with different pulse energy/fluence and
scan velocities, i.e. number of pulses, respectively, for-
mation of spots and lines were included. In each line,
energy per pulse was assumed to be constant, since the
pulse energy deviation was less than 1%.

Detailed surface morphology after irradiation was
examined firstly by optical microscopy, and then by
scanning electron microscopy (JEOL JSM-7500F,
equipped with energy dispersive X-ray spectroscopy—
EDS—by Oxford Instruments INCA, and Tescan MIRA3
SEM). The laser-modified and ablated surface profiles
were studied in 2D- and 3D-modes using an optical pro-
filer 7300 SWLI (Zygo).

3 Results and discussion

The effects of morphological changes induced during
the static single fs pulse irradiation performed on the
15x(Ti/Zr)/Si system were examined through the spots
made at the different pulse energies (Fig 1). For all
applied pulse energies, a circular ablated spot with
a distinct sharp boundary between unmodified and
ablated areas occurred. The lowest absorbed pulse
energy (10pJ) exceeds the kinetic energy of the removed
material, whereby the ablation occurs in the form of a
very shallow and flat crater (Fig. 1a). With an increase
in the pulse energy, the number of concentric circles in
observed individual spots increased (Fig. 1b—d), which
can be attributed to the selective ablation of the mul-
tilayer 15x(Ti/Zr) /Si system. However, the number of
circles (four) is same for pulse energies of 15nJ and
17nJ, and with further increasing of pulse energy the
number of circles remains constant, whereby for suf-
ficiently high pulse energies the circles disappear. For
the given range of pulse energies, the spot diameters
had values from 27 to 47 pm. According to the estab-
lished procedure, the ablation threshold fluence Fyj, can
be experimentally determined by representing squared
diameter of the ablated areas D? as a function of the
logarithm of the applied pulse energies E,, for the fs
laser pulse and Gaussian distribution [26,27]. The cal-
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culated ablation threshold fluence for the multilayer
15x(Ti/Zr)/Si system is Fy, = (220 + 40) mJ cm 2.

Simultaneously, the selective ablation of multilayer
system can be recognized in the corresponding depth
profiles displayed with SEM images (Fig. 1). Maximum
depth in the centre of spots is gradually rising with
pulse energy. The height/depth of the removed mate-
rial almost match with the thickness of as-deposited lay-
ers (thicknesses of individual layer were 17 nm), these
insignificant deviations can be attributed to measure-
ment errors (~ 5% deviations in the profilometric mea-
surement). The differences in dimension (height and
width) of the ablated steps originated from a differ-
ent distribution of energy in Gaussian profile for given
pulse energy. The boundaries between the ablated steps
closer to the central part of the spot indicate a par-
tial melting of Ti and/or Zr layers (Fig. lc, d), also
can be consequence of Gaussian energy distribution.
The arrangement of concentric circles corresponding to
selective ablation can be related to Gaussian spatial
beam fluence profile, which is schematically presented
in (Fig. 2.) [28]. The fluence of each ablated area was
estimated from Gaussian profile (Fig. 2) and calculated
by F = Fo exp(—2r?/w?) equation for surface modi-
fication obtained at a pulse energy of 17uJ and the
fluence at the centre of 597mJcm™2 [28]. The esti-
mated values of ablated steps from periphery to the
centre are F; = 342mJcecm™2, Fy = 418 mJem ™2 and
Fs = 503 mJ cm—2.

The EDS analysis of the 15x(Ti/Zr) /Si multilayer
system was performed in order to compare the differ-
ences in the elemental composition of unmodified mul-
tilayer thin film and the ablated steps for the spot
made at the average pulse energy of 17 J. The EDS
spectra recorded at particular points in the different
steps are given in Fig. 3. Obviously, the ablation effects
observed from periphery to the centre of the spot are
confirmed by gradually increasing of the relative con-
centration of silicon [in spectrum 2, peak for Si (Fig. 3)],
is attributed to the contribution of the substrate in
regard to unmodified area of the 15x(Ti/Zr) /Si mul-
tilayer system. However, the relative concentrations of
Ti and Zr change quite differently, in the ablated steps
where the concentration of Ti decreases, the concentra-
tion Zr remains unchanged and vice versa. The concen-
tration of Ti decreases in first and third steps, while in
the second step is recorded the reduction of the Zr con-
centration. These distribution of the Ti and Zr contents
through the ablated steps indicate that the layer-by-
layer selective ablation are occurred during the static
single fs irradiation of multilayer 15x(Ti/Zr) /Si thin
film.

In the fourth central step, the concentrations of Ti
and Zr simultaneously decrease, indicating the peak flu-
ence is high enough to cause the mixing of components
between the layers. Additionally, with decreasing con-
centrations of the main components (Ti and Zr) from
periphery to centre of spot, the quantity of bonded oxy-
gen is increased, which is also associated with Gaussian
energy distribution for given pulse energy. Due to the
intermixing of components and higher content of oxy-
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gen in the central area of ablated spots, it is expected
that an ultra-thin layer composed of Ti and Zr oxide
phases is formed at the bottom of the ablated centre
[29].

Effects of the dynamic fs modification of multilayer
15x(Ti/Zr) /Si system is considered during the forma-
tion of lines with different scan velocities at the constant
pulse energy (2.5n J) and with laser beam polarisation
parallel to scan direction. For the selected scan veloci-
ties range (0.5-3 mm s~1), in all cases, the creation of
the laser-induced periodic surface structures (LIPSS),
oriented normally to the direction of laser polarization
have occurred (Fig. 4). In the midline, the well-defined
LIPSS (LSFL) are created, originating from an inter-
ference of the incident laser beam with surface electro-
magnetic wave excited during the laser irradiation [30].
Created ripples are oriented parallel to the scan direc-
tion and their length almost coincides with the width
of the lines for lower scan velocities. The formation of
ripple surface structures is followed with the significant
ablation of multilayer 15x(Ti/Zr) /Si as well as hydro-
dynamical effects system, but ripples are somewhere
covered with nanoparticles with dimensions of up to
100 nm. The ripples mainly are formed on the surface
of Ti/Zr thin film although the ablation of materials is
significant, at the highest scan velocity with the effec-
tive number of pulses was Neg = 266 (Fig. 4a). The
concentration for Ti and Zr components recorded by
EDX method, are reduced (for 40 % wt.) in compare
to the unmodified surface of the multilayer 15x(Ti/Zr)
/Si thin film. With a reduction of the scan velocity, the
ablation of the material is enhanced, whereby the Ti/Zr
thin film for the lowest velocity and the highest effec-
tive number of pulses (0.5mms~! and Neg = 1600) is
completely removed and the ripples are formed on a sil-
icon substrate (Fig. 4d). Furthermore, in the midline,
made with the highest pulse number, a starting stage
of the regularity failure of the ripple structure and/or
formation of the grooves can be recognized as appear-
ance of clusters on the surface of silicon. In this case,
the EDS analysis was shown that the concentrations of
Ti and Zr components dropped to zero, while the con-
centration of Si increased with the presence of oxygen
in a relatively low concentration (about 5% wt.).

The fs modification in the form of lines, obtained
with another laser polarisation (changed for 90°) and
with all laser parameters same as in the previous case,
has shown a very similar morphological characteristics
and composition changes (Fig. 5). The ripples as LSFL
are oriented along the scan direction, but perpendicular
to the laser polarization. For higher number of applied
pulses, the ablation becomes more intense, e.g. with
an effective 1600 pulses for a scan velocity of 0.5 mm
s~1, the thin film is completely ablated and the ripple
structure is formed on silicon. For the given laser polar-
isation, the modulation of ripples can be recognized
in the sense that their length changes for the differ-
ent scan velocities. This modulation can be associated
with the number of overlapped pulses for various scan
velocities, which would mean that the ripple lengths
would be shortened with the scan velocities due to the
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Fig. 1 SEM images and corresponding profiles at the surface of 15x(Ti/Zr)/Si multilayer system for spots made by
femtosecond laser pulses at different pulse energies in follow range a 10wJ, b 12nJ, ¢ 15pnJ and d 17pJ

F(r)

Fig. 2 Illustration of Gaussian fluence profile for laser ablation at pulse energy of 17 wJ

increase of the overlapping factor. The ripple lengths
are in the range of 4-9 wm, where one number of rip-
ples is ended or other can be continued from bifurcation
points. These values of ripple length coincide with the
mean free path of excited surface plasmon polaritons
(SPP) for Ti irradiated with laser pulses at wavelength
of 1030 nm [30]. It has been found that titanium has
small SPP mean free path, which supports good coher-
ence between excited SPP and incident laser radiation,
favouring the formation of high regularity LIPSS [31].
The lines drawn by laser beam at different scan veloc-
ities, which is actually dynamic multipulse irradiation
with different effective number of pulses, induce the

@ Springer

creation of the laser-induced periodic surface struc-
tures (LIPSS) with different spatial periodicity. The
spatial periodicities of the created LSFL at the given
range of effective number of pulses have shown ten-
dency to reduction with their increasing, for both used
laser polarizations (Fig. 6). The reduction in the spa-
tial period is observed up to 800 pulses, afterwards for
the highest applied pulses (1600), in fact at the small-
est scan velocity (0.5 mm s™!), the spatial period in
both cases is increased. The sudden increase of the spa-
tial periods can be associated with the fact that the
ripple structures for a given scanning speed of 0.5 mm

s~! were created on a silicon substrate due to inten-
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Fig. 4 SEM images for the created lines during the fs modification at the pulse energy of 2.5uJ with different scan
velocities: a 3mm s~ ', b2mm s~ !, ¢ 1 mms ! and d 0.5 mm s~ *

sive ablation of the multilayer 15x(Ti/Zr) /Si thin film.
On the other hand, in the case when the scan was per-
formed parallel to the polarization direction, the peri-
odicity has a value higher approximately 100-130 nm
compared to the orthogonal scan in the polarization
direction (Fig. 6). Based on this experimental obser-
vation, it can be established that the spatial periodic-
ity of the formed LIPSS (LSFL) is quite sensitive to
changes in laser parameters (the effective number of

pulses and laser polarization), as well as the nature of
the material. The spatial periods varied in a wide range,
which depended on the number of generated carriers
in the conduction band of the laser excited materials,
and the applied laser pulses [32]. The density of gener-
ated carriers for excited multilayer 15x(Ti/Zr)/Si thin
film increases with increasing number of pulses, conse-
quently the ripples with lower periods occurred.

@ Springer
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Fig. 5 SEM images for the created lines during the fs modification at the pulse energy of 2.5 w J with changed laser

polarisation for 90° at the different scan velocities: a 3 mm s~ !, b 2 mm s~ *
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Fig. 6 Spatial periodicities of LIPSS in function of effec-
tive number of pulses, after fs modification with different
laser polarisation

4 Theoretical model-simulation procedure

To interpret the experimental observations, simulations
have been conducted to explore the thermal response of
the multiple layered structure 15x(Ti/Zr) after irradia-
tion with single laser pulses of pulse duration 7, = 160
fs and wavelength Ay = 1030 nm. It is also noted that
the multilayered structure is placed on a silicon sub-
strate (in which Tész) corresponds to its lattice tem-
perature). Due to the fact that the laser spot radius
is substantially larger than the film thickness, an 1D-
Two Temperature Model (TTM) [33] can sufficiently
describe the [34] relaxation process following electron
excitation due to laser heating through the following
equations:

(i) ()
00T 0 [, 0Te” \ _ A () _ i)
Ce ot 0z <ke 0z Ger (Te 7L )

+89D(z,t) [SP =0, fori>1]

oTs? 9 S oT -
(@) (i) L (i) (z) (4)
Cr ot 82 ki 0z GEL( —Tr ) <1)

@ Springer

,clmms !andd 0.5 mmst

1—R—-T)y/4log2F
VT

exp <—4log2 (t_Tj’Tp)z> exp(—az) 2)

(s) ()
while Cés)a:g—@ =2 <k(s) o ) describes the heat

Sz, 1) = &

dz

diffusion in the Si substrate. In Eqs. 1-2, T\ (Tg))
stands for the electron (lattice) temperature of layer 4
(1=1,3,5,..2n — 1 for Ti layer, I = 2,4,6,...2n for Zr
layer, for n = 15 Ti/Zr multilayer system). The thermo-
physical properties of the material such as electron and

lattice heat capacity, (C’éi) ,C’g)), electron and lattice
. . o ‘ N2
heat conductivity (kéz) = kgf)) (B(’)TIE”/ (A(’) (Te(l))

+B(i)T£i)>), k(Li) ~ .Olk:éi)), electron—phonon cou-

pling strengths (GSL)) and model parameters used in
the simulations are listed in Table 1. For Si, C’és) =

-2
10°(1.978+3.54 x 10747 — 368(T<LS)) ) [Jm 3K

and £ = 158500(7) " [JmlsIKTY [17].
Equations 1, 2 are solved by using an iterative Crank—
Nicolson scheme based on a finite-difference method.
For initial conditions, we choose thermal equilibrium
at T.(z,t = 0) = Tr(z,t = 0) = 300K. Adiabatic
boundary conditions are considered on the surface (at

. i (T
z =0, kﬁT” CLVIA k(Tl) oL — = 0). Furthermore,

at the interface between two layers, the following con-

ditions are applied: TéTi) = Tézr), T(Ti) = T(Zr)
k(:m) ar{™ _ plzn oTtA™ (1) oT (T k(Zr) 8T(ZT)

= ky s ke e
Whlle on the interface between the last layer (Zr) and
the substrate (Si), the following boundary conditions

are used: 75 = 7177 and k() 21— or” =k )aTa(ZT)
We note that in the above formulatlon for the sake of
simplicity, the inclusion of latent heat for evaporation
or melting has been neglected [17,35].

