
Копаоник, 10 – 14.03.2019. 

У Н И В Е Р З И Т Е Т  У  Б Е О Г Р А Д У  

И н с т и т у т  з а  ф и з и к у  

I n s t i t u t e  o f  P h y s i c s  

U n i v e r s i t y  o f  B e l g r a d e  
Kopaonik, March 10-14, 2019 

Дванаеста радионица 

фотонике (2019) 

(Конференција) 

 

 

 

 

 

Book of Abstracts 

12th Photonics Workshop 

(Conference) 

 

 

 

 
Зборник апстраката 

 



 

 
 

Дванаеста радионица фотонике (2019) 

ЗБОРНИК АПСТРАКАТА 

Копаоник 10-14.03.2019. 

Издаје: 

Институт за физику Београд 

За издавача: 

Др Александар Богојевић, директор 

Уредници: 

Др Драган Лукић, др Марина Лекић, др Зоран Грујић 

Тираж: 70 primeraka 

ISBN 978-86-82441-49-6 

Штампа: 

NEW IMAGE d.o.o. 

Цара Душана 212, Земун, Београд 

 

CIP - Каталогизација у публикацији - Народна библиотека Србије, Београд 

  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. = Зборник апстраката / Дванаеста радионица фотонике 

(2019), (Конференција) ; [urednici Dragan Lukić, Marina Lekić, Zoran 

Grujić]. - Beograd : Institut za fiziku, 2019 (Beograd : New image). -

 62 

str. : ilustr. ; 25 cm 

  Tiraž 70. - Registar. 

  ISBN 978-86-82441-49-6 

  a) Оптика - Апстракти b) Оптоелектроника - Апстракти c) Технички 

материјали - Апстракти 

COBISS.SR-ID 274585868 



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

26 
 

Structural analysis of perineuronal nets with high resolution microscopies 
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1
, Milena Tucic

1
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2
, Tanja Pajic

2
, 

Pavle Andjus
1 

(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 PNNs 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. Kovačević1, S. M. Petrović2, B. Salatić1, M. Lekić1, B. Vasić1, R. Gajić1, 

D. Pantelić1 and B. M. Jelenković1 
1Institute of Physics, University of Belgrade, Belgrade, Serbia 

2Institute of Nuclear Sciences “Vinča”, University of Belgrade, Belgrade, Serbia 
e-mail: Aleksander.Kovacevic@ipb.ac.rs 

 

 
The occurrence of laser-induced periodic 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. III45016, OI171038 and OI171005. 
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Laser-induced parallel structures on multilayer thin films of Ni, Pd, Ti, Ta and 
W 

Aleksander G. Kovačević1, Suzana Petrović2, Jelena Potočnik2, Marina Lekić1, Branislav Salatić1, 
Vladimir Lazović1, Dejan Pantelić1, Branislav Jelenković1 

(1) Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

(2) Institute of Nuclear Sciences “Vinča”, University of Belgrade, POBox 522, 11001 Belgrade, Serbia 

Contact: A. Kovačević ( 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. III45016 and OI171038. The authors also thank dr Davor Peruško from the 
Institute of Nuclear  Sciences “Vinča” (University of Belgrade), dr V. Pavlović from the Faculty of 
Agriculture (University of Belgrade), dr Đ. Veljović and dr Ţ. Radovanović from the Faculty of 
Technology and Metallurgy (University of Belgrade) and dr A. Krmpot and dr M. Rabasović from 
the Institute of Physics (University of Belgrade), for their valuable support. 

REFERENCES 

[1] H. M. van Driel, J. E. Sipe and J. F. Young, Phys. Rev. Lett. 49, 1955 (1982). 
[2] A. Y. Vorobyev and C. Guo, Laser Photonics Rev. 7, 385 (2013). 
[3] A. G. Kovačević, S. Petrović, et al., Appl. Surf. Sci. 326, 91 (2015). 

 



 

Book of abstracts 

 

PHOTONICA2021 

VIII International School and Conference on Photonics 

& HEMMAGINERO workshop 

 

 

 

 

 

23 - 27 August 2021, 

Belgrade, Serbia 

 

 

Editors 

Mihailo Rabasović, Marina Lekić and Aleksandar Krmpot 

Institute of Physics Belgrade, Serbia 

 

 

Belgrade, 2021 

 

 

 



II 
 

ABSTRACTS OF TUTORIAL, KEYNOTE, INVITED LECTURES, 

PROGRESS REPORTS AND CONTRIBUTED PAPERS 

of 

VIII International School and Conference on Photonics 

PHOTONICA2021 
 

 

23 - 27 August 2021 

Belgrade Serbia 
 

 

Editors 

Mihailo Rabasović, Marina Lekić and Aleksandar Krmpot 
 

Publisher 

Institute of Physics Belgrade 

Pregrevica 118 

11080 Belgrade, Serbia 
 

Printed by 

Serbian Academy of Sciences and Arts 

Number of copies 

200 
 

ISBN 978-86-82441-53-3 

 

 

 

 

 

 

 

 

 

CIP - Каталогизација у публикацији - Народна библиотека Србије, Београд 

535(048) 

621.37/.39:535(048) 

621.37/.39:535]:61(048) 

66.017/.018(048) 

 

INTERNATIONAL School and Conference on Photonic (8; 2021; Beograd) 

Book of abstracts / VIII International School and Conference on Photonics PHOTONICA2021 & 
HEMMAGINERO workshop, 23 - 27 August 2021, Belgrade, Serbia; editors Mihailo Rabasović, 
Marina Lekić and Aleksandar Krmpot. - Belgrade: Institute of Physics, 2021 (Belgrade: SASA). - V, 

192 str.: ilustr.; 30 cm 

 

Tiraž 200. - Bibliografija uz većinu apstrakata. - Registar. 

 

ISBN 978-86-82441-53-3 

1. Hemmaginero Workshop (2021; Beograd) 

а) Оптика -- Апстракти б) Оптички материјали -- Апстракти в) Оптоелектроника -- Апстракти г) 

Оптоелектроника -- Биомедицина -- Апстракти д) Телекомуникације -- Апстракти 

 

COBISS.SR-ID 44290057 



IV 
 

 

Committees 

Scientific Committee 

• Aleksandar Krmpot, Serbia 

• Aleksandra Maluckov, Serbia 

• Bojan Resan, Switzerland 

• Boris Malomed, Israel 

• Branislav Jelenković, Serbia 

• Carsten Ronning, Germany 

• Concita Sibilia, Italy 

• Darko Zibar, Denmark 

• Dmitry Budker, Germany 

• Dragan Inđin, United Kingdom 

• Edik Rafailov, United Kingdom 

• Francesco Cataliotti, Italy 

• Giannis Zacharakis, Greece 

• Goran Isić, Serbia 

• Goran Mašanović, United Kingdom 

• Ivana Vasić, Serbia 

• Jasna Crnjanski, Serbia 

• Jelena Radovanović, Serbia 

• Jelena Stašić, Serbia 

• Jerker Widengren, Sweden 

• Jovan Bajić, Serbia 

• Ljupčo Hadžievski, Serbia 

• Luca Antonelli,UK 

• Marco Canepari, France 

• Marko Krstić, Serbia 

• Marko Spasenović, Serbia 

• Milan Kovačević, Serbia 

• Milena Milošević, Serbia 

• Milivoj Belić, Qatar 

• Mirjana Novaković, Serbia 

• Nikola Stojanović, Germany 

• Nikola Vuković, Serbia 

• Nikos Pleros, Greece 

• Pavle Andjus, Serbia 

• Petra Beličev, Serbia 

• Sergei Turitsyn, UK 

• Vladan Pavlović, Serbia 

• Vladan Vuletić, USA 

• Vladana Vukojević, Sweden 

• Zoran Grujić, Serbia 

 

 

 

Organizing Committee 

• Marina Lekić, Institute of Physics 

Belgrade (Chair)   

• Aleksandar Krmpot, Institute of 

Physics Belgrade (Co-Chair) 

• Danica Pavlović , Institute of 

Physics Belgrade (Secretary) 

• Stanko Nikolić , Institute of 

Physics Belgrade (Webmaster) 

• Mihailo Rabasović , Institute of 

Physics Belgrade 

• Tanja Pajić, Faculty of Biology, 

University of Belgrade 

• Aleksandra Gočanin, Faculty of 

Physics, University of Belgrade 

• Jadranka Vasiljević, Institute of 

Physics Belgrade 

• Uroš Ralević, Institute of Physics 

Belgrade 

 

 

Technical Organizer 

 

 
http://www.panacomp.net/ 

Tel: +381 21 466 075 

Tel: +381 21 466 076 

Tel: +381 21 466 077 

 

 

 

 

 



 

 

 

 

 

 

3. Optical materials 
  



Photonica 2021 3. Optical materials 

75 
 

Narrowing of laser beam propagating through biological suspension 
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3 Institute for Multidisciplinary Research, University of Belgrade, Bulevar Despota Stefana 142, 11060 
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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 µm in small cells to 4.5 x 3.5 µm in large cells, 

sometimes >5 µm) 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 22̊ 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 10^6 and 10^8 

cm-3. 