While Eq. 2 provides the general expression of the
form of the source term due to material heating with a
pulsed laser that includes the absorption coefficient «,
the reflectivity R and the transmission coefficient T' of
the material, the Transfer Matrix Method [34] is used
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Table 1 Simulation parameters chosen for Ti and Zr

Parameter Ti Zr

Ger, (Wm™3K™1) Fitting [36,37] Fitting [38]

Ce (Jm2K™1) Fitting [36,37] 2.78 T [39)

Cr (Jm™K™) 2.3521x 10° [40]  1.6952x 10° [40]

keo (Jm~'s™'K™Y)  21.9 [40] 22.6 [40]

T’melting (K) 1941 [40] 2128 [40]

Tbolhng (K) 3560 [40] 4650 [40]
Teritical (K) 15500 [41] 8650 [41]
A(sTIK™ ) Fitting [36,37] 3.41 x 10° [38]
B(s7'K™) Fitting [36,37] 5.16 x 102 [38]

to compute the optical properties of the top layer (Ti)
after irradiation with pulsed laser of 1030 nm by taking
into account the presence of the rest of the thin layers.
Calculations yield o = 4.89 x 10°cm™! [42], T = 0,
R = 0.43, that indicate that ~ 57% of the energy will be
absorbed in the first layer, while the transmitted part of
the laser energy into the second layer (Zr) is very small
and it is not sufficiently high to excite the electrons in
the rest of the layers (especially the second layer) and
produce meaningful results. This argument justifies the
use of a source term to describe laser heating only of
the first layer and it is assumed that laser energy is not
transmitted into the next layers.

The evaluation of the thermal response of the mate-
rial following irradiation with single pulses is performed
through the correlation of the simulation results with
the measured ablation. As noted in previous reports,
ablation may be associated to the lattice tempera-
ture exceeding the condition (~ 0.90T¢yitica1, Where
Teritical 18 the critical point temperature [17,35,43]
which is the temperature at which boundaries for gas
and liquid phase vanish). Another criterion also usually

Ti

Lattice Temperature [1 03K]

0 20 40 60 80 100
Depth [nm]

Depth [nm]
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employed is the boiling temperature of the material,
Thoiling, (i-e. the region of the material that is charac-
terised with lattice temperatures higher than Ti,iing is
removed [44]). Finally, non-thermal mechanical stress-
related processes (i.e. spallation) have also been used
to describe ablation [45,46]. Our simulations and com-
parison with experimental observations indicate that
the first layer (Ti) is totally removed at fluence F =
220mJem~2. This value corresponds to fluence that is
sufficient to raise the temperature of the upper layer
above Thoiling; therefore, the boiling temperature is
regarded as a reliable ablation threshold criterion. The-
oretical calculations of the lattice temperatures based
on the scheme described above yield a spatio-temporal
evolution that is illustrated in (Fig. 7a, b). The jump
of lattice temperatures at the interfaces is related to
the differences in the thermophysical properties of the
materials (i.e. heat conductivities, heat capacities) and
the electron—phonon coupling constants. It is noted that
only the first three Ti/Zr layers thermally respond to
the heat transfer (Fig. 7a). It is noted that to take into
account ablation, all lattice points with temperatures
higher than the boiling point are removed and they do
not continue to heat up.

It is important to note that due to the fact that lat-
tice temperatures on the second layer (Zr) are lower
than the boiling temperature for Ti, no material is
predicted to be removed from the second layer. On
the other hand, it is evident that the lattice temper-
ature attained from a large part of the second layer
(Zr) for F = 220mJcm ™2 is above the melting point
of the material (2128 K). This indicates that fluid
dynamics and re-solidification processes are expected
to modify further the surface profile of the assem-
bly. Therefore, appropriate phase changes-related cor-
rections need to be incorporated into the model for
a more accurate description of the surface modifica-

0 4.5
4
<
™
50 35 2
g
3 3
i
100 25 2
§
2 g
8
150 15 5
3
1
0.5
200
0 5 10 15
Time [ps]

Fig. 7 a Spatial lattice temperature profile at ¢ = 15 ps, vertical dashed lines indicate the border of each layer. b Lattice
temperature field evolution in depth, perpendicular to the surface of the sample (white region indicates material removal;

horizontal dashed lines indicate the borders of each layer). (F = 220 mJ cm ™2

, Tp = 160fs, la ser beam wavelength is 1030

nm). Only six (three) of the fifteen Ti/Zr layers for the lattice temperature field (spatial temperature distribution across
the depth) are presented as thermal response at greater depths is minimal
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Fig. 8 a Spatial lattice temperature profile at ¢t = 3 ps, vertical dashed lines indicate the border of each layer). b Lattice
temperature field evolution in depth, perpendicular to the surface of the sample (white region indicates material removal;
horizontal dashed lines indicate the borders of each layer). (F = 600mJcm™2, 7, = 160 fs, Laser beam wavelength is 1030
nm). Only six (three) of the fifteen Ti/Zr layers for the lattice temperature field (spatial temperature distribution across
the depth) are presented as thermal response at greater depths is minimal

tion processes and determination of the morphological
changes. A thorough approach requires the inclusion
of Navier—Stokes equations (to describe fluid dynam-
ics) and relevant equations to account for evaporation
[17,47-49]. Furthermore, in order to describe effects due
to scanning an appropriate modification to the model
and the intensity profile should be incorporated [50].
Certainly, a more rigorous description of the thermal-
ization processes, a microscopic analysis of nonequilib-
rium phase-transition mechanisms through the use of
hybrid molecular-dynamics-TTM models [51] should be
considered towards providing a complete picture of the
ultrafast processes.

Nevertheless, as the predominant objective of the
work is to demonstrate that the laser energy used in
the experiment is sufficient to remove the upper layer,
simulations are performed, to first approximation, by
ignoring hydrodynamics-generated effects.

The thermal response of the irradiated material
is also explored for a higher value of fluence, F =
600 mJ cm~2 to evaluate structural effects on the second
layer (Zr). Simulation results demonstrate that apart
from the upper Ti layer that is removed, a small por-
tion of the second layer (Zr) of thickness equal to 10
nm is also ablated as the attained temperature exceeds
the boiling point (Fig. 8).

5 Conclusion

The static and dynamic femtosecond laser ablation of
the multilayer 15x(Ti/Zr) /Sisystem were experimental
and theoretical analysed based on morphological and
composition changes. Selective layer-by-layer ablation
was recorded during the static femtosecond irradiation,
applying pulse energy in range of 10-17 wJ. The circu-

@ Springer

lar ablated spot with a distinct sharp boundary between
unmodified and ablated areas occurred in the form of
shallow and flat crater. The tendency of increasing the
number of ablated concentric circles continues up to
pulse energies of 15 pJ and 17 nJ, whereby for suffi-
ciently high pulse energies the circles disappeared. In
the theoretical simulation of the static fs modification,
it is established that the maximum achieved tempera-
ture in the first top Ti layer was comparable to Thiling
and the experimental observation that the Ti layer is
completely removed was confirmed at the fluence of
ablation threshold.

The dynamic femtosecond irradiation of multilayer
15x(Ti/Zr)/Si structure is considered during the for-
mation of lines with different scan velocities at the con-
stant pulse energy (2.5 pJ) and with both laser beam
polarisation (parallel and normal to scan direction). For
the selected scan velocities range (0.5-3 mm s™1), in all
cases, the creation of the laser-induced periodic surface
structure (LIPSS) was recorded, but with different spa-
tial periodicity. The reduction in the LIPSS periodicity
was continued up to 800 pulses, when the periodicities
in both cases are increased due to the LIPSS generation
on Si substrate.

The selective layer-by-layer ablation at static fs modi-
fication and LIPSS forming conditioned by the dynamic
fs irradiation regime may provide an additional direc-
tion for controlling and optimizing of the laser texturing
of the complex systems.
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Mnogobrojni metodi transformacije energije, koji se danas koriste prakticno u mass media i
istrazivanjima u raznim savremenim disciplinama zasluzuju analize sa nekoliko aspekata. Jedan od
aspekata prakticne prirode je poboljsanje karakteristika konstruisanih/ostvarenih senzora i kompo-
nenata u praksi, a drugi pitanje transformacije energije i filozofski posmatranog ,,pozitivnog ili
negativnog pravca’’.U radu se analiziraju odabrani problemi i problematike, sa teorijske i praktic-
ne tacke gledista, potkrepljene i eksperimentalnim pristupom.

Kljucne reci:konverzija energije, metodi, otpornost materijala na zracenje, modifikacije, elion

Versatile methods of energy transformation, among which some of them currently are used
even in mass media and in researches at different contemporary disciplines, deserve further analyz-
ing from few aspects. One of the practical approaches is improving the characteristics of designed
sensors or components which are present in praxis, while the other is the question of transforming
of energy, as some would to say "from the philosophical view as positive or negative direction*. In
this paper are analyzing the chosen problems from the theoretical and practical view points.

Key words: energy transformation, methods, material hardness, modification, elion

1 INTRODUCTION

The topics, which have nowadays an impact on our planet, historically are interlinking for
millenia. However, this need not influence our approach to begin from the first days of the Earth.

On the level of fundamental subjects at technical faculties, some assessments looked futuristic
at the beginning, but after 50-100-150 years; the problems commonly evaluated for the educational
purposes became a main basis for investigations in a lot of branches through many terms. Some
questions as like: a) what would happen to the level of hydrosphere after melting of glacier ice?, b)
rate of human hair growing, ¢) the Earth's temperature increasing due to human activity, arose at the
end of previous centuries, set down from the people dealing with black body radiation. Today they
became the objects of discussion in Space investigation, for energy resources, and the scenario for
the future is accelerating.

In Tabs 1. And 2, the parallel between some of the main energies is drawn in contemporary
sources — renewable or not — and the discussions are about the question of the place of the geo-
thermal energy whether it could be approximate to solar energy or not. Which of them is most ac-
ceptable? There are many parameters used for the comparison of the energy (kind, resources, etc.);
which energy is more positive, which transformations are appropriate, logical, practical, technically
feasible, expensive, cheep and all of those should be considered dynamically. Looking at the energy
scale, the coherent energy is the most sophisticated, than follows nuclear, while chemical is some-
where in the middle, and thermal is behind them for about two levels. The direction of development

" Corresponding author: esreckov etf.rs
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is going from the lower to a higher, and such approach is considered as a positive, while in opposite
direction logically is not recommended.

Some parallels are drawn for three energy types; the basis is to consider the processes of final
energy through chain processes, beginning from the starting acts, selected attributes (or technically
defined parameters) and transformations, to the final results of quantified energy. The definitions of
the coefficient of merit are not included in this consideration [1, 2].

Table 1. Comparative analysis of branched chain processes.