 

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 10^6 cm-3 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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Laser beam waveguiding capabilities of the suspension of Chlorella 
sorokiniana in water 

1 2 1 3 1, 
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Contact: 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 
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Branislav Jelenković1 

(1) Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

(2) Faculty of Biology, University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia 

(3) Institute for the multidisciplinary Research, University of Belgrade, 11060 Belgrade, Serbia 

(4) Scientific and Practical Materials Research Centre of the National Academy of Sciences of 

Belarus, Minsk, Belarus 

Contact: A. Kovačević ( aleksander.kovacevic@ipb.c.rs ) 

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 (0.5×107 cm-3 and 1×107 cm-3) 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. Murić, S. Savić-Šević, A. Kovačević, D. Pantelić and B. Jelenković 

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 
20th 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 
techniques 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 

http://www.idk.org.rs/journal
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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, Δλ/λ, 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 newer 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 

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 
quantum 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 

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 
qualifications 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. Façades 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 2nd 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 Antonović. 
This area incorporates “Atina” palace, hotel 
“Moskva”, the house of Aleksa Krsmanović 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 19th and the 
beginning of 20th 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 façade of the object 

Slika 1. Pogled sa prednje strane na glavnu fasadu objekta 

 

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

Slika 2. Bočni 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 
quantum generators [28-30]. Here is chosen the 

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 façades. 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 is 
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 techniques 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 dužine) za analizu; 
mikrooštećenja 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 

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/mm2. 

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 površine označene 
kao B 9955, snimljeno optičkom 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 µm wide) of the Shamrock 303 

(Andor) imaging spectrometer using mirror and 

quartz 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 μm slit width, 

determined using Oriel penlight calibration lamps 

was 0.35 nm. 

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

first 0.6 µs. 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]. 

 

Figure 5. LIBS of the samples in the range 360–370 nm 

Slika 5. LIBS uzoraka u opsegu frekvencija 360–370 nm 

 

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 

 

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 

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 
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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. 

 

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

Slika 9. LIBS uzoraka u rasponu frekvencija 640–660 nm 

 

Figure 10. LIBS of the samples in the range 690–710 nm 

Slika 10. LIBS uzoraka u rasponu frekvencija 690–710 nm 
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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 
technique 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 I 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 I, Ca I, Al I 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 

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 façades will be 
provided. 
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IZVOD 

SAVREMENE LASERSKE TEHNIKE I OPŠTA PRIMENA U HERITOLOGIJI 
I SLUČAJ ZGRADE U BALKANSKOJ ULICI 7, BEOGRAD 

Čini se da je uloga lasera u heritologiji i umetnosti u stalnom porastu od kraja 20. veka; rani su 
pokušaji čišćenja umetničkih objekata, starih spomenika ili artefakata od vremena Hedi Lamar 
(Hedy Lamarr) i prvih neuspešnih nuklearnih testova, kao i razmišljanja o holografskim zapisima. 
Posle prve serije okolnosti vezanih za primene laserskih tehnika u restauraciji i konzervaciji, 
izgleda da je sprezanje reči serendipity, zemblanity i bahramdipity aktivirano. Prošlo je mnogo 
vremena otkad su obavljeni prvi radovi vezani za Porta della Carta Duždeve palate (Palazzo 
Ducale) u Veneciji - mermerni reljef i rubinski laser. Danas ovaj tip radova može da se tretira kao 
konvencionalan/standardan i primeni u nizu zemalja [1, 2]. U slučaju Katedrale u Firenci Fonatelo 
(J. F. Fonatello) je predložio konzervaciju umetničkih objekata, Pizanove (Andrea Pisano) panele 
na Đotovoj (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 umetnički 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 umetnički pravci su izvedeni, gde je izvor koherencije postao deo 
novog umetničkog 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 slučaj zgrade u Balkanskoj 7 u 
Beogradu je prikazana u ovom radu. 

Ključne reči: laserske metode. LIBS, heritologija, spectroskopija. 

 

Naučni rad 

Rad primljen: 24. 03. 2020. 

Rad korigovan: 10. 06. 2020. 

Rad prihvaćen: 08. 09. 2020. 

Rad je dostupan na sajtu: www.idk.org.rs/casopis 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

   

© 2020 Authors. Published by Engineering Society for Corrosion. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0/) 

http://www.idk.org.rs/casopis
https://creativecommons.org/licenses/by/4.0/




I 

 
Електроника 
Телекомуникације 
Рачунарство 
Аутоматика  
Нуклеарна техника 
 
 
 
 
 
 
 

ЗБОРНИК АПСТРАКАТА 

И ПРОГРАМ 

 
 

LXVII конференције ЕТРАН 
и 

10. Јубиларне међународне конференције ИцЕТРАН 
 
 
 
 
 
 
 

Источно Сарајево, 
5 - 8. јун 2023. године 

  



II 

 
 
 
 
 

Зборник апстраката и програм 
LXVII конференције ЕТРАН  

и X Јубиларне међународне конференције ИцЕТРАН 
Источно Сарајево, 5 - 8. јун 2023. године 

 
Program and Book of Abstracts 

LXVII Conference ETRAN  
and X Jubilee International Conference IcETRAN 2023 

East Sarajevo, June 5 - 8, 2023. 
 

Главни уредник / Editor in Charge 
Владимир Катић / Vladimir Katić 

 
Издавачи / Друштво за ЕТРАН, Београд и Академска мисао, Београд  

Published by / ETRAN Society, Belgrade, Academic Mind, Belgrade 
 

Штампа / Printed by 
Академска мисао, Београд / Academic Mind, Belgrade 

 
Место и година издања / Place and year of publication 

Београд, 2023. / Belgrade, 2023. 
 

Тираж / Circulation 
 

200 примерака / 200 copies 
 

ISBN 978-86-7466-965-5 
 
 
 
 
 
 

  



V 

 
 
 

 
 

ЕТРАН - Друштво за електронику, телекомуникације, рачунарство, 
аутоматику и нуклеарну технику 
Кнеза Милоша 9/IV, 11000 Београд 

Tel. 011 3233 957, E-mail: office@etran.rs, www.etran.rs 
 

ОРГАНИЗАТОРИ 

Друштво за ЕТРАН 
Универзитет у Источном Сарајеву – Електротехнички факултет,  
Источно Сарајево, РС, Босна и Херцеговина 

 

ПОКРОВИТЕЉ 

Министарство просвете, науке и технолошког развоја републике Србије 

 

ПОДРШКА 

IEEE – Institute оf Electrical аnd Electronics Engineers, USA  

IEEE R8, IEEE Serbia and Montenegro Section, 

IEEE Bosnia and Herzegovina Section и  

IEEE Power and Energy Chapter of the S&M Section 

Друштво за енергетску електронику Србије 

CIRED Србија 

 

ДРУШТВО ЗА ЕТРАН 

ПРЕДСЕДНИК 

Проф. др Владимир Катић 
Универзитет у Новом Саду, Факултет техничких наука, Нови Сад (Србија) 

ПОТПРЕДСЕДНИК 

Проф. др Слободан Вукосавић, 
Академик САНУ, Електротехнички факултет, Београд (Србија) 

 

 



VI 

НАУЧНИ ОДБОР КОНФЕРЕНЦИЈЕ ЕТРАН 2023 

ПРЕДСЕДНИК 
Проф. др Владимир Катић, Нови Сад, Србија 

ПОТПРЕДСЕДНИЦИ 
Проф. др Слободан Вукосавић, Београд, Србија 
Проф. др Божидар Поповић, Источно Сарајево, Босна и Херцеговина 

ОДБОР ЗА НАУЧНЕ И СТРУЧНЕ СКУПОВЕ ЕТРАН 2023 

ПРЕДСЕДНИЦИ 
Проф. др Платон Совиљ, Нови Сад, Србија 
Др Младен Бањанин, Источно Сарајево, Босна и Херцеговина  

ПОТПРЕДСЕДНИК 
Проф. др Александра Смиљанић, Београд, Србија 

ЧЛАНОВИ 
Др Лазар Сарановац, Електротехнички факултет, Универзитет у Београду 
Др Марко Димитријевић, Електронски факултет, Универзитет у Нишу 
Др Александра Смиљанић, Електротехнички факултет, Универзитет у 
Београду 
Др Ненад Милошевић, Електронски факултет, Универзитет у Нишу 
Др Владимир Катић, Нови Сад, Србија 
Др Слободан Вукосавић, академик САНУ, Београд, Србија 
Др Петар Спалевић, Факултет техничких наука, Универзитет у Косовској 
Митровици 
Др Игор Тартаља, Електротехнички факултет, Универзитет у Београду 
Др Владимир Ћирић, Електротехнички факултет Ниш, Универзитет у Нишу 
Др Александар Јевремовић, Универзитет Сингидунум, Београд 
Др Бобан Веселић, Електронски факултет, Универзитет у Нишу 
Др Ковиљка Станковић, Електротехнички факултет, Универзитет у Београду 
Др Дејан Ћирић, Електронски факултет, Универзитет у Нишу 
Др Миодраг Тасић, Електротехнички факултет, Универзитет у Београду 
Др Ђорђе Стојић, Институт Никола Тесла, Универзитет у Београду 
Др Милица Јанковић, Електротехнички факултет, Универзитет у Београду 
Др Миљан Вучетић, ВЛАТАКОМ, Београд 
Др Милка Потребић, Електротехнички факултет, Универзитет у Београду 
Др Марко Росић, Факултет техничких наука, Универзитет у Крагујевцу 
Др Александар Родић, Институт Михајло Пупин, Универзитет у Београду 
Др Платон Совиљ, Факултет техничких наука, Универзитет у Новом Саду 
Др Анета Пријић, Електронски факултет, Универзитет у Нишу 
Др Небојша Дончов, Електронски факултет, Универзитет у Нишу 
Др Весна Пауновић, Електронски факултет, Универзитет у Нишу 
Др Драган Пејић, Факултет техничких наука, Универзитет у Новом Саду 
  