Comparison pa-
rameter

Chemical process-
es

Nuclear processes

Electromagnetic
processes

Comment

Super-critical pro-
cesses

Self-accelerating
reaction

Self-accelerating
reaction of the
fission processes
of heavy nuclei

Self-amplification
of coherent in-
duced radiation

Term Critical has
many interpreta-
tion

Active center
(AC)

Free atom or radi-
cal

Moderate neutron

Quant of induced
radiation

Act responsible
for multiplication

Reaction of ob-
taining new ACs

Fission of heavy
nucleus with
,,neutron evapora-
tion*

Transition of par-
ticles () with
emission of quant
of stimulated
emission

AC quantity dur-
ing one act

2.5 (mean value
for ng)

2

Nonlinear and
multi photon pro-
cesses have to be
discussed

Cause of chain
break

AC loosing during
interaction per
volume on vessel
walls

Parasite absorp-
tion AC through
collisions and
leaving the system

Parasite absorption
AC through colli-
sions in resonant
system

Conditions of su-
per-criticality

Rate of generation
of free radicals or
atoms of higher
velocities

Prlr_na(r]y_flssmn
excited in mean
more that one post
acts

Number of acts of
induced radiation
exceeds the num-
ber of acts in no
inverse milieu

Energetic reservoir

Energy of chemi-
cal bonding

Energy of nuclear
forces

Energy of excited
particles in no in-
verse milieu

Final result of
PCP disintegration
in energy reservoir

Molecular trans-
formation with
release of energy
of chemical bond-

ing

Fission of heavy
nuclei with release
of energy of nu-
clear forces

Transition of in-
verted milieu in

equilibrium state
with coherent ra-
diation emission

Table 2. Processes with high power extraction

Science Type of the process Field

Chemistry Thermal inflammation Branching

Physics Thermonuclear synthesis Chemical RCP realizes in atom-
ic reactor and atomic explosion
processes

Physics Thermal radiation at high tem- | Electromagnetic RCP realizes

peratures

by lasing of various wavelength
by transitions
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2 APPLICATION OF COHERENT/NON-COHERENT ELION BEAMS RADIATION FOR
INCREASING PERFORMANCES OF COMPONENTS
(DETECTORS, SOLAR CELLS, FIBERS) AND SYSTEMS

Many experiments have dealt with the facts related to doses (exposition, absorption) of elion
techniques and amelioration of components (detector, fiber, contact, integrated circuits,) character-
istics. It means that various beams (of accelerated/no accelerated particles: nuclear particles, radia-
tion, laser, maser/microwave) and their actions are evaluated through different parameters. It is im-
portant to distinguish whether the beam is coherent or not [3-18].

As stimulated processes are related to the whole electromagnetic spectrum, the parallels be-
tween spontaneous and stimulated processes/irradiations could be drawn always, because features
can't be viewed only as ,,quantitative* but as joint actions of electric and magnetic fields associated
to the EM wave of ideal coherent (or often polarized) characteristics. The actions lead to the modu-
lation of the organic and inorganic materials and most important, they influence the biosphere.

2.1 Solar cell irradiation/processed/modificated by laser cells

The influence of power laser which irradiates photovoltaic cell is mostly focused to enhance
their performances. Here, only few examples are presented, where modulation or laser damage are
useful for laser operation. Irradiation by laser beams influences the characteristics of sensors, solar
cells, fibers, etc. In Figs. 1-4, are presented 7 steps of solar cell tailored by laser beams, and chosen
characteristics of laser action, some details of the processes (etching and other processing methods).

-

) Cleaning & texturing

PSG

(6) Laser doping

(2) POCI3 diffusion

= Al
(6) Screen-printing & cofiring

) Residual PSG etching

Laser beam
~ARC ( SiNy ) ﬂ ﬁ

(4) PECVD SiNyx (7) Edge isolation

Figure 1. 7-steps processes in laser tailored emitter solar cells [14,15]

The seven steps of the process are:1:Surface cleaning and texturing, 2. Shalow doped POCIs
emitter,3. Phosphosilicate glass PSG removing, 4. SiNx antireflection ARC deposition, 5. Laser
doping, 6. Screen printing,7. Edge isolation.
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Figure 2. Ablation rate versus Fias laser beam fluence for femto-second laser regime [14,15 ].

Bulk Mo and a 500nm Mo layer on a glass substrate were specimens for solar cells treatment.
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Fig. 3. Ablation channel on a Mo/glass sample machined by femto-second laser beam for velocities

Laser fluence (J cm‘z)

for f=50Hz and Fias=0.17Jcm [14].
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Figure 4. [14]. Morphology of material depending on laser fluence and laser pulse number.
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(Zmax etching depth is presented as the efficiency potential of SE compared to standard cells
by reducing the finger with wr. Some differences exist between simulations and measured data. The
fine line metallization could be provoked efficiency increase for 0.7%, i. e. to be in the range
~18.8%.[14]

Industrial application understands waver processing time as 1s, laser doping of 15.6x15.6cm
wavers require pulse repetitions rates ~ 30 kHz.

SR A I (50 M S| RS (S | WS e N b T | B L [ A

\\ selective emitter solar cell ]
AN

186F AN

18.8

ks ‘ \~';’-;\'\\' experimental
18.2 Ny

18.0 |4

cell efficiency n [%]

[ o
17.8 3R
0'00
5

17.6 R[5

standard solar cell

Ll 1 1 I O )

0 20 40 60 80 100 120 140 160
finger width w, [um]

17.4

Figure 5. Simulated cell performance/ efficiency cell versus finger width wt. [14].

2.2 Implementation of coherent radiation in the producing of fiber structures

a) Dimension control of optical fibers, textiles yarn, metal or dielectric wires, resistors, new
complex materials, etc. is performing for a long time by laser techniques. By the implementation of
diffraction effects in automated processes, diameter, hairiness and other industrial parameters are
controlled. Faults in products can be controlled in 1-3 D geometries. It is interesting that the algo-
rithms linked to the search of airborne missiles in Space are similar to the algorithms of the search-
ing of the faults in weaving by implementation of similar basic estimations.

b) Material and system dispersion. Laser techniques use determine the dispersive character-
istics of the materials, including optical fibers links.

c¢) Failure development Failure growth in systems and components is also monitored by us-
ing optical nondestructive techniques in real time. The title optical NDT techniques widely replace
other methods; but they use all modern nonlinear methods and couplings: electro-optics, photo-
elasticity, magneto-optics, piezo-optics. Note that, on the other hand, laser processing of magnetic
material performances is the most acceptable. LAMMA techniques in combination with electron
microscope and time of flight spectrometry, gas chromatography, FTIR are unavoidable today in all
technological standard investigations from ecology up to polymerizations, and metal bending,
ozone hole problems, etc.

Half Gafs
Temperyhime
A il
Apernze ! |
Laser power meter : IV amabyzer

\
Figure 6a System setup for laser irradiations of components/systems/fiber links.
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This is set up in general, and many details are in experiments different and more complex
(thermal control, half mirror /beam splitter to monitor the input laser energy/power ,oscilloscope,
laser type etc.)In Fig. 6a, b are presented geometry of the experimental equipment layout and output
characteristics of GaAs cell irradiated by laser [14, 15, 24, 25].
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Fig. 6b Currents density versus voltage .

Some facts of laser action to solar cell and other components are following:

- Thermal effects and electrical properties of nano-crystalline and polycrystalline Si solar cells
due to laser irradiation with 850nm were found.

- Photovoltaic receivers versus laser beam power in NTRS are changed after irradiation; de-
pendance on laser wavelength in given power range is weak for the response of solar cells (at
850nm for GaAs cells and cell without radiation damage were not so remarkable distinction in re-
sponse.

- Effects of laser patterning on properties of crystalline Si: Laser irradiation and ablation de-
creased the lifetime of photo-generated charge.

- Enhanced efficiency of the dye sensitized solar cells by is found for solar cell based on hy-
drothermally deposited laser irradiated carbon nanotubes.

Current / mA

-
Time /5

Figure 6c.

In Figs. 8 are presented some performances of GaAs cells after laser irradiations.Damages
during material breakdown or during the occurence of the effects of birefringence, drilling and cut-
ting of glass/plastic optical elements (windows, Ineses, active materials, klirite, composites with
fillers, carbon components which laser beam can cut or drill).

The influence of ELION techniques and studying the influence of nuclear radiation and parti-
cles to optical fibers, devices and sensors within is always topic, but with time, more and more de-
tailed quantitative descriptions are formed.
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Figure.8 Temperature of GaAs cell versus time and incident power: 0.1435W (a), 0.405W (b) ,0.675
Wc) and 1.35W(d)[ ]

The number of descriptions of nuclear radiations together with high power laser facilities is
increasing. In those places the radiation and particles appear as the result of the interactions with
various targets. On-going repeated question of what is the most powerful laser is answered with the
fact that Japan is the owner of the most powerful laser facility. Standard division of scientific disci-
plines (nuclear, atomic) and is visible with the concept of optical chains and nonlinear effects [],
and metrology.

The other group of studies continues fundamental research and estimations by Monte Carlo
and similar approaches (4,) and begins with descriptions of optical defects provoked by radiation,
which is the research subject for a decade. PSD techniques, which divide nuclear radiations, here
would have something to say because the fields in which the fibers might be found frequently con-
tain neutron, gamma, beta , ..., beams [ 6, 45,46,]
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The third: One of more detailed research follows the dispersion through various electro-
optical measurement devices and controls [44], and in theory the areas of the materials are signifi-
cantly complicated with the inclusions of targets and nano materials in practical solutions of a cer-
tain element, component, sensor or share.

Another influence would be to use thermal vision camera online during irradiation processes
of fiber [47]and other elements while controlled or complex fields in the vicinity of fiber exist. The
transmission of telemedical images is under influence which is always coupled with great doses
around patients and measurement instruments with great magnetic or electrical fields and aberra-
tions.

3 LASERAND DETECTION OF TRACES BY SOLID STATES
BY NUCLEAR DETECTOR

Structural formulae of copolymers based on TPD (poly DPD-DPX,TPD PPV), Progressive
waves and lasing effect (Pencoffer),Spectrometer with Hadamard transformation (I Xiang

Typical application of nuclear physics is linked with nuclear detectors. During search for an
exotic complex, it is possible to improve the plastic detectors in the sense of decreasing the time of
etching/reading.

3.1 Research of heavy components of cosmic radiation is one of the first areas of
Solid-state nuclear track detector

SSNTD implementation. Research with SSNTD are grouped in:

-spectrometry and dosimetry of heavy ions in cosmic radiation; in order to draw conclusions
of the beginning and the evolution of space on the basis of the abundance relative abundance of
elements; in the case of dosimetry, it is used to examine the influence of this type of eadiation to
humans and sensitive equipment in cosmos.

-search for new particles and complexes like monopols, heavy antinuclei, superheavy ele-
ments, quark-nucleon complex or supermassive complex of subnuclei; range and ionizing powers in
some cases are theoreticaly calculated for trace detectors.

!
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Figure 9 (No completely understand case ( Price and collaborat.1973-75y. periods.)

Fig.9 present unexplained case (in that time) in stack of 33Lexan detector, three of nuclear
emulsions and Tscherenkov radiator with film. Version on magnetic monopol is revided due to
found log. dependance od trace sizes. In Fig 10, detector performances are better considering the
etching time and sensitivity after laser beam exposition for defined time intervals [2].

Techniques of trace reading. The versatility of conditions and applications where plastic
SSNTD are in use and the versatility of forming the traces of nuclear particles lead to great number
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of systems for trace reading. Some are commercially available and greater number is specific for
laboratories. Fig.10 is one of the oldest but today there is many other experience of positive issue
[2,3,48]

Optical systems. Optical systems, linked to the following the traces of nuclear particles,
mostly is used for reading. These systems are numerous, from optical microscopes for manual read-
ing to systems which contain images. Fig. 3. Image and camera control, video adapter, video signal
adapter, camera control, video camera, focus, stopping motor and encoder, stage movement control,
manual control board, pixel addresses, three manual control boards, storage movement control and
step motor and encode, and encoder.

4

w

Sensitivity

N

1 1 1 1 1 L 1 1 1 1 1 1 1
60 120 180 240 300 360 420 480 540 600 660 720 780

Etching time
Figure 10.

LIS, Rydberg, Atoms, Lidar, Fibers for ecology and Space mineral and raw material pro-
cessing, especially flotation of metals, principally are based on classical chemical enrichment tech-
nology. Laser technology has found application in mining and geology not only for mineral detec-
tion or characterization but enrichment, especially when chemical treating represent on dangerous
process in regard to environment. Some specific methods are developed based on the nature of a
laser beam and provoked processes. (LIS, Rydberg atoms, LIDAR or fiber in solving many prob-
lems, as well as to powering sensors in explosive environment can be in some kind of group of
problems that are solving by laser techniques-). They are based on multi photon processes for ioni-
zation, isotope separation, actinides treating. The improving laser methods change the classical
chemical methods in enrichments [23] and coefficients of efficiency.

Efficiency and processess. In Table 3 is presented the efficiency of some lasing systems of
other choice of commercial lasers (Terrestrial) using data from various references and in Fig.11
diode pumped solid state lasers of higher powers..

Table 3 Efficency of commercial lasers.

Type Efficiency % Comments/Applications

ArT:ion 0.0001-0.01 Medicine, surgery, metrology, scat-
tering

CO2 5-20 Material processing

Cu vapour 0.2-0.8 Surgery, spectroscopy

Excimer ( noble gas VI 1.5-2

groupe)

GaAlAs semiconductor 1-10 Microelectronics, Mass media

HeCd (hole cathode) 0.002-0.014 White light

He-Ne 0.01-0.1 Mr(‘aérology, interferometry, medi-

Nd*":Yag, Nd’:glass 0.1-1

AlO3:.Cr*" 0.1-1
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Under the title ,,the most powerful laser®, different data appear. According to some data, it is
the laser in Lawrence Livermore National Laboratory in California, where parameters were 2 MJ
per pulse. This uvaser was designed for 1.875MJ (2.03MJ-with different lens). Obtained blast dam-
aged optics less than was predicted, Figs.12. Second pulse was obtained after 36 h of recovering (4-
step amplifications were used). Its energy was 1000 times higher than energy/power system in
USA. It was a part of investigation for fusion ignition.

a) b)
Figure 12

Tactical lasers Next important operation was obtaining a powerful beam of X rays, and the
expression of Ed Moses was that this was a significant demonstration from the point of view of en-
ergy, precision and availability. The experiments are considered as the endeavour for obtaining the
clean energy and decreasing the dependence on coal, oil and fission power plants. The nowadays
concepts of the development of sources of renouvable energy up to 2050 is presented in Fig.13.

Point of view tactical lasers. After prediction of Fig.13, follow return to tactical lasers that
are in the areas from new conceptions as laser reactor, nuclear pumped lasers , the most powerful
lasers and laser processes applied in military conceptions. The shortest pulses dynamics of devel-
opment up to near 2010y could be followed in Fig.14.
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Figure 14. Development of focused laser intensity: A- limits of laser intensity,calculated to cm? of
active materials; B-Relativistic optics, C-Bonded electrons, D-mode synchronization, E-Era of soft
electrons, F-quark era, G-Positron- electron era, D-Plasma era, I- Atomic era.

Consideration of qualitative and quantitative parameters is related to the laser weapons, too. It
is not a singular area of human activity but concerning that the research is related to high energies
(energy density) the researches had to be in connection to high energy plants, of the lower kind fol-
lowed by couplings according to technical possibilities. In the early years of second half of the 20™"
century (1965), the development of laser weapons emerged. Successful realization of laser cannon
(1972) and a successful testing have shown the possibility of destruction of airborne targets. Fever
induced by racket systems and defense in the world resulted in one of the most replicated scenario
with photos, with laser in systems of coarse and fine tracking, computer solutions of optical com-
puters and firing defense pulses for the protection of sky. From then more than 60 years have
passed. It would take long to reconsider and question what happened to the predictions Platform A-
60 followed and the first flights (1981) and in the beginning just the race between the east and the
west and then throughout the world. “’Star Wars’’ (1983). USA introduced the new project and the
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number of space related movies increase in the world. That meant the accelerated unprecedented
arms races of the superpowers. In 1984 the A-60 was first to use laser for destruction of the airborne
targets. The triple dagger laser weapon follows with high power pulses for attack photoconductive
guidance systems. CsF chemical laser comes to the fore. It is still in some answers to the question
about the most powerful laser in the world.

The era of the development of laser weapons in the world is connected to the year 1970 and
the years when certain issues were resolved concerning the enriching of uranium isotope, etc. This
enabled the issue switch of fission and fusion. The stand stating that this is only of interest for the
future faded. The future was approaching. In tab 5. commercial approach to lasers in industry, illus-
trated in Fig. x and in Tab. 2 were given as differences example efficiencies of laser processes de-
pending on the pump used in semiconductor lasers.

Laser efficiency is defined in the number of ways and systematically it could be considered
for the efficiency of the pump, amplifications, lamp,..[ ], microscopically of coarse macroscopical-
ly, etc. It varies from below 1% and theoretically trend towards 100%. When tens of % were
achieved it was considered as a success. The books of science fiction, Hyperboloid engineer Garin
the predictions of reality appeared and sometimes the order is as novel of movie and sometimes the
reverse. But it is becoming reality.

In 1965 on the screens of the country was a fantasy movie ‘’Hyperboloid engineer Gavin’’
based on the novel by Alexei Tolstoy. Not to follow the history era of the quantum electronics de-
velopment, but to commence with experiments and first masers around 1959, with Ruby laser 1961
and with Theodor Mayman. Awards followed and interaction of Russian and American scientist on
begetting them. The special design bureau Vympel was involved in the development, which by the
end of the 1960s was separated into an independent organization of the “’alser provile’” — TSKB
“Lunc’ (later — NPO ¢’ Astrophysics’’). After previous went the “’Terra’” and ’Omega’’ for the
destruction of missiles, aimed at aircraft, Sary-Shgan (Kazahstan) tests on polygon Tetra — works
for NGO ‘Alamy’’) with regard to air defence.

To hold here for a moment, but as the area is still in development, a conclusion is inevitable
that energetically the higher controlled energy densities on relatively lower frequencies are achieved
compared to the possibilities of the lasing transitions. The years 2016 and 2018 passed and at the
middle of the 2019 to remind that the data will be late. Most of the energy beams was eaten by
evaporation of moisture from the sea surface, because of which the efficiency was only 5 percent
for some processes is just an illustration.

Historical events of various breakages in the world will be left aside, but the ribbon remains.

For application in Space one pulse melts the part of the components of the systems and the
system is preheated.

Supposed stock in Russian army until 1995. Systems as the “’Soviet 1K17 mobile laser com-
plex’” could ‘blind’ the enemy optics and personnel, but not much more. Even quarrels began that
armed lasers are a real psychological area given that it threatens the enemy in scouting units, air-
craft [operators#, artillery gunners, snipers and other personnel who use optical systems).

Discussion about coefficient of laser/laser system efficiency, has many approaches and is ex-
pressed on various manner. Laser efficiency as defined, can be studied as partial, as in efficience of
some subsystems: pump, amplification, excitation bulb, microscopic, or macroscopic, output /
input, etc .[ ]. It can be smaller than percent, and theoretically to tends ~ 100%. When lasing was
obtained with 30%, it is considered as very succesfull. As for lasing pump and active material are
the most important, for chosen theoretical approach, in Table 4 some data is presented that illustrate
the problems/issues in semiconductor lasers;Table 5 present data for some most known laser types
based on various active materials.
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Fig.15 Energy level diagram of U atoms. (Odd parity transitions J=5 and 7).

Tab. 4 Energy conversion- Efficiency of semiconductor laser depending on pump

Pump Max- Pulse Max.densit |Max |Active |Spec. de-
im.output width y pump out- |layer mands/Comments
power put |thick-
L. . power | ness
Elektron.excitatio | —— ~ 0.3 10°-10° |(10'-10° 10° 10™-10" |Sizes of semiconduc-
n 3E, tor laser depends on
the pumping type
Optical excitation | o< ho, Cw |10 10° Ey'<ho,
1.photon generatio
excitation n
108-107
Optical excita- ho<2ho, [10°-10" |10 10°-10” |E¢’<2hm,
tion:two-photon
excitation .,
Injection 1 Cw  |10%10° 10.  |107°-10° |1)Elektroconductivit
eU generatio 102 |10 ¥ _
n ) Inject. contact
108-107 3. Electrical contact
breakdown — ~03 [10°-10" [10° 10¢  [10*-10° |1). Electrical contact
3E, 2) problems with
risetimes
3) nonstationary
conditions

In Table 6 are presented cyclotron based masers and some previour facilities.

Apparent success was achieved in equipping laser weapons with self-propelled tracked vehi-
cles. "laser tank™ could detect and attack the target, which has optoelectronic devices. The laser
strike was supposed to disable the enemy's guidance systems, making it unfit for use, and to blind
the gunner, damaging the retina of the eye.

New state armament program are in course. laser systems in 2018 are higlydeveloped from
1965, but still problems are heat excess, beam dispersion, dust, fume, (scattering centres are formed
). (Only first pulse can provoke melting of components of the systems and system is preheated)

Some systems have mobile reconnaissance unit using a laser locator to detect low-level at-
mospheric chemical contamination and non-lethal systems. It means temporarily blinding of ene-

mies.
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For the future, problems of the theoretical point of view should analyze photonic framework
in Handle Physical and Chemical Processes, Quantum Entanglement, Coherence, De-coherence,
RE-coherence and the roles of Multipartite Base Stones. [32, 41]

Tab.5 Chosen laser types and performances

Features CO:z laser Nd*":YAG laser I\ld“:YAG disc Fiber laser
aser

Active medium CO2:N2:He Crystal rod Crystal disc Doped Silica Fiber

Pump Gas discharge Lamp,Diode laser |Diode laser Diode laser

Wavelength, nm |10 600 1060 1030 1070

Max cw regime P, |15 6 16 50

kW

Spot dia,mm 0.15 0.3 0.15 0.15

Power dgnsity 84.9 8.5 90.5 113.2

MWcm®

Efficiency % 10 2 (Iampg 18 30*
6(diode

Delivery Free space Fiber Fiber Fiber

Table 6 Quantum generators

Laboratorija Frequency, GHz |Power, KW gggg}i/cient of effi- | Pulse width
Varnan 28 340 45 Cw regime
Varnan 60 120 38 Cw regime
Lab.VMS USA 35 340 54 lus

MTI 140 180 30 lus
Hudges 60 240 30 100ms

Prognosys to the 2050y. presenting the fractions/types of energies/power in the world and
state in our state [28,29 ] could be discussed in regard to laser processes of energy transformation.
Considering chemical lasers 2 possibilities are for investigation :theoretical calculations/simulations
for needed transition probability, searching of efficiency/cross-section [1,30, 36,- 40.] and the work
in large existing laboratory/facilities where strong experimental support, i.e. tactical lasers under
consideration could investigated.

Laser application for intiation of atmospheric falls. lightning , protection measures developed
with microwaves ranges contra natural falls, belong to these activities, but in all activities specific
sofisticated technical supports [ 42] are needed. Either there are a lot of activities with few real data,
for a long time will be seen the thunders on Evia island; when for a 24 hours 5000 thunder attacks
were recorded, damaged/destroyed solar panels and gasoline stations.

On the other hand all conceptions with stimulated radiations, conceptions via fusion, fission
and en volved aser processes including parametric, and exotic pumping, have to be paid attentions.
Solar laser excitations, seem that will have further effects including in Space investigations. But,
concentrator design should be further investigate as well as theoretical evaluation, calculations of
probabilities rate [19,20 ].

Nuclear pumped lasers deserve attention from the experiments with setting He Ne tube in
neutron field up to exotic excitation /pumping with gamma radiation, alpha and beta particles. In
particular are succesfully processes where preionisation is applied (with gamma and X radiations)
and the laser threshold decreases

Gammaraser. Especially place is admited to gammarasers, found under various names, besi-
des incorrect gamma lasers, gasers. Not that graser exist also, but the discussion with gravitation
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waves will be let from. Models are based on: Mdssbauer'gasers, nonmassbauers gasers, gaser
without threshold, electrodynamic lasers in Réntgen and gamma ranges. Speciall attention should
be paid to pumps and there is a difference if short living or logterm living nuclear isotopes are.

3.2 Discussion and Conclusion

Problem of electromagnetic pulses of nuclear explosions to electronical and power systems
from electro plants was actuel at the end of 20 centuary. By initiation of nuclear explosion beside of
shock, heat and radioactive action elektromagnetic pulse that was responsible for electronic and
power electrical facilities and equipment and systems. Discovering of quantum generators in the
middle of 20 centuary, has bring up the new conjuctions and more energetic processes. Now was
question in the field of hunman application of coherent energy. The question is also will be systems
installated into medical institution or in great laboratories will be installated medical equipment.
The questions about laser reactor and its conception of nuclear excitation of quantum generators,
and also sensitivity of nuclear sensors, have introduced a lot of new investigations, but it seems that
there are many unanswered questions, either the experiments have rich tradition and history, and
shown positive conjuctions. The energetic analysis is monitored for the future and for planning of
new types of energy transformations. EMINA and simulators are presented many evaluation with
parallels of strikes, as natural processes. There are investigations in atmospheric discharging by
using a laser, but this time the archeological finds are damaged. These analisys of processes and
trends could be expresed that the pulse of the most intensive laser systems are comparable with our
Derdap, but also with whole powering in USA. Dont forget that is only in the regions of femtose-
cond. Considering discussion of laser possible for nuclear fusion, discussion start with possibility of
Nd**: YAG /glass, COz, etc, but the smaller quant energy the higher number of beams should be
unified in irradiations of target of very small size; in this case, phase conjugated optics is unavoi-
dable. Reactor laser conceptions are more in simmulations than in productions, but the future will
give the answers.
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Abstract

An advanced laser remote sensing technique — LIDAR (Light Detection And
Ranging) is the most appropriate tool for providing range-resolved atmospheric
aerosol vertical distribution. LIDAR measurements of aerosol optical properties
with high spatial and temporal resolution give detailed information on the
occurrence and development of aerosol structures. In this study a brief introduction
of a lidar system developed at the Institute of Physics Belgrade in the past and the
new system currently operating, is presented together with several activities
conducted within European lidar network. The capacity and the experience from
measurement campaigns aiming to provide near real time data products and study
the changes in the atmosphere is also discussed.