VII 

Др Татјана Пешић Брђанин, Универзитет Бања Лука 
Др Коста Јовановић, Електротехнички факултет, Универзитет у Београду 
Др Живана Јаковљевић, Машински факултет, Универзитет у Београду 

ПРОГРАМСКИ ОДБОР ЗА СПЕЦИЈАЛНЕ СЕСИЈЕ 
Проф. др Платон Совиљ, Нови Сад, Србија 
Проф. др Александра Смиљанић, Београд, Србија 
Проф. др Божидар Поповић, Источно Сарајево, Босна и Херцеговина 
Проф. др Милеса Срећковић, Београд, Србија 
Проф. др Јелица Протић, Београд, Србија 
Проф. др Владимир Катић, Нови Сад, Србија 
Проф. др Слободан Вукосавић, Београд, Србија 
Проф. др Срђан Лале, Источно Сарајево, Босна и Херцеговина 

ОРГАНИЗАЦИОНИ ОДБОР 

ПРЕДСЕДНИК 
Проф. др Божидар Поповић, Источно Сарајево, Босна и Херцеговина 

ПОТПРЕДСЕДНИЦИ 
Проф. др Срђан Лале, Источно Сарајево, Босна и Херцеговина 
Проф. др Слободан Лубура, Источно Сарајево, Босна и Херцеговина  
 
ЧЛАНОВИ 
Проф. др Младен Бањанин, Источно Сарајево, Босна и Херцеговина  
Проф. др Никола Давидовић, Источно Сарајево, Босна и Херцеговина  
Проф. др Зорана Мандић, Источно Сарајево, Босна и Херцеговина  
Проф. др Никола Кукрић, Источно Сарајево, Босна и Херцеговина  
Проф. др Марко Икић, Источно Сарајево, Босна и Херцеговина  
 

ПОДРШКА ПРОМОЦИЈИ НАГРАЂЕНИХ РАДОВА 
Проф. др Милић Ђекић, Чачак, Србија 
 

ОДБОР ЗА ПРОГРАМСКО-ТЕХНИЧКУ ПОДРШКУ 
Др Марко Росић, Чачак, Србија 
Мср Узахир Рамадани, Београд, Србија 
Марко Вујадиновић, Београд, Србија 
Александар Рашковић, Београд, Србија  
Бојан Суботић, Источно Сарајево, Босна и Херцеговина 

СЕКРЕТАРИЈАТ ЕТРАН-А 
Мирјана Јованић, Друштво за ЕТРАН  
Златко Јарневић, Друштво за ЕТРАН 
  



 

73 

SS-FO1.8 DIGITALNA FORENZIKA - PRAVCI RAZVOJA NASUPROT 
AKTUELNOJ PRAKSI 

Milica Janković, Radovan Radovanović, Nikola Mitrović and Milan Jovanović 

Дигитална форензика представља најактуелнију грану форензике. Како се развија 
информатичка наука и технологија у целини, тако се и дигитална форензика мора 
развијати да би пратила трендове и дала решење за све проблеме у свом научном 
домену. У овом раду се приказују планиран напредак у оквиру ове науке, као и 
тренутни поступци у пракси, и даје се њихова упоредна анализа. 

SPECIAL THEMATIC SESSION: MULTIDISCIPLINARY 
SESSION/ 
SPECIJALNA SESIJA: MULTIDISCIPLINARNA 

SS-MD1 

Utorak/Tuesday, Јun/June, 06th, 15:00 – 18:00, Sala 5/Hall 5 

Chair/Predsedavajući: 
Milesa Srećković, Univerzitet u Beogradu, Elektrotehnički fakultet, Beograd, 
Srbija 

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

Aleksander Kovačević 

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 Malović, Vera Vukanić, Darko Jevremović and Ljiljana Brajović 

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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НАУЧНИ РАД 

ЛАСЕРСКЕ ТЕХНИКЕ И СПРЕГЕ СА ДРУГИМ ТЕХНИКАМА У 
ПРОБЛЕМАТИЦИ ДАНАШЊИЦЕ У ТЕОРИЈИ И ПРАКСИ 
 

Милеса Срећковић1, Александер Ковачевић2, Ацо Јанићијевић3,  
Сузана Полић4, Зоран Недић5, Зоран Стевић1,4,6, Сања Јевтић7,  

Милован Јанићијевић1,8 
1Електротехнички факултет, Универзитет у Београду, Србија 

2Институт за физику, Универзитет у Београду, Београд, Србија 
3Технолошко-металуршки факултет, Универзитет у Београду, Београд, Србија 

4Централни институт за конзервацију, Београд, Србија 
5Факултет за физичку хемију, Универзитет у Београду, Београд, Србија 

6Tехнички факултет у Бору, Универзитет у Београду, Бор, Србија 
7Академија техничко-уметничких струковних студија,  
Одсек висока железничка школа, Београд, Србија 

8Металац, а. д., Горњи Милановац, Србија 

Апстракт: Проблеми данашњице, pro et contra нових продора у 
високе фреквенције, али и пандемија, као да су позвали на још сложени-
је корелације и спрезања области: наука, пракса, мас-медији у савлада-
вању што боље дескрипције одређених процеса у заједничким напорима 
да се изађе из ситуације у којој се наш Глобус нашао. Више него икад, 
потребно је много мултидисциплинарног рада, али и уско специјали-
стичких софистицираних познавања области у којима се нешто истра-
жује. 

У широком и генерализованом приступу интеракције кохерент-
ног зрачења са материјалом као да се губи граница између класичнијих 
прилаза расејању / интеракцији, јер је појам стимулисаних процеса и вр-
ло кратких импулса отворио блиска подручја у спрезању са материјалом 
(у широком смислу укључујући и био-феномене) и тиме замаглио тре-
нутак кад су живе ћелије почеле да учествују у оптичким записима, а 
познато је да статистика из биолошких процеса може да решава пробле-
ме саобраћаја и сл. 

У овом раду ће се размотрити интеракција материјала са стиму-
лисаним електромагнетним зрачењем, њени резултати и што тачнија 
дескрипција могућих процеса. Стављањем акцента на оптичку видљиву, 
инфрацрвену и ултраљубичасту област, скицираће се и неке примене ос-
талог дела електромагнетног спектра и модулације материјала или њи-
хове мерне могућности. 

За изабране примере материјала разних класа, посматраће се њи-
хов могући опис каракте ристика пре и после интеракције са гледишта 
ласерских, термовизијских, и других техника, где долазе до изражаја за-
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писи проузрокованих акустичких или низа других спрегнутих ефекатa 
са терминологијом магнетно-оптички, електро-оптички, акусто-оптич-
ки, оптомеханички и сл. Раз мотриће се и изабрани теоретски сложенији 
модели са рачунарском подршком, али и једноставне крајње формуле, 
које воде до релативно корисних процена у исходу интеракције прили-
ком праћења појединог канала излаза. У спектроскопском прилазу ди-
скутоваће се делови спектроскопија који у себи имају ласерске или сти-
мулисане изворе и тиме отворене нове или само побољшане спектроско-
пије. 

Таквим прилазом, интерпретације постају веома осетљива подру-
чја. Приступ примене ласерских и неласерских техника на материјале 
уопште (на биоматеријале, на објекте херитологије или за специјалне 
намене) и дефинисање узорака и мерења на одабраним објектима или 
матери јалима, и пракса, теорија, реалност у областима културне башти-
не, медицине или специфичних обла сти које укључују оштећења, кори-
сне деструктивне процесе или експлозивне процесе при примени ласер-
ских техника, опет отвара питања ласерских оштећења и њихових дефи-
ниција. Улазак у области заштите са изазивањем пробоја ласером или 
иницијацијама разних процеса, мора да располаже са детаљним познава-
њем главних оптичких показатеља / дескриптора материјала, укључују-
ћи и појмове коефицијената рефлексије, расејања, апсорпције, термоди-
намичких параметара, тачку паљења, величине честица, ако је материјал 
у стању праха, итд. 

Кључне речи: ласерска техника, интеракција, расејање, материја-
ли, дескрипција, моделовање. 

1. УВОД 

Рефлексија светлости на граници две средине 

Као стари проблем са богатом литературом, рефлексија светлости на 
граници две средине, везана је за класичне резултате са понашањем електро-
магнетних таласа на граници и односи се на доласерски период. Тада су 
посматране само транспарентне и апсорпционе средине, као и средине су 
посматране линеарно (Оптички параметри нису зависили од густине снаге 
зрачења и од интензитета упадне светлости). За хомогене раванске таласе, 
никад се не прелази 1 и увек постоји пропорционал ност са упадним зра-
чењем. Појавом услова и средина које појачавају, стављен је поново акценат 
на рефлекси она својства материјала. Сада се више није радило само о пре-
цизнијим, већ о квалитативно новим резултатима, ефектима који траже нове 
интерпретације и формализме. Радило се о чињеницама: коефицијент рефлек-
сије за оптички активну средину R > 1, могуће је и појачање, а у вези са то-
талном рефлексијом на граници са нелинеарном средином, долази до појава 
оптичке бистабилности. Проблематика је привукла пажњу много истражива-
чких група и процветале су: интегрална оптика, резонатори, пасивни и 
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активни). Најважнији су проблеми: рефлексија од појачавачких линеарних 
средина и оптичких нелинеарних средина са Kerr-овом или термалном 
нелинеарношћу. Maxwell-ове једначине су добиле нов значај и нове резулта-
те, када је рефлексиона средина активна или нелинеарна. Показана је и мо-
гућност тоталне рефлексије од инверзних средина [1] и апроксимације у 2 
случаја [2]. За класичну електродинамику допушта се у случају стационарних 
средина само рефлексија и R < 1, независно од карактера рефлексионе среди-
не.Тако су реализовани нови квантни генератори и појачавачи [3] перспек-
тивни за интрегралну оптику, активну средину у виду танких филмова и по-
лупроводника. Разни модели укључују појачавачку средину као: хомогену 
полубесконачну средину са планпаралелним слојевима. Разматрана је и нехо-
могена инверзна средина са експоненцијалним и линеарним профилима ε и 
реализовани технички детаљи. Шема ласера са тоталном рефлексијом на 
граници прозрачне изотропне средине са активном појачавачком средином: 
самоинтеракције везане за снажне интензитете, а проблеми су управљање 
интензитетом, полариза цијом и правцем деловања. Ту су и нове законитости: 
феноменолошка теорија за Керов тип нелинеар ности, угао Brewster-а, пози-
тивна нелинеарност, интерференциони слој, оптички хистерзиси, нови типо-
ви око 1975 г [4]. Оптички хистерзис доводи до бистабилности и рефлексије и 
не само у ,,теори ји”, него и у примени: управљања зрачењем, ps импулси, 
(оптички прекидачи и застори). Уз танке филмове, везују се Керов и топлотни 
ефекти. Нарушавање тоталне рефлексије и интерференције, може да се 
употреби за модулацију. R близу граничног угла тоталне рефлексије - ТР 
показује да може да служи за управљање зрачењем и нелинеарим елементи-
ма; добијају се идеје за оптичке филтре интензитета и енергије, рефлекторе, 
модулаторе, прекидаче. 

Рефлексија светлости на граници са хомогеном појачавачком средином 

Разматрање проблема ове врсте, почело је 70-тих година прошлог века, 
када је експеримен тално показано [5] да при рефлексији од активне 
појачавачке средине, коефицијент рефлексије близу граничног угла тоталне 
рефлексије R, може да буде мањи од 1. При одређеним условима је могуће 
појачање ЕМ таласа. Из теорије, отишло се у примену у вези са реализацијом 
нових појачавача. У ла серској техници има своја преимућства. Просторно 
раздвајање у резонатору и активне средине и нехомогено грејање при генера-
цији погоршава спектралне и енергетске карактеристикe. То снижава техни-
чке захтеве за радне средине ласера, њихову хомогеност, прозрачност.За до-
бијање појачања процесом тоталне унутрашње рефлексије [6] је рађено и екс-
перименталтно и потврђено појачање (и генерација), са танким стакленим 
влакном диа 8 μm окруженог љуском Nd3+ стакла диа 26 μm; затим је следио 
слој дебелог и прозрачног стакла (1,5 mm;дужина таласовода 1m). Индекси 
преламања су: језгро Nd стакла n1=1,529, n2=1,509 и спољнoг n3=1,510. На 
границама пасивног језгра и Nd3+:стакла су услови и за тоталну рефлексију. 
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Генерисано зрачење 1,06 μm у том систему је добијано из пасив ног дела, по 
представама феноменолошке оптике; R на граници са инверзијом био R>1, 
Таб.1. 

Следује [7] да за углове упада α, α<α0, далеко од (α>0, α>>|Δ(ω)| ( ),τ ω ,), 
величина помака посебно за танке слојеве (N мало), мора да се смањи, 
( ) 0→δ ; највећи коефицијенти рефлексије од појачавачког слоја, треба да се 
очекују за фреквенције ω, ω≈ωp. Аналитичко разматрање зависности величине 
δ помака од односа параметара слоја и околне средине, при разним угловима 
упада α и дебљина слојева h/λ је сложено због облика зависности R1(ω) и Δ1(ω). 
Нумеричко решавање је разматрано са зависношћу ε2(ω)[7]. За задате 
вредности параметара слоја и околне средине ( 21 εεε −=Δ ) и τ0 ) израчунава 
се интервал могућих углова генерације oααα −=Δ  и помаци од резонантне 
фреквенције , ( ) ( )/ 1pδ= ω ω γ δ− ≤  и h/λ, Таб. 1,2. ε1= 2,5 (n1=1,5). Ту је 

фиксирана је вредност за τ0 и мењано је Δε, а у Таб.2, фиксирано је Δε, а 
различите су τ0. Анализа података показује да у свим случајевима генерацијe за 
танке инверзне слојеве постоји у малој околини углова α∼α0. Порастом τ0 
(појачање у максимуму), или смањењем Δε тј. порастом параметра p= τ0/Δε, 
интервал могућих углова генерације Δα се шири. При великој разлици Δε 
диелектричних пропустљивости граничних средина и мањих τ0 (параметер p 
мали), могући су углови генерације αgen<α0, смањењем Δε или порастом τo 
(параметар p>1), могући су углови αgen>α0. Увек важи и зависност [7 ] 

( ) 0sin2
10 >Δ+− ωαεε                            (1) 

За углове 0αα ≥gen , помак δ је увек позитиван, генерација постоји за 
фреквенције ω>ωp(δ>0). У неким случајевима, могуће је δ>0 и за углове 

0αα ≤gen . За углове 0αα ≤gen  или 0genα α , помак фреквенције δ је увек 
негативан (ω<ωp). Прелазом генерације из области углова 0αα <  у области: 

0αα ≥gen ; 0αα ≥ ; 0α α фреквенција генерације се помера из резонансне 
ка вишим фреквенцијама. То се користи у експерименту ,у тој области углова 
генерација постоји за ω>ωp (δ>0). Могуће је и (δ>0) и за углове αgen≤ α0 или 
бар приближно). По правилу за αgen<α0 помак фреквенције δ је негативан 
(ω<ωp). Тако прелазом генерације из углова αgen<α0 у област αgen>α0, фрек-
венција генерације се помера од резонансне области у област виших 
фреквенција. То се користи, а о знаку помака δ се суди о области углова 
генерације. Важна је зависност δ при разним угловима генерације α≈α0 и 
задатом τ0 од односа диелектричних пропустљивости слоја и околне средине, 
од Δε, Таб. 3, за углове αgen=α0±Δα, где је 0 ),05.≤Δ≤ α  min., за узете τ0 и Δε 
,величина δ је позитивна, расте, кад се p се смањује (тако се смањују и могуће 
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минималне дебљине h/λ). Пораст је потврдио и експеримент [8], што важи и 
за смањење τ0 при фиксираном Δε, ако су углови генерације: 

.00 ±≈ αα gen                           (2) 

За углове кад одступања Δα по апсолутној вредности расту, Таб.3, δ је 
негативна и са порастом параметра p расте по модулу, што потврђује и 
експеримент [8]. Генерација постоји за .0αα <gen За веће коефицијената 
апсорпције R>>1, интересантни су и други оптички системи. 
Таб.1 Подаци за процену интервала могућих углова генерације Δα=α-α0. 
Дебљина појачавачког слоја h/λ и величина помака фреквенције од резонансне δ=(ω-
ωp)/γ при задатом параметру појачања слоја τ0=3 10-4. Део Таблице из [7 ] 

 
Δε(p), Δα 0,min δ h/λ 
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-10 
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-1.08 
-0,40 
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0,24 

31,4 
23.2 
21,1 
21,3 

 
Карактеристике рефлексије/транспаренције од  
оптички нелинеарних система 

Ова област обухвата: појаве хистерезиса при постојању границе са 
нелинеарном средином, хистерезис фазе у условима тоталне рефлексије, 
интерференције са нелинеарном границом, рефлекси ју са оптички нелинеар-
ним прозрачним слојем, нелинеарни диелектрични слој као филтар интензи 
тета ласерског снопа. Хистерезис фазе у условима рефлексије од интерферен-
ционог слоја са нелинеар ном границом има карактеристичне измене форме 
Gauss-овог импулса при рефлексији, сл.1, [7] о нелинеарни прозрачни слој, уз 
интерференциона својства слојева. Тако су применом нелинеарне ре флексије 
од танких диелектричних слојева са Керовим механизмом нелинеарности, 
могуће реализације оптичког уређаја са прагом, који се аутоматски под 
дејством упадне светлости пребацује из стања тоталне рефлексије у стање 
потпуне транспаренције. 
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Према [7], следи вредност интензитета на прагу, зависно услова, за деб-
љину слоја h/λ, смањује се. Поставља се питање како се при заданим индек-
сима преламања слоја n0 и околне средине n1 и 

 

 
Слика.1 Форме Гаусовог импулса при рефлексији од нелинеарног прозрачног слоја за 

α=α0+0,5° ,[7]. 