Introduction

Clouds and atmospheric aerosols play an important role in the Earth's radiation
budget, thus quantifying the role of aerosols in climate system is crucial for better
weather forecasting and understanding climate change. The amount of scattered
and absorbed radiation (both incoming solar and outgoing terrestrial) varies
according to aerosol composition, size and shape distributions. The short lifetime
and large variability in space and time further contribute to the identification of
aerosol radiative forcing as one of the significant unknowns in our understanding
of climate change (Stocker et al., 2013). The complexity of the aerosol interaction
with the climate system makes it necessary to estimate its impact through the
integrated use of ground-level and airborne in-sifu measurements, ground-based
remote sensing, and space-borne observations in combination with advanced
numerical modelling. LIDAR (Light Detection And Ranging), an active remote
sensing technique, has proved itself to be the optimal tool for profiling height-
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resolved atmospheric aerosol optical parameters. Various aerosol lidar techniques
have been developed during the last several decades like backscatter lidar, Raman
lidar, depolarization lidar, and high spectral resolution lidar. Each type of lidar can
operate at one or multiple wavelengths. The LIDAR principle is based on laser
emission of short-duration light pulses into the receiver field of view. The intensity
of the light backscattered by atmospheric molecules and particles is measured
versus time (through the telescope receiver, collimating optics, a bandpass filter for
daylight suppression) by an appropriate detector. The signal profile is recorded by
an analog-to-digital converter or by a photon-counting device and accumulated for
a selected integration period, which may range from a few to thousands of
individual laser shots — spanning time intervals from seconds to minutes. In order
to establish a comprehensive and quantitative statistical data base of the horizontal
and vertical distribution of aerosols at European scale the lidar network called
EARLINET (the European Aerosol Research Lldar Network) was founded in 2000
(Pappalardo et al., 2014). The development of the quality assurance strategy, the
optimization of instruments and data processing, and the dissemination of data
have contributed to significant improvement of the network towards a more
sustainable observing system. Currently, EARLINET contributes to the Aerosol,
Clouds and Trace gases Research Infrastructure (ACTRIS), the pan-European
research infrastructure producing high-quality data and information on short-lived
atmospheric constituents. In this paper a brief review of atmospheric aerosol
remote sensing capacity over the past period at the Institute of Physics Belgrade
(IPB), Serbia, is presented together with short introduction on the methodology of
elastic backscatter and Raman lidar systems. In addition, experience from several
activities of IPB lidar station from dedicated measurement campaigns is described.

Methodology

The lidar equation for return signal P(4) elastically backscattered by air
molecules and aerosol particles is found to be

P(A,r)= P(,(/l)c@ B(A,r)exp [-zja(r Ydr } (1)
r 0

where Py(4) is the laser pulse power; C is a system constant (taking into account
the optics and electronics used); O(r) denotes the unitless correction function that
corrects the lack of coincidence of the laser beam and the receiver field of view for
ranges below the complete overlap height; » is the distance between the laser exit
and the point of scattering in the atmosphere; a(4,7) and [(4,r) denote the height
(distance) and wavelength (4) dependent extinction and backscatter coefficients
respectively. The extinction coefficient describes the ability of particles to scatter
or absorb light at a given wavelength while the backscatter coefficient (scattering
coefficient at 180", normalized to the unit solid angle) refers only to scattering
events. Backscattering and extinction are both caused by particles and molecules.
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While the molecular scattering properties can be determined with sufficient
accuracy from the available measurements of temperature and pressure profiles, the
aerosol backscatter f,(4,7) and extinction (A7) coefficients remain to be
retrieved. In lidar profiling, the most significant errors occur during signal
inversion, when the optical parameters of the atmospheric aerosols are extracted
from the lidar signals using a number of implicit premises and a priori
assumptions. Two a priori assumptions are necessary to allow the retrieval of
a,(A,r) and B,(Ar) profiles from the elastic lidar measurement. an assumed value
of the lidar ratio (aerosol extinction/backscatter value) and the reference range
chosen such that the particle backscatter coefficient is negligible compared to the
known molecular backscatter coefficient value. The main drawback of this method
is the fact that the extinction profile is estimated from the determined backscatter
coefficient profile.

The first elastic backscatter lidar system at the IPB was developed in 2008 as bi-
axial lidar system with transmitter unit based on a water-cooled, pulsed Nd:YAG
laser, emitting pulses of 100 mJ and 50 mJ output energy at 1064 and 532 nm
respectively, with a 20 Hz repetition rate (Fig .1). The optical receiver was the
Schmidt—Cassegrain telescope with a primary mirror of 304.8 mm diameter. Si PIN
photodiode FD5N was used to detect elastic backscatter lidar signal at 532 nm. An
interference filter with 3 nm bandwidth was used to select the lidar wavelengths
and to reject the atmospheric background radiation during daytime operation. For
analog detection, the signal was amplified according to the input range selected and
digitized by an A/D converter NI5124.

The described system was the first lidar system of that kind used for aerosol
profiling in Serbia. To overcome the limitation of elastic backscatter lidar
technique the so-called Raman lidar technique can be used and the profile of
particle extinction coefficient can directly be determined. Raman lidar measures
lidar return signals elastically backscattered by air molecules and particles and
inelastically (Raman) backscattered usually by nitrogen molecules. Whereas the
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elastic backscatter lidar is operational both at day and night, the Raman lidar is
mainly used during nighttime, due to the strong daylight sky background. The
determination of the particle extinction coefficient from molecular backscatter
signals 1is rather straightforward since neither lidar ratio nor other critical
assumptions are needed (Kovalev, 2015).

Fig.2. IPB Raman EARLINET joining lidar station.
In 2014 Raman lidar operating at 355 nm and 387 nm (N,) was set up at IPB,
establishing Serbian EARLINET joining lidar station (Fig. 2). The basic

characteristics of IPB Raman lidar are summarized in Table 1.

Table 1. IPB Raman lidar system components

Emitter Receiver Detection Unit

Nd:YAG . |LICEL TR20-160 (12 bit
Pulse laser Telescope type: Cassegrain,

(Quantel . at 20 MS/s), 250 MHz
source: imodel Raymetrics DK250

CFR200) fast photon

Detectors:

1064, 532, Telescope aperture: diameter: Plfoizrgfliti lier Tubes

Wavelength 355 nm 250 mm P

(Licel-Hamamatsu-
R9880U-110)
105/45/65 [Field of view:0.5- 3 mrad  [Detection mode: Analog

Energy/pulse , i
mJ (variable) and photon counting
Pulse 5 ns Fieldstop type: Circular - Iris [Spatial resolution (raw):
duration and Diaphragm, 3mm user 7.5 m
repetition 20 Hz selectable
Laser beam |15 mm Elastic wavelength 355 nm  |Full overlap: 250 m
diameter: (expanded)
Laser beam IRaman wavelength: 387 nm |Effective range:
. 0.33 mrad
divergence: (N>) 0.05 - 16 km
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As a joining lidar station, systematic aerosol profiling has started in 2014 mostly
for providing data for potential climatological studies as well as conducting
dedicated measurements during Saharan dust intrusions or assessment of planetary
boundary layer evolution (PBL) (Ili¢ et al., 2018). An example of such
measurement performed on February 19, 2014 is presented in Fig 3. together with
aerosol backscatter coefficient profile retrieved and dust load simulated by Dust
REgional Atmospheric Model (DREAM) (Nickovi¢ et. al, 2011).

Height (m)

19/02/2014 19/02/2014 19/02/2014 19/02/2014 19/02/2014 19/02/20:
Time

Emission wavelength: 355 nm Detection wavelength: 355 nm
Detection mode: an+pc, Temporal resolution: 60 s, Spatial resolution:

DREAMB—gssim: Dust load (g/m*) and 700hPa geopotential

Forecast base time: 12Z18FEB2014  valid time: 21Z19FEB2014 (+33) D SEEVCLC 8.0
=
b gt 70 1
6.0 -
’_‘S.D b
£
=
Bao
2
<3,D B
20 -
10 -
00
0.0E+00 2.0E-05 A4.0E-06 6.0E-06

Backscatter coefficient (mlsrl)

Fig. 3. LIDAR range corrected signal (above) and dust load over South Europe
estimated by the DREAM model (below, left) on February 19, 2014; backscatter
coefficient profile (below, right) retrieved for the selected time period (white
rectangle).
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Activities of the IPB lidar station

In addition to regular aerosol profiling mostly performed at the very beginning
after official joining the lidar network, several studies were conducted related to the
application of gradient method for the identification of aerosol layer, as well as the
evolution of PBL height (Ili¢ et al.,, 2018). The IPB lidar station also actively
participated in several measurement campaigns organized through the EARLINET
network.

The EUNADICS-AV experiment for NRT alerts

Following the existing needs, the methodology providing a tailored aerosol
products for aviation hazards based on high-resolution lidar data was developed
with the aim to provide the EARLINET early warning system (EWS) for the fast
alerting of airborne hazards (Papagiannopoulos et al., 2020). The application of the
EWS and the timely delivery of the EARLINET data were tested in real time
during the EUNADICS-AV exercise in March 2019. Each station submitted raw
lidar data to the Single Calculus Chain (SCC) server every hour, which were
automatically  available on the EARLINET  Quicklook  Interface
(https://quicklooks.earlinet.org/, last access: May 2022). The SCC is a tool created
inside the EARLINET network for the automatic analysis of aerosol lidar
observations (D'Amico et al., 2015). The primary goal of SCC is to offer a data
processing chain that allows all EARLINET stations to retrieve aerosol products
like backscatter and extinction profiles (measures of aerosol load) completely
automatically. The raw lidar data were processed in less than 30 min after the
measurement, enabling the timely delivery of the lidar data and the tailored
product. When the raw data was submitted to the SCC server, it was instantly
processed and made publicly available through the EARLINET portal in order to
launch the alert distribution. The exercise revealed the network's strength, which, if
activated immediately, can permit measurements in the event of natural threats for
aviation.

COVID-19 Campaign

A dedicated EARLINET measurement campaign was organized as part of the
ACTRIS initiative to study the changes in the atmosphere during the COVID-19
lockdown period in May 2020, in order to monitor the atmosphere's structure
during the lockdown and early relaxation period in Europe, and to identify possible
changes due to decreased emissions by comparison to the aerosol climatology in
Europe. The EARLINET near real time functioning was proven throughout the
campaign, based on earlier experience from the EUNADICS-AV exercise. The IPB
lidar station, along with 21 EARLINET stations, participated in the campaign by
providing vertical aerosol profiles twice per day (minimum two hours
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measurements at noon, and minimum two hours after sunset). The measurements
were submitted and analyzed in near-real time by SCC. The first analysis was
based on the data processed by the SCC and directly published on the THREDDS
server in NRT. The preliminary analysis made on aerosol lidar data shows that
simple comparison of the observed backscatter values with the climatological
values from 2000-2015 is not sufficient to extract a clear conclusion on how much
the COVID-19 lock-down has impacted the aerosols in the atmosphere, but a
certain effect in the lower troposphere can be seen.

Conclusions

Lidar systems are optimal tools for providing range-resolved aerosol optical
parameters and information on the atmospheric structure. The IPB lidar station is
the only lidar station for aerosol profiling in Wester Balkans matching EARLINET
quality control and quality assurance requirements. A brief description of the
station capacity and activities in a few measurement campaigns are presented.
Beyond the scientific goals of these campaigns, the actions organized by
EARLINET/ACTRIS (NRT delivery of the data and fast analysis of the data
products) proved that aerosol lidars are useful for providing information not only
for climatological purposes, but also in emergency situations. Although the IPB
lidar station is able to provide valuable data, automatization of the measurement
process and the upgrade to the multiwavelength lidar system are required.
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Apstrakt

Materijali, sistemi i komponente za transformaciju energije su veoma razliciti po dimenzijama i
principima funkcionisanja. Nekoliko generacija u mnostvu sistema i transformacija, prosirilo se,
cak generisuci nova imena od nekadasnjih samo pretvaraca, do aktuatora, senzora. Medu
savremenim sistemima i dalje su u upotrebi merni uredaji i komponente, koji se koriste u naucnim
institutima, kompanijama, aplikacijama u mass-media primenama, ali i dugogodisnji
fotomultiplikatori sa organskim i neorganskim kristalima. Tanki filmovi dozivljavaju Sirenje
aplikacija i oblika. Pored rada nekih sistema, u ovom radu se razmatraju vreme zivota za
razmatrane slucajeve, snopne tehnike i razlicite kombinacije tehnika. Razmatrani su neki rezimi
rada, kao sto su rad u Q-switch rezZimu, rezimu slobodne generacije, i cw, kao i izloZenost kratkim
impulsima elemenata na bazi Si / solarnih celija i drugih savremenih materijala, koji se ticu
transformacija energije. Razmatraju se povrede nastale odredenim vrstama lasera.