параметра нелинеарности ε2, изабрати дебљину нелинеарног слоја тако да 
тотално пропушта интензи тет I0 при хистерезисном скоку из тоталне у 
парцијалну рефлексију. У пракси не постоји идеалан ра ванско-монохромат-
ски талас;сноп је коначне дивергенције, па R ≠0 у минимуму. Дебљина слоја 
h/λ мора да се узима са дивергенцијом а, за упад под α>α0 , дивергенција 
мора бити мања или једнака полуширини Δδ процепа у Rmin. Нису добијена 
тачна решења граничног задатка за снопове у случају нелинеарног слоја. За 
приближне оцене, узимањем у обзир дивергенције упадног зрачења, 

( )
2

0
1 0 0/ cos sin 2N

gN
n h

α δ
λ α α

Δ =                          (3) 

g=Rsl/(1-Rsl). Ако је сноп доста широк , интензитети по пресеку top hat типа, а 
оса снопа се покл па са једним од минимум коефицијента рефлексије Rsl, 
средњи коефицијент рефлексије снопа је 

<Rsl> ∼(1- arc tg β)/β,                           (4) 

β= g1/2 γ0/ΔδN и γ0 дивергенције. За γ0 на нивоу Rsl=0,5, g=1, нумеричка 
вредност је полуширина, Rsl=0,21. Реално ће бити 0 са γ0 са h/λ по [7], када ће 
бити тотална транспаренција. Угао упада α≤ α1 одређен хистерезисним 
скоком,  
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Таб. 2. Вредности за Δα, h/λ i δ при фиксираном Δε=5 10-4 (α0=8909’)(део таблице из [7],) 

τo Δα,min δ h/λ 
1,5 10-4 -9 -0,89 39,1 
1,5 10-3 -44 -1,03 13,5 
 

Таб. 3 Вредности Iо и h/λ при разним γ0 

γ0 , мин 2 5 7 10 12 15 
h/λ 5,8 4,2 3,7 3,3 3,1 2,0 
h/λ 8,7 6,4 5,1 5,1 4,8 4,5 

I0, GW/cm2 1,9 6,5 10,3 16,5 21,1 28,3 
I0 , GW/cm2 1,2 4 6,3 10,1 12,8 17,3 

 
 I0(q) [11] за овај интензитет мора да буде истовремено интензитет 

прекида нелинеарног ПВО режима трансмисије.У Таб. 3 су оцене за разне 
угловне дивергенције γ0 упадног снопа, h/λ и I0 ,за N=1 за случај γ0=0,5 
ΔδN(g=1) и n0=1,600, ε2’=3 10-8 cm2/MW (CS2) уз 2 различите вредности n1,тј. 
α0. (Горње вредности h/λ и I0 су n1=1,74 (α0=66051’), доње n1=1,64 (α0=77019’)). 

Повећањем дивергенције γ0 ,мора и h/λ да се смањује, а расте интензи-
тет светлосних флуксева, који скоро потпуно пропушта нелинеаран слој 
(коефицијенти рефлексије слоја у минимуму онда не прелазе 10%). Смање-
њем ε1-ε0, тј.,са порастом α0, дефинишу се интензитети прага, (смањују се при 
заданој дивергенцији зрачења-γ0 ако расте дебљина h/λ. 

Следи да танки прозрачни слојеви са нелинеарношћу Керовог типа 
могу да обезбеде близу граничног угла α0 тоталну рефлексију слабих 
интензитета зрачења и потпуно пропуштање снажних светлосних интензите-
та ( преко стотине MW/cm2). Тако врше улогу филтра интензитета ласерског 
снопа. Аналоган је резултат при простирању снажног ласерског снопа у 
срединама са просторно периодичном структуром [9,7]; рефлексија танког 
слоја резонансне нелинеарне средине h/λ<<1. То се може користити за 
реализацију управљања ласерским снопом типа :нелинеарног оптичког пре-
кидача, нелинеарног рефлектора, модулатора доброте ласерских резонатора, 
ограничавање снаге светлосног флукса и др. у ласерској техници. Користи се 
сличан уређај и као нелинеарни рефлектор - оптичког прекидача на путу 
простирања снопа .Код ласера са синхронизованим модовима може се добити 
генерација појединачних ps импулса, сл.2. Подешавање резонатора треба да 
буде такво, да формиран сноп пада на елемент 4 (тачније на нелинеаран слој 
између призама) под углом α, α>α0. < При доласку било ког кратког импулса, 
нека критична густина зрачења се тотално рефлектује и може да наруши и 
сноп без губитака пролази кроз резонатор. 
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где је садржан сопствени оператор енергије атома, слободног квантног поља 
зрачења и интеракција атома са пољем зрачења, величине akλ и akλ

+, су 
оператори апсорпције и рађања фотона импулса k и поларизације ek

λ, а Mj, Mj* 
– матрични елементи прелаза за атоме координата xj. Оператори σz

j и σ+-
j 

одговарају односима комутације. Затим следи разлагање поља по раванским 
таласима, резонатор се претпоставља у форми паралелопипеда запремине V. 
Затим следе формализам диференцирања оператора и једначине за средње 
квантномеханичке вредности. У обзир се узима nkλ средњи број фотона са 
импулсом ћк и поларизацијом ек

λ у запремини V. Претпоставком да постоје 
слабе везе међу атомима уз посреднo поља зрачења, посматрају се само 
реални прелази међу стањима слободних честица у пољу у току целог 
процеса рада генератора. Уводи се релаксациони параметри γ1, γ2, W0, који 
описују губитке фотона у резонатору, осветљавање кристала спољњим 
зрачењем / пумпом, која проузрокује позитивну разлику насељености N и 
проширење горњег нивоа под утицајем вибрација кристалне решетке. 
Користи се вероватноћа за спонтане и стимулисане прелазе: τ0

-2=2πc3 W/ω0
2V- 

W-вероватноћа спонтаног зрачења. У првим извођењима, појављивале су се 
грешке и заме њивале су се величине, а мењала се и терминологија. Ако је на 
почетку процеса са N атома у горњем нивоу N2

0 и ако је у t=0, за случaј, 
γ2t>>1, следи  

( )
0.

2 2
22 2

0 2 0

1
2 2 ( / 4)

k

k

Nn λ
γ

τ γ ω ω
≈

+ −                           (7) 

Следи да се ради о Lorentzovoj форми ширине, γ2.За случај генератора 
на рубину, γ1∼109s-1 ,Wa∼103 -104 s-, γ2 ∼1011 s-1. Како се у геометрији са 
планпаралелним огледалима поставља рубински кристал, ради с о појави са 
просторним углом Ω, суме се замењују операцијама интеграла, што води до 
режима слободне генерације, релаксационих осцилација. За потребне услове 
добија се ηстац 

, ( )
( )2 2

1 2 02
stac

stac

o

η ω =
aπγ γ τ ξ

Θ Ω

+
                (8) 

што се уз одређене апроксимације своди на 

( ) ( )2
0

2
2

0

)4/( ωωγ
ωη

−+
= A

stac

               (9) 
 

( )
2
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2
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1
τπγ
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( )1/4 0

2
0 −

Ω=
nWWπ

γγ
                                                  (11) 

γ0 представља ширину спектра зрачења у стационарном режиму. Опада са 
сужавањем простор ног угла и повећањем снаге пумпе. У резонаторима са 
сферним огледалима Ω=10-3 rad. При ω0=2ω+ постиже се γp=107 s-1. Тако се на 
излазу у стационарном режиму фотонски спектар сужава, што је условљено 
нелинеарним карактером развитка фотонске лавине. Зато се релативно брзо 
умножавају фотони, са фреквенцијама близу центра линије ω0. Као закључак 
у раду [12] је описивано зрачење са прогресивним таласима; претпоставља se 
да су димензије резонатора врло велике. Тоталан број фотона у резонатору је 
дат зависношћу 

( ) 0 0
02 2 2 2

1 1 2 1

1 1
2 2

stac
stac

po

Q Wd γη ω = η
γ γ γ γ W

ξ
π τ ξ τ

∞

−

 Ω += − =  +  
             (12) 

То се поклапа са величином ηstac [12] уз помоћ кинетичких једначина. 
Поклапање важи и за прелазни режим. При вредностима пумпе блиских 
прагу генерације, јављају се неамортизоване вибрације интензитeта зрачења, 
који се не описују са (4). За то је потребан строжији геометријски прилаз 
резонатору и активној средини [1-5]. У многобројној литератури ширина 
линије је третирана: а) као дефиниција облика, односно представника 
одређене динамике, б) као део процедуре у сређи вању експерименталних 
података, ц) као квантитативна интерпретација за много физичких величина: 
коефицијенти дифузије, коефицијенти топлотне проводности, апсорпциони 
коефицијенти средина, дијаметар центра расејања, компресибилност, или чак 
низ акустичких и механичких параметара, укључујући заостале напоне, ако 
се везује за помаке и Brillouin-ову и Raman-ову линију. У радовима смо се 
подсетили пакета програма, којима се може оценити димензија расејавача 
(постоје развијене теорије за разне класе и димензије у односу на извор 
квантни генератор који осветљава одређени ансамбл). Уз класичну ангуларну 
раcподелу и корелације фотона из прошлога века, развијен је сна жан 
теоретски апарат уз професионалну техничку подршку, којима се разним 
шемама професи онално дефинишу ансамбли расејавача разних облика и 
димензија од макроскопских молекула, вируса до бактерија и других микро-
организама. Старије примене за дефиницију полимера, мицела, колоида, итд. 
су биле добро развијене и пре корелације кроз избијање фотона, а класика 
добијања динамике у систему разних димензија почињале су од везивања са 
Brown-ијевим кретањем, угловном расподелом процеса расејања, укљу-
чивања поларизација, дифузије, полидисперзности , хомогеност и низотропи-
ју средине. Развој полупроводничких и фибер ласера је смањио габарите из-
вора, ако се не мисли одмах на напајања нуклеарним и електронским снопо-
вима [12,17-22]. 
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ИЦ спектроскопија 

Инфрацрвени спектри настају у процесу емисије или апсорпције. Ако 
se кроз испитивану супстанцу пропушта електромагнетно зрачење у ИЦ опсе-
гу у његовом спектру ће због апсорпције недостајати фотони оних енергија 
које одговарају енергијама прелаза у молекулима и резултат ће бити апсорп-
циони спектри.У овом подручју молекули треба да поседују стални диполни 
моменат (наелектрисање асиметрично распоређено.Неполарни молекули (Х2, 
Н2, О2 итд) немају апсорпционе спектре. Код вишеатомских молекула дешава 
се да нека од њихових основних вибрација изазива апсорпцију (активна је), а 
нека не (неактивна је), [15]. 

ИЦ имају одавно вишеструку примену у многим областима. У физици 
и хемији дају податке о структури молекула, структури течности и чврстих 
тела. Омогућавају да сазнамо састав супстанце кроз коју је прошло ИЦ 
зрачење.Различите групе атома у молекулима показују у одређеним области-
ма таласних бројева у спектрима апсорпционе траке, без обзира на састав ос-
талог дела молекула. На основу тога закључујемо да нису позната два разли-
чита једињења са потпуно идентичним ИЦ спектрима. Када се зна, од којих је 
функционалних група састављено дато једињење, поређење са познатим 
спектрима једињења те класе даје тражени одговор. За поређење спектара мо-
гу се користити веома опсежне картотеке спектара, базе спектара сопствене 
лабораторије у сопственој лабораторији или бази података на њеб мрежа-
ма.Класичнији приступ је постојао и без рачунара, али данас је уз директну 
мерну тезнику омогућено директно или касније интерпретација спектара. 
Приступ је коришћење PC рачунара у чијим се меморијама налазе подаци о 
разним једињењима или базе података различитих класа једињења. 

2. ЕКСПЕРИМЕНТ И РЕЗУЛТАТИ  

Рестаурација Централног института за конзервацију (ЦИК) у Београду 
је трајала неколико година [13-16]. Зграда ЦИК-а, из чије фасаде потичу 
узорци материјала типа малтера, има два излаза – на улицу и на двориште. 
Изглед фасада је приказан на сл. 1 а и б. Дворишна фасада је са пропалом оп-
латом. Улична фасада зграде, за Балканску улицу је често одредиште за овај 
споменик културе (ЦИК, Балканска 7). Формална адреса је везана за Теразије 
26. Детаљи на сликама су из доба пре рестаурације на основу чијег стања је и 
потекао читав пројекат [13b-16]. Делатност Института готово све време током 
рестаурације није прекидана и обављане су све врсте делатности. У овом раду 
је у првом плану дато неколико резултата из предвиђене методологије везане 
за праћење материјала из кога је грађевина састављена. 
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Методологија анализе материјала оплате зграде ЦИК-а 

Из оплате зидова узето је неколико узорака неправилног облика, који 
су били изложени атмосферским утицајима дуги низ година. Димензије 
наших узорака су били реда величине 1-неколико cm. Са намером да се узор-
ци не униште методом за испитивање садржаја, прво је коришћено неколико 
недеструктивних техника, какве су оптичке технике са ласером или оптичким 
извором. Овде су дате анализе везане за инфрацрвене спектре који се мере у 
рефлексивној или трансмисионој варијанти / модификацији инструмента. 
Друге алтернативе би биле LIBS, електронска микроскопија, хемијске ана-
лизе. Дати су спектри узети са узорака, који су излагани сноповима ласера 
произвођача Quаnta systems са више прелаза: Nd3+: YAG и полупроводничким 
ласерима о чему је дато више детаља у [26]раду и са кратким освртом на мо-
гућности одређивања.  

Снимањем спектара узорака је добијена ИЦ природе везана за рефлек-
сионе или трансмисионе спектре узорака, који одражавају вибрациона стања 
материјала. У истој серији су мерени и узорци спинела,ферита које смо прет-
ходно излагали ласерским сноповима и пратили морфологију и састав повре-
да. За овај рад важно је било имати прве потврде о молекуларним сликаmа из-
раженим преко разних доприноса ИЦ спектрима. Спектри су дати за узорке 
малтера разних боја са зграде ЦИК-а, у ознаци C1 и K1, што има своје експе-
рименталне параметре. У експерименталној фази су снимани парови спектара 
у кратеру (новa излагања) и неповређене околине, али је илустративно прика-
зано само неколико представника разних материјала. Следећи корак је поре-
ђење резултата ове анализе и других типова спектара, затим отклањање лаж-
них или коинцидентних стања. 

Снимци микроповреда узорака са својим параметрима су дати у скупи-
ни микроповреда са истим ознакама која одговара местима на узорку. Овде се 
исто третира сав материјал биолошке / протетске / неорганске природе у 
погледу примењених техника мерења, а у погледу симулација са интеракци-
јом, избор модела (термални или други) зависно од типа примењеног ласера и 
сл. Постојe разни прилази, у зависности од постављених задатака за анализу 
и лабораторијску опремљеност и време заузећа хардверских ресурса, а зависи 
и избор третмана. 

Микроскопска и макроскопска анализа материјала 

А) Узорци оплате типа малтера, који су узети за предмете дескрипци-
је/дефиниције су, понавља се, узимани из оплате зграде ЦИК-а, сл. 1 (а,б). 
Узорци су неправилног облика и извршена је серија излагања узорака једном 
или два снопа истовремено (у исту тачку). Коришћени су ласери из лаборато-
рија ЦИК- а. Узорци су неправилног облика (слика 10).  

На сл. 8 су приказани оплата и оштећења ласерским сноповима; неке 
повреде су и резултат истовременог дејства, по габариту, малог полупровод-
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ничког ласера (366 mW, λ=552 nm, Δλ=0,1 nm, неполаризовани сноп, MGL-S-
532) и неког од снопова ласера на чврстом телу, професионалног уређаја за 
чишћење наслага на предметима културне баштине. Ласер лабораторије 
ЦИК-а је импулсног типа и има неколико прелаза / виших хармоника 1,06; 
0,505 и 1,300 μm. На макроскопским сликама узорака оплате или других ма-
теријала који су излагани ласерима (spineli), могу да се уоче повреде направ-
љене ласерским сноповима. Дате повреде су даље анализиране оптичким ми-
кроскопом и типа су кратера ,слика 13. (Димензије свих узорака имају габа-
рите реда по неколико cm, што је једна од претпоставки за симулацију). 

Б) Узорци типа Б су били лабораторијски производ друге лабораторијe, 
и проблематике, сл. 11 [23- 25]. 

 
 Слика 10. Оштећења проузрокована сноповима полупроводничког или Nd3+: YAG 

ласера са хармоницима; само по један сноп од сваког ласера одвојено, или симултано 
у исту тачку 

 
Слика 11. Оштећења на макроскопским узорцима делови цм по габариту и дебљини 

реда 2-3 mm, типша/ / лабораторија / /...  
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Трећа група узорака  
Ц) Трећа група узорака (сл.12) су били филтри који се користе у теле-

визијске сврхе, чије је стање пропуштања/одбијања ИЦ зрачења контроли-
сано пре много година у лабораторији (мр Владимир Красњук и мр Драган 
Попадић) која се бавила камером на телевизији. Контрола, у којој је као са-
радник учествовао и Зоран Ристовски, студент Електротехничког факултета, 
је показала да не постоји свуда слагање са произвођачким спецификацијама. 

 
 Слика 12. Оштећења на палети филтара за ТВ сврхе и контролу рада камере 

Анализа оптичким микроскопом 

 
Слика 13а. Микрограф анализе материјала узорака ЦИК-а, типа малтера 
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Слика 13б) Микрограф анализе материјала узорака [13] 

ИНФРАЦРВЕНИ СПЕКТРИ 

Снимање ИЦ спектара изабране категорије узорака је вршено на узорци-
ма оплате и приказано на слици 14 и за материјале типа спинела на слици 15. 

 
                                                     a) 
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                                                              b) 

Слика 14. a) ласер, у повреди (К2) ласером на оплати материјала узорка ЦИК [13],  
b) К2 без повреде материјал узорка. К2-ознака за радне услове 

a)  
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Слика 15 Инфрацрвени спектри материјала од интереса и за активне материјале 
ласера типа спинела некомерцијалног типа који су снимани и на другим системима 

ИЦ, а и карактерисани другим адекватним техникама 

Термографске анализе 

Телевизијски зелени филтер из палете сл. 12 је излаган снопу полупро-
водничког ласера (0,4 W зелени прелаз ) у трајању 1 и 2 min. Зелени филтер 
PP1 (No. 78) је за време озрачавања праћен тер мокамером CIE Lab и бележе-
не су температуре на месту спота на филтру предвиђеном за ТВ камере. Ми-
нималне температуре су зависиле од енергије /снаге ласера за повреде, сл.16 
и представљене су на сл.17. 

Стање површине места на филтеру изложеним снопу су анализирана 
системом микроскоп-рачунар. Стање повреде филтера је дато на сл.16 F1 и 
16F2, развијене температуре у центру су биле 42,3 i 12,8 oC за излагање у тра-
јању од 2 min, односно са FLIR 189 камером: filtar plan Sp 1= 64,9 oC i 31,7 а за 
два пута мању снагу 52,9 i 32,0 oC, сл.17. 