Kljucéne reci: Interakcija; transformacija energije; laserska ostecenja; modulacija
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Abstract

Material, systems and components for energy transformation are very different in dimensions and
principles of operation. Several generations in a multitude of systems and transformations, have
expanded, even generating new names, from former to actuators and sensors. Among contemporary
systems, measuring devices and components, used in scientific institutes, companies, mass-media
applications etc., but also long-standing photomultipliers with organic and inorganic crystals, are
still in use. Thin films are experiencing expansion of applications and forms. Besides operation of
some systems, in this paper are considered the time of life for considered cases, beam techniques
and various technique combinations. Some operation regimes, as operation in - switch mode, free
generation regime, as well as cw, are considered, as well as exposures to short pulses of elements
based on Si / solar cells and other contemporary materials, concerning energy transformations. The
damages caused with certain types of lasers are considered.

Key words: Interaction, energy transformation, laser damages, modulation

1 Introduction

From a historical point of view, it would be difficult to clearly present the state-of-the art of
the first acts of energy transformation made by human beings. One could begin with the expression
that people have started using solar energy even without being conscious about the closest star to
our planet. The next important second way to transform energy was related to the photo effect and
its explanation. It could be listed without selection whether it regards to a realized transformation,
proposed from the point of view of the theory, experiment and reality. In the part of the paper that
puts coherent light in the foreground, we will immediately have to consider non-linear effects in
addition to linear ones. This has repercussion that the basic laws which appear in education, from
the first years in school to the final university courses, have to be corrected or amended with terms
of various intensities and exponents. This means that the basic laws of optics appear along with
deviations, that is, relativism must be included somewhere, or quadratic (or even higher exponents)
along with linear terms, or a completely different modeling should be used. In some parts, catastro-
phe theory, chaos modeling, disintegrations and modeling where chaos transforms into coherent
states can be included [1-5L]

For detailed consideration of such concept, the approach to the interaction and materials
should be presumed with chosen principles of final outcome, of process efficiency and the defini-
tions of existing standard transformations, and respective materials, adequate to selected profiles of
interactions both with natural and artificial radiation, should be chosen. From this point, the meth-
ods for improving the emissivity of solar panels and photo-electric targets could be theoretically and
practically established.

2 Experiment

Two solar components were exposed to lasers in the IR and visible range in multiple modes of
operation in various dynamical regimes from cw to single- and multi-pulse in the same point (tar-
get) (Tabs. 1, 2).

Table 1. Series of experiments with femto second lasers.

Laser type | Coherent Mira 900

Possible parameters depelndlr\%g on the samples
5

Min power .

Pulse repetition 76 MHz

Wavelength 720 nm, 800 nm, 860 nm
Unfocused beam, linear polarization (horizontally)

Beam diameter I mm

Possible time of exposition in this experiment 15,358,558

For conclusion: the highest effects and damage occurred at 720 nm

360 * 11" ICREPS




Table 2. Series of experiments with Nd**: YAG laser; the case of solar cell materials with thin layer
and ms regime.

Laser of interest for medicine, e.g. Dermatology, Dentistry

Pulse duration t=20ms

Energy density: 300 J/cm-”

Pulse repetition: 1 Hz

Time of interaction/exposition: 10 pulses in the same Iocation

The damage 1s marked by black arrows

One group of the components that were related to the work of the laboratory (“Vinca”) were
exposed to: Cr**:Al,O3 and Nd*":YAG lasers. The macroscopic appearances of other group of the
components are given in Figs. 1 and 5, and partial analyses of the resulting damages after the expo-
sure was performed (Figs. 2-4, 6).

Figure 1. Device with a solar cell, macroscopic  Figure 2. Solar cell, damage appearance, mag-
view. nification 10x, industrial light microscope.

Figure 3. Solar cell, detail of damage appear-  Figure 4. Solar cell, detail of damage appear-
ance, magnification 30x, industrial light micro- ance, magnification 30x, industrial light micro-
scope. scope.
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Figure 5. Pure Si, 8066, macroscopic view of  Figure 6. Pure Si, Point P1 (uz3), damage ap-
samples. pearance, magnification 10x, light microscope.

3 Lumped circuits

Using program packages, like SPICE and MATLAB is an efficient way for modeling of processes
which include said devices (components) represented by their equivalent circuits[6]. In [7] the rate
equations for the quantum well laser were modeled by corresponding equivalent circuit satisfying
the same equations.

Many basic educationally courses cover the equivalent circuit theory as in [10-14]. A part of basic
theory for educational detailed modeling is presented.

Transient analysis was performed in SPICE for the step power supply. Some of the models used
for representing PV cell are shown in the Fig.7.

1 I I
— VW——= VW
TI pr I tll TI pr 1 {l‘ Rs + TI pr I d& Ir‘ Rs i

® ¥ D Rk N

a) b) 9)

Figure 7. Three variants of PV cell model: a) ideal single diode model; b) practical diode model
with serial resistance (Rs), c) practical model with serial and parallel resistance (Rs and R),) 6/

Before testing the PV cell for power characteristics open circuit voltage and short circuit cur-
rent need to be established[8, 9],which is a good practice in educative environments.

When measuring short-circuit current PV cell is short-circuited. From the model, it is clear
that the diode voltage is OV so it’s current is zero. Thus, current Ip is also a short-circuit current.
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Figure 8. Current-voltage (I-V) curve of a solar cell with specific points (short circuit, maximum
power and open voltage)

Figure 9.

Open-circuit voltage is measured with the opened circuit (resistance o). Then the PV cell is
connected to load. Measured current depends on the load value. On small loads, small voltage drop
leads to the conclusion that the diode is not operating, but the current equals to short circuit current
(or slightly differs). For large loads, the current decreases to zero. On medium loads, the current is
less than short-circuit current and the curve in I-V diagram shows a downward slope. In P-V dia-
gram (power vs. voltage), maximum value of P is unambiguously shown.

The short circuit current (i.e. [L current, light currentor photocurrent) depends on solar irradi-
ance. These values could be representing as a family of curves.

Figure 10. The short circuit current, as a family of curves, depends on solar irradiance.
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Determining the characteristics of the PV cell.
a) Measurement of short circuit current I, for different solar irradiance. Determining the de-
pendence of this current from solar irradiance G.
b) Measurement of open circuit voltage
c) Curve fitting for different G — movement of Pmax point.

Contemporary references cover many tasks in civil engineering, power engineering, sustainable
sources of energy i.e. many practical problems are solved where physical or chemical type of pro-
cesses can be recognized [18-23].

4 Interaction and simulation draft

In the early works, near the end of the last century, there was a search for the relief caused bya
certain type of laser and short pulses, which at that time were of the order of a few nanoseconds,
created a flat area around the damage, practically without accumulating ejected materials around the
edge of the crater.Comparing the same samples of various types of laboratory silicon, for regimes of
free generations (on the order of ms, with approximately 100 to 150 spikes), typical images with
accumulated layers of material around the crater were obtained.It was of interest to look for the pro-
file of the crater, which was neither a circle nor an ellipse.At that time, the relationship between the
incident injury and the theoretical spot in various materials was sought, and the ideal position for
focusing the coherent beam was sought.It is often suggested that the beam be concentrated at 1/3 of
the focal length below the surface.Since the application of lasers in connection with semiconductors
and their interaction with resistive components was in its infancy, and along the way trimming of
resistors, capacitors (and micro motors) were developed, many specific problems had to be solved
for the industrial use of a certain type of quantum generator, related to material with mass produc-
tion and dimensions prescribed tolerances.At that time, a large group of results appeared which
showed the dependence of the lattice and the shape of the laser injury, macroscopically.

Many references show characteristic cases, where we had the influence of beam polarization,
differences in material exposure at atmospheric pressure and in vacuum and cases in which there
was an accompanying plasma, which depended on the intensity of the beam and on the target mate-
rial (valence of the main of atoms in the target). Laser damage or materials cleaning are the subject
of many experiments as well as modeling (solved by analytics or with computer support). Various
principal descriptioninteractions with lasers are principally based on laser damage, laser cleaning
processes and the cases of joining or drilling. Interaction with recoil modeling could be connected
to corrosion processes. Mechanicalstresses provoked by laser beam transportation are also interest-
ing area of investigation [24-29].

4.1 Life time, luminescence, line shape and application

Several of the listed concepts / processes / areas of application could cover several theoretical
and practical activities, including various branches from the field of physics, metrology, different
areas of the electromagnetic spectrum, with the motto of our work, energy transfor-
mation.Theoretically, one of the most common lines, from which the other two end lines are ob-
tained by limes, with developed formalisms, are Voigt, Lorentz and Gauss lines. They are derived,
on the other hand, according to the dynamics of the process in some ensemble of selected micro
particles, in the broadest sense.Indicators are also related to the cosmos (astronomy), dynamics of
solutions in liquids, with small or macromolecules.Developed formalisms in the field of critical
phenomena, where measurements are much more difficult, in the case of magnets or neutrons, with
developed theories, along with measurements in the "easier areas" of metrology, enables many
practical answers and confirmations, through the rejection of hypotheses in the field of critical phe-
nomena (BL, Stanly). The main mathematical formula for the description of the line is related to
different areas of the electromagnetic spectrum, which extend from the order of kHz, MHz, to
widths that are practically expressed in Kaisers.Detailed study of changes in the shape and main
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characteristics of the line, for various fields, in spectroscopes of different types (atomic, molecular,
etc.), has been practically mastered, with modern packages of programs and apparatus, with direct
constants of certain types of materials and used for many temperature sensors, dirtiness, coagulation
process, etc.On the other hand, according to the type of micro particlesthat participates in lumines-
cent phenomena, Fig. 11, in the broadest sense, through PSD techniques (Pulse Shape Discrimina-
tion)(5, 15-17, 290

¢)

Figurell a) Luminescence spectra, relative intensity after irradiation with various gamma radia-
tions intensity b) Luminous equivalent of radiation for GaP-red range. c¢) Emission A and photon
energy of GaAs lasers and laser emission with J-variation among devices [15-17/]

5 Conclusion

In the last few decades, a great deal of activity has been invested regarding the search for new
energy/power sources, as well as the transformation of energy, aiming to preserve the existing civi-
lization standard/benefits. For each type of energy and its transformation, purely for energy purpos-
es, sensor roles or mass media applications, there are many different aspects of approaching, model-
ing, and experimental solutions, but it seems that the issues of efficiency, ecology and impact on the
biosphere are fundamental. The educational aspect, in search for established paths and the selection
orientation of the necessary foundations, includes many requirements for an optimal understanding
of the problem. The role of coherent energy, according to the degree of quality in the broad sense
and density, along with power density and dynamic mode of operation, has slowly found and con-
tinues to establish its place.
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Abstract— Joining efforts from different fields of research is
an interesting way of easing solving problems or helping
developing various applications which would be more difficult the
common way. Using insects studying in other-than biology areas
is a good alternative and it can also help develop various
engineering applications. In the other way round, studying of
insects can be boosted by implementing various engineering and
biophotonics methods. Studying the structure of cocoons and
other parts of insects by using laser microcopy, laser induced
fluorescence and femtosecond laser interaction, is selected and
described.Ovaj dokument predstavlja Sablon za pripremu rada sa
veé¢ definisanim stilovima u samom dokumentu za odredene
delove rada [naslov, tekst rada, naslovi poglavlja i potpoglavlja,
oznacavanje tabela i slika, navodenje referenci, itd].

Keywords—two-photon absorption, laser induced fluorescence,
solitary bees, cocoons, hairs

I. INTRODUCTION

There are many definitions and approaches to the term of
interdisciplinary science, but it could be understood as the
research mode where theories, concepts, tools/techniques and
perspectives from multiple scientific disciplines are integrated
for better understanding of issues and problems in a single
discipline [1]. Although it evolved in the 20th century in
response to the institutionalization and segmentation of
academic research and major transitions in society, it could be
traced back to the endeavors in ancient Greek philosophy or
Roman engineering.