Термографија 

а)  
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б)  

Слика 16 а) Филтар излаган полупроводничкоm ласеру (зелени прелаз један) б) Детаљ 
скале за анализе mикроскопоm сл.б 

 
Слика 17. Терmографија неких излагања ласрским сноповима са временима реда минута. 

Одређивање боје узорака 
 
При методологији тражења параметара за дескрипцију ласерских 

повреда, од интереса је промена боје узорака, дефинисана неким системом. У 
поступку калибрације полази се од дефиниције белог еталона и црног еталона 
и у односу на њих се одређују коефицијенти рефлексије и параметри према 
формализму инструмента спектрофотометра са Kr-лампом. 

На сл. 18 B1 и B2 су детаљи одређивања спектара еталона који играју 
улогу апсолутно белог и апсолутно црног. У литератури постоји доста разних 
еталона за дефиницију црног и белог, па су подаци подложни анализи. За то 
су потебни спектри са другим еталонирањима и разлике параметара/спектара, 
јер немамо у целом мерном опсегу равну карактеристику, већ се мора вршити 
нормирање. При снимању је често коришћено растојање 4 mm од површине 
узорка при CIELab експериментима. 
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 Слика 18. Одређивање боје узорака. Процедура за одређивање боје узорака преко 
координата и графичке представе података о спектру у датоm подручју који 

представља рефлексију/ апсорпцију 
 

У раду [26] се налази део података (слике спектара) помоћу којих се 
одрeђује боја узорака. 

Сви приказани делови експеримената су од интереса и за културну ба-
штину и за узорке материјала без обзира да ли су органског или неорганског 
типа, и могу се користити за стање површина, биофактора, са најразличити-
јим наменама, али припадају категорији квантитативних показатеља који се 
даље могу подвргнути симулацијама , пошто је овде у суштини увек потребан 
извор (овде је акценат на кохерентном зрачењу и ту би у свакој од метода мо-
гао да се укључи извор са кохерентним- ласерски, место извора са хаотичним 
зрачењем, што би потенцијално требало да допринесе нивоу прецизности [27-
30]. 

3. ЗАКЉУЧАК 

За закључак може да се узме у обзир неколико теза: 

– разматрање формализма рефлексије на границама средина са интер-
ференционим процесима; 

– подсећање на прва извођења рада ласера, уз оцене за рубински ласер 
и једно извођење лоренцијана којим се често моделују ласерски 
снопови; 

– разматрање неких корака у добијању филтера за велике интензитете 
и транспаренцију; 
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– у експерименталном делу рада, показивање оштећења на филтерима 
добијена много слабијим сноповима; 

– извођење методологије за разне интеракције са ласерским снопом; 
– за случај објекта културне баштине, односно њене оплате, снимање 

ИЦ спектара после LIBS који не уништава узорак. Приказани су ми-
крографи микроскопских анализа који могу да послуже за детаљнију 
анализу и моделовање. 

Микроскопске слике објеката као и део експеримената са термалном 
сликом интеракције је приказан, али стоји да би идеално било да се у сваком 
експерименту интеракције истовремено добије и запише податак о некој 
презентацији (брзе камере, ИЦ камере) а да се повреде свакако третирају 
електронском микроскопијом и EDX техником. За претпостављени материјал 
оплате, претпостављена је температурна расподела. Свим узорцима је 
одређивана и боја у једном систему везаном за ИЦ спе ктралну рефлексију 
(апсорпцију). 
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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 širo-

ka. U ovom radu su analizirani principi, savremeni razvoj specifičnih disciplina i posmatranja sa 

tehničko/ naučno/ inženjersko/ metroloških tačaka gledišta. Ova oblast je u širem smislu vezana za 

„istoriju“ naše planete ili, u užem, sredinu prošlog veka i zlatno doba kvantne elektronike. Neki od 

generalnih problema su rešavani sporo, ali sa druge strane, posmatranjem sadašnjeg 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 rešavanjem povećali gradijente budućeg razvoja solarne energije i 

njene primene u automobilskoj industriji, putem multidisciplinarnih pristupa. Uz podsećanja na 

potrebe, razmotrena su sprezanja kroz teoretsko inženjerske pristupe u polju tehnologije, metrolo-

gije i generisanja snage/ energije, i transformacije u području razvoja, primene i rada lasera, au-

tomobila i solarne energije. 

Ključne reči: 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 

–––––––––––– 
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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 Sun and 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 

1014 Pa and density 105 kg/cm3. 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 21st 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].  

 

Figure 1.Wind power in Germany  

from 1990 to 2015 [2] 

 

Figure 2. Development of wind energy supply  

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. 

 

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. 

 

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] 

 

Figure 7. Displacement measurement scheme 

 

Figure 8. Laser displacement measurement [25] 

a) b) 

Figure 9. a) Block diagram for measuring the surface profile; b) synchronous detector output 

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 

Output voltage 

 

Displacement 
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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 μm, 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 

Table 2.Methods of holographic interferometry 

 Real time holography Pulse holography SOVAS 

Object Single construction 
elements 

Construction blocks,  
aggregates, chassis 

Construction blocks, aggregates,  
movable parts of chassis 

Measuring quantity Amplitude Analysis regarding  
laser pulse 

Speed 

Measuring interval 0.2 µm - 0.5 µm 0.2  µm - 200 µm  
(extrapolated) 

0.001  m/s - 1 m/s 

Excitation Harmonic Harmonic or  
auto-excitation 

Harmonic or auto-excitation and  
excitation of noises 

 Frequency variation Dominant frequency time 
filtering 

Spectral analysis 

State of vibrations Forced Transitional regime Stationary regime 

Mode of operation Surface Surface 30 dots × 30 dots 

Duration of  
measurement 

Several seconds Instantly 10 s - 300 s 

 Real time holography Pulse holography Holographic interferometry  
with averaging in time 

Operations Hologram exposure,  
loading the object 

Hologram exposure, loading the 
object, secondary exposition 

Hologram exposure during object 
moving and development 

Advantages Total information on  
object changes 

Easy realization, one-for-all  
single setup, constant emulsion 

Easy realization and  
easy interpretation of results 

Drawbacks Difficulties in interpretation, 
necessity of repeating the 
setup, emulsion, distortions 

Pure information,  
difficulties in interpretation 

Not suitable on immobile surfaces 
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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 μm - 5 μm. 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. 

   

Figure 12. Holographic 

tests of tires;  

interference fringes 

Figure 13. Detail of hologram 

for defect analysis 

Figure 14. Changes on disk 

couplings examined by holo-

graphic techniques (mechanical 

and thermal stresses) 

Applications Analysis of mechanical 
stresses, defects 

Analysis of mechanical stresses, 
defects,  
Analysis of transitional processes 

Analysis of vibrations 
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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 λ/4, where λ 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 λ. The surface analysis and estimation of its dynamics is possible if the condition 

4πD/λ >> 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 1010 W/cm2. 
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Figure 18. Absorption coefficient [1/cm] for radiation of 2.2 μm wavelength versus temperature [K] 

for pure hydrogen at p = 0.1 Pa and the contribution of various causes to absorption;  

1 - additive coefficient, 2 - photo-ionization, 3 - electrons in atom, 4 - electrons in ion field,  

5 - electrons in molecule field, vibration excitation of molecules 

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. 

 

 
Specific pulse [m/s] 

Figure 19. Operational characteristics  

of various ideal motors – fuel consumption 

[kg/s] 

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 - freezing for M = 1.5, M = 2 

In Figs. 21-22, some characteristic results and facts from literature are presented. 

 

Figure 21a. Places of some high power lasers and atmospheric transmittance [54] 
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Figure 21b. Figure 22. Gabarites in contemporary systems. 

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) 
 

b) 

 

c) 

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. 

 

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, CO2 or pulsed Nd3+: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. 

 a)  b) 

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 300× [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 μm. 

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 (< 1μg). 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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Апстракт— Један од ефеката интеракције ултра-кратког 
ласерског снопа са материјалима је формирање паралелних 
структура на површини (laser-induced parallel surface 
structures - LIPSS), чији је период мањи од таласне дужине 
снопа. Уколико се ради о вишеслојним танким филмовима 
метала, квалитет формираних структура је бољи. Узорак од 
пет двослојних танких филмова Al и Ti на супстрату Si смо 
изложили фемтосекундном снопу и запазили формирање две 
врсте структура које се разликују по облику. Обе су врсте 
вероватно узроковане појавом површинског плазмона-
поларитона на површини најгорњег слоја. Појава плазмона 
поларитона на површини танких металних филмова и 
наночестица може да ограничи простирање 
електромагнетног поља и да појача флуоресцентни сигнал 
из молекула хемикалије на површини. У зависности од 
структуре интерфејса за одређивање циљне хемикалије на 
металној површини флуоресценција побољшана плазмоном 
(plasmon-enhanced fluorescence, PEF) је привлачан метод за 
скраћење времена и појачање осетљивости разних 
аналитичких технологија које се користе у форензици. 

 
Кључне речи— фемтосекундни ласер; вишеслојни танки 

филмови; периодичне површинске структуре; 
флуоресценција.  