Many scientific disciplines used biology as a source, mostly
medicine and pharmacology, in modern times ecology and
social sciences, but also very important influence is in
mathematics and computer science - informatics (artificial
intelligence, neural networks, genetic algorithms, evolutionary
strategies, ...), criminalistics (forensics), cultural heritage
protection, food, civil engineering, ... For instance, the earliest
record of entomology use in criminal investigation is the
discussion in a book The Washing Away of Wrongs (by Sung
Tzu, 1295 AD), where during the investigation of a homicide
flies landed on a sickle which indicated the murder weapon and
resulted in a confession by the murderer [2].

In biology, concepts and techniques from other scientific
disciplines are used, like mathematics, chemistry, astronomy,
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physics, photonics, ... Here, some techniques and methods
from physics, optics and photonics used in entomology research
will be shown.

II. MATERIALS AND METHODS

A. Improving Microscopy by Two-photon Absorption,
Confocal Laser Beam Scanning and Fluorescence

Microscopy, as one of the imaging techniques which
enables seeing small objects commonly not visible by human
eye, has significantly improved for last several decades by
employing several physical concepts. In confocal scanning
microscopy, point illumination is used and a pinhole is placed
in front of the detector to eliminate the out-of focus signal, and
in this way the optical resolution and contrast is increased. In
order to obtain the information from all parts of the object, the
illumination point is scanned across the object. Modern
techniques use laser beam for the illumination. Two-photon
absorption, though of low probability if compared to one-
photon absorption, is a process used in microscopy with
advantages like preserving objects and increasing the
penetration depth. Low probability of the absorption is
overcome by using high intensity illumination, like laser pulsed
beams. In two-photon absorption, two photons of lower
wavelength are simultaneously absorbed to excite an atom or a
molecule to an excited state via a virtual energy level. This
concept is used in two-photon excitation fluorescence
microscopy, where the atom or molecule fluoresces after the
two-photon excitation and the fluorescence wavelength is
shorter than the excitation wavelength. Using lower excitation
wavelengths (mainly infrared) preserves the materials of
biological origin, e.g. tissues. Using confocal laser beam
scanning microscopy together with two-photon excitation
fluorescence the imaging is significantly improved. The
advantages are optical sectioning (small volume excited),
longer wavelength excitation (preserving tissues), increasing
the penetration depth, no need for dyeing, while the
disadvantage is the higher equipment cost, since mostly
ultrafast lasers are used for illumination (excitation).

B. Nonlinear Laser Microscopy in Entomology Research

The microscopy that uses laser beam scanning, two-photon
excitation fluorescence and confocal scanning would have a
long and a complex term. For this reason, it is in many
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occasions called nonlinear laser microscopy. It is an innovative
method in entomology research, which offers the simplicity in
sample preparation and enables the monitoring of tiny and
hidden structures, whereas standard light microscopy poses
some difficulties. Fluorescence is exploited in the sense that
chitine autofluorescense enables the investigation of insects
structures [3], [4], [5]-

C. Setup

The apparatus used in the experiments was a standard light
microscope (Carl Zeiss — Jena), modified, reconstructed and
upgraded in the Institute of Physics Belgrade (see
acknowledgments section), Fig. 1. The source of the
illumination beam is Coherent laser system consisted of Mira
900F with femtosecond beam as an output (739 nm, pulsed,
~150 fs, 76 MHz) and Verdi V12 (532nm, CW, 9.3W) as a
pump laser. A beam splitter with a detector is used to use small
part of the beam for the power measurement. Laser beam
scanner and a home-made telescope (beam expander) were
added to the microscope body in order to scan and introduce the
beam. Dichroic and fluorescence filters separate IR
(illumination) part from the mid-range visible (light
microscopy) and violet (photomultiplier detection).

sample

Fig. 1 A schematic representation of the setup used in the experiments. PL —
pump laser, FL — femtosecond laser, BS — beam splitter, PD — photodetector,
M — mirror, S — XY scanner, T — beam expander, DF — dichroic filter, O —
objective, C — campera, PM — photomultiplier, PC — computer.

Added devices for observation were Canon EOS 100D
camera and a photomultiplier. A PC, equipped with home-made
software for the integration of the software for the control of the
devices (photodetector, scanner, photomultiplier, camera), for
imager analysis and for the system control, was a control part of
the system.

The beam from the pump laser (green) excites the
femtosecond (fs) laser to emit the NIR beam (red). One, small,
part of the fs beam is used to measure the power, while the
greatest part is introduced into the microscope. The scanner (S)
enables the beam to scan across the surface of the sample. The
beam expander (T) widens the beam in order to be more tightly
focused by the objective (O). The fluorescence signal (blue),
occurred due to the two-photon absorption, passes through the

dichroic filter (DF) and is directed to the photo-multiplier (PM).
A camera (C) is used to monitor thesample in visible light

(green).

D. Solitary Bees

Solitary bees are in the family of Megachilidae, and are one
of the best pollinating agents. The objects of this investigation
are several examples of the genus Osmia (mason bees): O.
caerulescens, O. cornuta and O. bicornis.

Characteristic of Osmia are: use hollow small tubular spaces
for eggs, like hollow branches or common reed straws. They
have common four-stage development (egg, larva, pupa, adult);
larva spins cocoon around itself and enters a pupal stage. An
adult matures either during autumn or winter by hibernating
inside its insulatory cocoon. The anatomy shows head (three
small ocelli, two large compound eyes, antennae and mouth),
thorax (six legs and four wings) and abdomen (scopa for
collecting pollen — females only; scopa is a cluster of hairs).
Pollination is very efficient due to both the anatomy and the
behavior. A bee is almost completely covered with hairs for
pollen collecting [6] and it also “dances” in a flower in order to
collect as much pollen as it could. Foraging occurs in early
spring mainly on apples, pears, almonds, strawberries, even in
bad weather.

A bee uses its hairs to collect pollen and oil, as well as for
the thermo-regulation. A cocoon is made of silk (a protein
polymer excreted by labial glands), and is consisted of two to
three layers with the roles of protection, diffusion of gases and
waterproofing. Samples (cocoons and hairs) were prepared in a
standard way [7].

III. RESULTS

The results were obtained by microscopic analyses in light
as well as in nonlinear laser microscopy. In O. cornuta and O.
bicornis, the cocoon is consisted of three layers, while in O.
caerulescens of two layers, Fig. 2 [7].
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O. bicornis
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Fig. 2 Structural presentation of the cocoon wall of three Osmia bees. A legend
shows the types of sub-layers.
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Sub-structure of the cocoon layers in O. cornuta and O.
bicornis shows that the outer layer is a net of silk threads, the
middle layer is also a net of silk layers supported from the inner
side by a thin silk film, and the inner layer is made of three sub-
layers: a net of silk threads, a layer of deposited material, like
pollen, and a thin silk film as the most inner sub-layer. In O.
caerulescens, the outer layer has two sub-layers: a net of silk
threads supported by a thin silk film, and the inner layer is of
same structure as in O. cornuta and O. bicornis. Increasing the
number of layers more serves as protection against predators
than against water, since only one layer is suffcient for the
defence.

The thin silk film of the outer layer in O. caerulescens
probably originated from widening of silk threads, as indicated
by red arrows in Fig. 3.

Fig. 3 Nonlinear laser microscope image of the outer layer of O. caerulescens.
Red arrows indicate widening of the threads. White bar denotes 50 pm.

Fluorescence microscopy shows the middle layer od O.
bicornis is consisted of silk threads supported by a thin silk
film, Fig. 4. Some of the threads are widened and formed a thin
film which supports the other threads. The threads of the outer
layer are thinner and their color is lighter than the threads of the
middle layer.

Fig. 4 Nonlinear laser microscopy image of the middle layer of O.bicornis.
Red arrow indicates a sublayer of a thin silk film. White bar denotes 50 um.

357

The advantage of using laser fluorescence microscopy over
common light microscopy is the visibility of the thread
structure. In Fig. 5, the middle layer noticed in both O. cornuta
and O. bicornis is consisted of two sub-layers, similarly to the
outer layer of O. caerulescens. The outer sublayer is a net of
silk threads, but the net is thicker and more compact than in the
outer layer and is supported by a thin silk film.

Fig. 5 Light microscopy image of the middle layer of O.bicornis. Red arrow
indicates a sublayer of a thin silk film, blue arrows indicate widened threads
which itegrate into the thin silk film, and black arrows indicate free silk
threads.. White bar denotes 50 pm.

In Fig. 6, red arrows point to surface bumps in threads of O.
cornuta, where the silk accumulated. White arrows point to
elongated parts, probably tensioned. The threads of the inner
layer are around 5 um thicker than the threads of the outer
layer.

Fig. 6 Nonlinear laser microscope image of the middle layer of O. cornuta.
White arrows indicate tensions of the threads, while red arrows indicate bumps
on the threads. White bar denotes 50 um.

The hair from the scope of O. bicornis is around 20 um
thick and it exhibits spiral rows on the hair surface, Fig. 7. The
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presence of the rows probably improves the fetching of pollen
grains on the hair surface.

Fig. 7 Nonlinear laser microscope image of a hair from the scopa of O.
bicornis. White bar denotes 50 um.

IV. CONCLUSION

The implementation of physical concepts of two-photon
absorption, confocal laser beam scanning and fluorescence, the
investigation in entomology is significantly improved. Through
nonlinear laser microscopy a better insight in the morphology
of the cocoon and hairs of the taxa within the genus Osmia is
given. Due to this method, the investigation and the
characterization of the structures of O. cornuta, O. bicornis and
O. caerulescens is more precise and simpler than it would be by
the means of common light microscopy.

In O. cornuta and O. bicornis, three layers in the cocoon
wall have been determined, while in O. caerulescens, the
cocoon wall is built of two layers. There is a similarity in
substructure of the inner layer of all three spieces. In all three
species, the hairs from the scopa have spiral rows on the surface
which improves pollen collecting.
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PREFACE

The Proceedings includes the selected Papers and Abstracts presented at The First
International Student Scientific Conference "Multidisciplinary Approach to Contemporary
Research". The Conference was held on 25-26" November 2017. at Central Institute for
Conservation, Belgrade, Serbia, Terazije 26. It was organized by Central Institute for
Conservation, Belgrade and Scientific Association for the Development and Promotion of New
Technologies, Belgrade.

The aim and main idea of the Conference was to present science and scientific way of thinking
and working closer to the students, as they will be able, in the future, when they are employed,
to connect science and industry. For this reason, the right to participate had only undergraduate
and master students, who, with help and monitoring by their teachers and/or colleagues, wrote
and prepared papers and presentations.

The aim of this Conference was, also, to provide a Forum for students and researchers from
various countries to exchange their ideas and achieved results.

The Conference brought together the participants from Universities, Innovation Centres and
Institutes from different countries: Croatia, Romania, Bosnia and Herzegovina, Macedonia,
France, Russia, Montenegro, Spain, Republic Srpska, Slovenia and others.

The aim of the conference was, also, to connect different/various fields of science, because we
can find many common points between different research areas, and by doing that, to open
possibilities of developing new technologies or improving the old ones. Therefore, the
Conference covers various topics from the following fields: mechanical science, transport and
traffic engineering, material science, metallurgy, electrical engineering and other engineering
areas, but all other sciences as well, including for example medical science, which uses
different techniques of experimental examination and testing.

Although, the Conference had multidisciplinary character, the participants had very active
discussion after the presentations and we hope that it will provoke the further cooperation
between them with a new point of view.

The paper presentation was by oral and poster, due to limited time of Conference duration and
traffic conditions of participants. The all papers are reviewed. Considering that this was the
Students Conference and the age and experience of the first authors, the reviewers had
neglected language and textual mistakes which were not provoked the ambiguity of the papers.

We would like to thank all authors who have contributed to this Proceedings and also to the

Scientific Committee, Organizing Committee, reviewers, speakers, chairpersons, and all the
conference participants for their support for a successful scientific meeting.

Editors
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SOME EXAMPLES OF LOW FLUENCE LASER
APPLICATIONS IN THE PROTECTION OF PLANTS
AND CULTURAL HERITAGE

Ana Kovacevi¢, Aleksander Kovacevic¢

Abstract: Many objects of cultural heritage are susceptible to degradation caused by biological factors such are
bacteria, fungi, lichen and insects. Stone walls and facades, frescoes, paintings on canvas/paper, books and clothes
are specially susceptible if being present in the conditions convenient for the development of biodegradable factors
(higher humidity, low ventilation, non-frequent cleaning). Non-invasive means for the detection of these factors
are needed, as well as the analysis of the materials for better understanding of their structure with the aim of more
efficient preservation. This is achieved by the application of low-fluence lasers, due to the non-destructive nature
of the interaction, and with laser induced fluorescence and reflection microscopy with methods. Moreover, it is
possible in this way to detect the infections of plants, e.g. caused by fungi. In this work, some cases of the
application of low fluence lasers in the protection of plants and cultural heritage objects is described.

1 INTRODUCTION

Being present in the environment, the cultural heritage objects are exposed to the influence
coming from the environmental parameters or from the biosphere (biological mechanisms),
where bio-transformation process is spread worldwide. One of the methods is to detect the
presence of agents of weathering process in order to slow down the deterioration.

In this work, after describing and analyzing, a convenient method has been selected for the
detection of various layers — linked to living microorganisms or their prehistorical remains. For
this reason, it is valuable to create abundant database on various characteristics and descriptions
of specific micro-organisms or remnants of macroscopic artefacts for which it is assumed that
are of bio-organic origin having in mind the importance of the aspect of bio-receptivity as the
aptitude of a material to be colonized by bio-agents.

Among the others descriptions, “more classical” descriptions are, in the areas of biology, tied
to the apparatuses and elements of specific disciplines, as well as to the diagnostic methods in
biochemical developed theories and practice. The shift to the diagnostic methods utilizing
optics needed, and still needs, specific optical characteristics of given ensembles where
individual element (bacteria, virus, ...) is observed as an micro-object. Some time ago,
obtaining first images of macro-molecules has been accepted as great achievement of
descriptive science; nowadays, contemporary techniques linked to theories enter the world of
nano-dimensions and, in the coupling of diffraction results with the possibilities of electron
microscopy and dispersion, already pose solid base for research.
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One of the common analyzing methods is using coherent radiation for the excitation o
atoms/molecules of target object. The interaction of low-fluence laser beam with the target
does not provoke damage of the material, but provides the excitation leading to the emission
of photons as relaxation — laser-induced fluorescence (LIF). Commonly, the materials are
excited by ultraviolet (UV) radiation, but it is not unexpected to implement the radiation from
visible (VIS) region as well.

For cultural heritage protection, the bio-agents possessing unique characteristics susceptible to
the interaction with coherent radiation and that could lead to deterioration can be effectively
detected by passive methods of coherent detection. The presence of chlorophyll in the bio-
agents is detected by its fluorescence lines in the spectra obtained after the laser action.

The light reactions of photosynthesis are carried out by four large protein complexes:
Photosystem Il (PSII), 2 cytochrome b6/f, Photosystem | (PSI), and ATP synthase, where PSI
— located in the thylakoid membrane of cyanobacteria, algae, and plants — is considered to be
the most efficient light-capturing and energy conversion apparatus found in nature, due to its
almost 100% quantum efficiency [Drop2011].

Here is described the method of the detection of the presence of the bio-agents containing
chlorophyll, with some discussions on the origins.

2 EXPERIMENTAL SETUP

For the illustration of the LIF on objects of cultural heritage, the setup has been performed as
presented in Fig. A.

MA

L SP —)

IL

e
FO

Fig. A. Experimental setup for monitoring the LIF on the fragments of frescoes, L — laser, MA
— manupulating mechanical arm with directing and focusing parts, S — simple, FO - fiberoptic
cable, SP — spectrometer, IL — illuminating unit, PC — personal laptop computer with software.

The laser used in the experiment was “Thunder Laser Q1” DNA from “Quanta System”. The
spectrometer was “Black Comet CXR-SR-50" by “StellarNet”. The illuminating unit was a
standard “Illum-A” illuminator, “SL-1 Filter” by “StellarNet”. The software for fetching and
processing the data from the spectrometer was “SpectraWiz” by “StellarNet”.

The sample used in the experiment was a fresco fragment labeled “Blue 37-1” from late
antiquity archeological site Mediana near NiS. The fragment is of oval shape, 15x10 mm, one
flat side painted in shades of blue (photo presented in Fig. B).

The First International Student Scientific Conference
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Fig. B. A photograph of a sample “Blue 37'-".
3RESULTS

The samples were irradiated with a laser beam of the characteristics: wavelength 355 nm,
output power fluence ~32 mJ/cm?, pulsed regime with 20 Hz repetition rate and pulse duration
of ~10 ns. Simultaneously with the irradiation, a fiber from a fiber-optic spectrometer was
applied to the sample surface to fetch the fluorescence.

A spectrum from the sample surface during no laser irradiation is presented in Fig. C, while
during the irradiation of UV 355 nm beam is presented in Fig. D.
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Fg. C.A specrum from the sample “Blue 37-1” during no laser irradiation.
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The spectrum during no laser irradiation shows relatively high level of reflection in blue-green
and (particularly) infrared (IR) areas. The depression in the zone 550-650 nm shows the lack
of “red” in the reflected light. High reflection for wavelengths higher than 700 nm gives no
impression for the human observer.
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Flg D.A spectrum from the sample “Blue 37-1" surface during the |rrad|at|0n of pulsed 355
nm beam.

During laser irradiation, several features are notable. The rise of the UV part (wavelengths less
than 400 nm) is due to the laser irradiation. The presence of the peaks at 532 and 1064 nm are
parasitic radiation from the laser (basic and 1% harmonics) but of low fluence. The shape of the
spectrum in the visible and IR areas has not changed significantly.

Strong peak at ~710 nm, as well as weak peaks at ~980 and ~1020 nm are the result of
fluorescence.

4 DISCUSSION

Specifically, the methods of coherent optics helped the broadening of the database for “less
common” descriptions of micro-organisms: bacteria, fungi, lichen and insects.

Main processes that find the place in the measuring method are linked to the dispersion (elastic
or inelastic) techniques, absorption and fluorescence, and also to the beams of coherent photons
in different diapasons of electromagnetic (EM) spectrum, of electrons, or of nuclear radiation
radiations and particles and photons originated from various quantum generators. If linear and
non-linear phenomena are included, which depend on the conceptual experimental support, the
choice of possible methods is great, nevertheless the relatively less number of them is included
in standard research. Some of the spectroscopies are in operation for more than several decades
[Kovacevic2015].

Description of micro-objects, dispersion theory, including the angular distribution and methods
of photon mixing, provide data on the dimensions and shape of micro-objects, their layers,
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regularity (sphere, stick, Gauss curve). Developed theories, towards the dimensions of micro-
objects, determine the spans of photon wavelengths or DeBroglie joined wavelengths, by which
specific parts of a measurement system and apparatus parameters are determined.

More exotic view of bacteria would be by equivalent dipoles and Kerr constants linked to
electro-optical and electromagnetic and other effects.

Among the most successful (and relatively less intricate) methods, resonant methods are being
used for a long time, where — by convenient excitation based on: nuclear radiation and particles
with chosen parameters or frequencies of a specific quantum generator — excite spectra
characteristic for bio-organic materials. Quantum generators, with possibilities of higher
harmonics, parametric effects and frequency tuning, represent abundant base for finding
specific convenient frequencies for the excitation of fluorescent spectra. Excitation spectra
should be searched for pathogen conditions of attacked objects.

The peak at ~710 nm is of high intensity. The assumption is that olive oil has been used in
production of wall paint in Roman times. Resent research has shown that olive oil is distinctive
to other edible oils for its fluorescence after excitation at 355 nm [Taotao2013], which might
be due to the presence of chlorophyill.

In this work, we propose complex excitation-fluorescence scheme of chlorophyll present in the
paint on the surface of the sample. PS | absorb 355 nm and emit at ~685 nm; PSI-LHCII
supercomplex [Galka2012] as well as PSI-LHCI A1-A5 complexes absorb 650-690 nm and
emit at 708-715 nm [Drop2011, Fujita2004].

Peak at ~980 nm could be also explained by Chl b phosphorescence at 973 nm
[Krasnovsky2014].

5 CONCLUSION

In this work, the implementation of laser induced fluorescence to the detection of painted
artifacts of cultural heritage has been described. Samples of late antiquity fresco fragments
have been irradiated with UV laser beam and fluorescence monitored. By the presence of the
peaks in the fluorescence spectra, it could be concluded that there might be the presence of the
chlorophyll in the paint. Some mechanisms of chlorophyll reaction have been proposed. The
results point to interesting direction of research and it would be valuable to continue the
investigation with greater number of samples.
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JIX

Ha ocHoBy unana 81 3akoHa o BucokoM obpaszoBamy (,,Cinyxbenn rmacauk PC*,
6poj 88/17, 73/18 u 67/19) u onmpendu IlpaBwiHMKa O yClIOBMUMa M HauyuHy yuerrha
Hay4YHOMCTPaXXMBAa4YKMX YCTaHOBa KOje Cy y cacTaBy YHuBep3ureTa y beorpany u nuna
u3abpaHuX y Hay4HO 3Bale Y OCTBapHUBamy Jena Hacraee (,,I'macHuk YHuBep3urera y
Beorpany®, op. 132/06)

Yuusepsnuter y beorpany, beorpan, Crynenrcku Tpr 1, xora 3acryna npo¢. ap I'opaana
Wnuh-ITonos, npopekTopka (y Ja/beM TEKCTY: Y HUBEP3UTET), Ca je/He CTpaHe U

ap Anexcangep Korauepmh, Bumu HayuHu capagHuk YHuBep3urera y Beorpany —
HucturyT 32 (U3MKy, 3al0ClIEH ca IyHUM pajHUM BpeMeHOM, ca ajapecoM y beorpany,
Bunuxorauku BeHar 29, ommuruna Pakosunia, JMBI 3101963714035 (y masseM TekcTty:
BUIIIM HAYYHH CapaJHUK), ca ApyTe CTPaHe 3aKJbydyjy

YTOBOP
O AHTA’KOBAIbY 3A N3BOBEILE HACTABE
-TOITYHCKH PAJI-

Yian 1

Ilpenmer oBor yroeopa je anrakopame ap Anekcannepa Kosauesuha, Buier
HAy4YHOT capagHuka YHuBep3uteTa y beorpany — MHCTUTYT 3a (U3UKY, HA U3BOhEHY
HacTaBe Ha CTY/IHjCKOM nporpamy: ,,buodoronuka®, y mkonckoj 2020/21. roquHu.

Yan 2

Opnyxom Beha 3a cTynuje npu YHuBep3HTeTY y beorpaay BHIIHM Hay9HH CapaiHUK
u3 wiaHa 1 OBOI' YroBOpa je aHraxoBaH 3a H3BohemE HAcTaBe, MCIMTA M JPYTHMX
CTYIHjCKHX AaKTUBHOCTH y CKIany ca 3akoHoM, CTaTyToM M JpyrHM ONIUTHM aKTHMa
Vuusepsurera y beorpany.

Unan 3

HacTaBy u3 wiana 2 OBOT YTOBOpa BUIIM Hay4YHH capaHUK je o6aBe3aH [a H3BOIAH
1o yTBphjeHOM pacriopefy y NpocTopHjamMa YHHMBEP3UTETA, Y CKJIaly ca ONIITHM aKTHMa
YHusep3ureTa.



Yian 4

3a 06aBsbeHE M0CIIOBE U3 WiaHa 2 OBOT YTOBOPA BUILM HAYYHH CapagHUK MOJTHOCH
M3BELITaj PYKOBOJHILY CTYAH]CKOT IIPOrpama.

Ha ocHOBY u3BemITaja u3 craBa 1 0BOr WwiaHa pyKOBOJMIIAL] CTYAUJCKOT IpoOrpama,
y3 H3BEINTaj, MOJHOCH 3aXTEB 3a MCIUIATy HAKHA/JE HaJUIe)KHOM IIPOPEKTOpY, Ha
cariacHoCT.

Hcnnata HOBYaHe HaKHaI€ H3 CTaBa 2 OBOT 4iIaHa I‘I3Bpl.l.lldh3 CE€ M3 cpeacrasa
cTyaMjckor mporpama ,buodoronuka®, mnpeko Tekyher payyHa BHINEr Hay4HOT
capajHuKa.

Ynau 5

VroeopHe cTpaHe cy cariacHe Ja he eBeHTyalHe CIOpPOBE H3 OBOT YroBOpa
pelaBaTH JOrOBOPOM, a aKO IOTOBOP HE yCIie yTOBapa ce HaJUIeXHOCT cya y beorpany.

Yian 6

Ogaj yroBop je cauuibeH y 3 (TpH) UCTOBETHA MPUMEPKA O] KOjUX 2 (IBa) mMpUMepKa
3anprKaBa YHUBE3UTET, a 1 (jeaH) npUMepaK BUILH HAYYHHU CApaJHHUK.

BHUIIINM HAYYHHU CAPAJTHHUK IIPOPEKTOPKA YHUBEP3UTETA
L —
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