I. УВОД 

Интеракција ласерског снопа са површином 
проузрокује многе ефекте, међу којима је у последње 
време пажњу заокупило формирање паралелних 
структура (LIPSS – laser induced parallel surface structures) 
под дејством ултракратких снопова [1]. Због 
карактеристике да им је периодичност мања од таласне 
дужине снопа, поље примене је веома широко [2]. 
Интеракција са металима може побољшати триболошке 
карактеристике, а на ламеларним материјалима, као што 
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су вишеслојни танки метални филмови, формирани LIPSS 
има добар квалитет и може да побољша особине 
површине [3-4]. Снопови различитих карактеристика 
(флуенца, таласна дужина, дужина импулса, 
поларизација, ...), разни материјали (диелектрици, 
полупроводници, метали, ...), али и стање амбијента 
током интеракције – све то утиче на карактеристике 
LIPSS [5]. Генерално, уочена је појава две врсте 
структура, са нижом просторном учестаношћу (LSFL – 
low spatial frequency LIPSS) и са вишом просторном 
учестаношћу (HSFL – high spatial frequency LIPSS) [6]. 

II. ЕКСПЕРИМЕНТАЛНА ПОСТАВКА 

Узорци који су коришћени су добијени депоновањем Al 
и Ti на подлогу од Si (1 0 0) помоћу Balzers Sputron II 
апарата који користи 1,3 keV аргонске јоне и са 99.9% 
чистоће Al и Ti мета. Две врсте узорака су подвргнуте 
интеракцији са фемтосекундним снопом. Први тип је био 
силицијумска подлога на којој је депоновано пет Al/Ti 
двослоја чиме је достигнута укупна дебљина од ~130 nm 
(сваки слој од ~13 nm). Други тип је такође био 
силицијумска подлога, али на којој је био депонован један 
слој Al дебљине ~130 nm. 

 

 
 

Сл. 1.  Дијаграм експерименталне поставке за статичну интеракцију; PL 
– ласер за пумпање, PB – сноп за пумпање, FS – извор фемтосекундног 
снопа, FB – фемтосекундни сноп, SHG – удвајач учестаности, BE – 
проширивач снопа, FL – фокусирајуће сочиво, MPX/MPY/MPY - 
микропозиционери, SM – спектрометар, sample - узорак. 

 
Извор фемтосекундног снопа је био Coherent Mira 900F 

систем чија је фреквенција удвојена са Inrad 5-050 
ултрабрзим генератором другог хармоника. 
Карактеристике снопа су биле: таласна дужина 390 nm 
(удвојено) и 800 nm (основни хармоник), дужина импулса 
~150 fs, репетиција 76 MHz (период између импулса ~13 
ns), снага на мети 160–260 mW, линеарна поларизација у 

Суб-микрометарске паралелне површинске 
структуре индуковане фемтосекундним 

ласерским снопом у форензици  
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хоризонталној равни, Гаусов елиптични профил. 
Експозиције су биле од 1 до 10 s. Таласна дужина снопа је 
контролисана фибер-оптичким спектрометром Ocean 
Optics HR2000CG-UV-NIR. Интеракције су обављане у 
ваздуху фокусирањем фемтосекундног снопа под 
нормалним углом на површину првог слоја узорка (Al), 
сл. 1. Резултати су анализирани скенирајућим 
електронским микроскопима (SEM) JEOL JSM 6560 LV 
који има Oxford Instruments EDS анализатор и FEI 
SCIOS2, као и помоћу микроскопа атомских сила (AFM) 
NT-MDT NTEGRA Prima. 

На сл. 2 је дијаграм поставке модификоване за потребе 
скенирања снопа преко узорка. Изостављен је удвајач 
учестаности, чиме је интеракција пренесена у блиску 
инфрацрвену област, ради скенирања се сноп уводи у 
огледални 2D скенер и у проширивач снопа, а 
фокусирање се обавља објективом модификованог 
микроскопа (40×, NA=0,65). 

 
 

Сл. 2.  Дијаграм експерименталне поставке за интеракцију уз скенирање 
снопом; PL – ласер за пумпање, FS – извор фемтосекундног снопа, PM – 
мереље снаге снопа, XY скенер – скенер снопа, BE – проширивач снопа, 
sample - узорак. 

III. РЕЗУЛТАТИ И ДИСКУСИЈА 

На сл. 3 је приказ слике SEM дела области интеракције 
са 5×(Al/Ti). Фемтосекундни сноп таласне дужине 460 nm 
је имао флуенцу од 13,6 mJ/cm2 а време експозиције 10 s. 
У области интеракције се виде паралелне структуре са 
периодом од око 300 nm. Структуре су формиране у виду 
издигнућа на површини. 

 

 
 

Сл. 3.  Приказ слике SEM дела области интеракције са 5×(Al/Ti) на Si; 
флуенца 13,6 mJ/cm2 и 10 s време експозиције. 

 
На сл. 4 је приказана AFM слика области интеракције 

приказаној на сл. 2. Овде се боље види да су структуре 
формиране као издигнућа на површини. 

 

 
 

Сл. 4.  Приказ AFM слике дела области интеракције приказане на сл. 2: 
5×(Al/Ti); флуенца 13,6 mJ/cm2 и 10 s време експозиције. 

 
Узорак другог типа – један слој танког филма (~130 nm) 

Al – је био изложен флуенци од 8,6 mJ/cm2 исте таласне 
дужине и времену експозиције од 10  s. Резултати у виду  
слике SEM дела области интеракције су приказани на сл. 
5. У централном делу је дошло до аблације топљењем, а 
аблирани материјал се распоредио у околини централне 
зоне интеракције. Дошло је до расподеле у виду LIPSS, 
али квалитет облика није тако добар као у случају првог 
узорка. Просторни период структура је око 300 nm. 

 

 
 

Сл. 5.  Приказ слике SEM области интеракције са Al на Si; флуенца 8,6 
mJ/cm2 и 10 s време експозиције [4]. 

 
Упадни ултракратки сноп изазива на интерфејсу између 

металне и диелектричне површине појаву површинског 
плазмона (SP), а његовом интеракцијом са упадним 
снопом долази до формирања површинског плазмона 
поларитона (SPP) [2, 7], који узрокује статичну 
периодичну расподелу енергије на површини, периода 
мањег од таласне дужине упадног снопа. Дубина 
продирања ласерског снопа од 390 nm се израчунава [8] за 
Al на око 3 nm, а за Ti на око 9,3 nm. 

Присуство подслоја Ti узрокује повећање прага 
оштећења првог (горњег) слоја, Al. Температура решетке 
се формира кроз два механизма: електронско-фононски 
(који узрокује локализацију загревања), и транспорт 
електронима везан за топлотну проводност електрона 
(који односи топлоту од зоне интеракције) [9]. Разлика у 
електронско-фононској спрези између два материјала 
води до стрме промене температуре решетке унутар 
подслоја (Ti). Као последицу, електрони из горњег слоја 
(Al) брзо преносе енергију следећем (подслоју) и тиме се 
термална енергија преноси кроз интерфејс Al/Ti, спреже 
са решетком и на тај начин односи из зоне интеракције. У 
првом следећем слоју (подслој, Ti) долази до гомилања 
термалне енергије периодично у латералном смеру, али 
због високе температуре топљења Ti не долази до 
топљења. Праг оштећења првог слоја је тиме повећан јер 
се енергија углавном гомила у првом подслоју, који већ 
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има висок праг оштећења. Одсуство подслоја Ti 
омогућава гомилање енергије у слоју Al и изражено 
топљење (сл. 5). 

У поређењу са Al/Ti вишеслојним узорком, оптичка 
дубина продирања за Al је нижа, што резултује већим 
вреностима апсорбоване енергије и акумулације топлоте. 
Топљење и аблација су израженији него код вишеслојног. 

Осим статичког озрачивања, вршена су и динамичка, 
када је сноп скениран преко површине узорка. У овом 
случају је таласна дужина била 800 nm, а флуенца 153 
mJ/cm2. На одређеним правцима је скенирање извршено 
вишеструким прелетом снопа преко површине узорка; на 
сл. 6 је приказана област дела интеракције где је сноп 
скениран 8, 9 и 10 пута. Просторни период структуре је 
око 283 nm (мање од половине таласне дужине упадног 
снопа). У инсету на сл. 6 је приказана AFM слика дела 
интеракције, формирана по интензитету тунелске струје 
између врха пробе и узорка. Примећује се да је струја 
кроз формиране структуре (формиране у виду уздигнућа 
на површини) мања (еквивалентно тамнијој боји) него 
струја у деловима који нису трансформисани (светлија 
боја). То наводи на закључак да је дошло до смањења 
проводности у тим деловима, за које се може 
претпоставити да је узрок јача оксидација која је услед 
већег гомилања енергије. 

 

 
 

Сл. 6.  Приказ слике SEM (лево) и AFM (инсет-десно) дела области 
интеракције 5×(Al/Ti) на Si; поновљено скенирање, 8—10 пролаза, 
флуенца 153 mJ/cm2; бројеви 8, 9 и 10 представљају број прелета снопа 
преко истог правца; правац поларизације је означен белом стрелицом. 

 
Модел изложен у [10] предлаже формирање једне врсте 

LIPSS на металним површинама интеракцијом са 
ултракратким снопом у ваздуху. У првом кораку расејање 
на површинским нерегуларностима индукује појаву SPP и 
периодичне расподеле енергије на површини. У другом 
кораку, на местима где се енергија акумулира долази до 
загревања и реакције метала са кисеоником из ваздуха. 
Због ултракратког импулса је оксидација бржа од 
термалне дифузије, и дебљина оксида расте на местима 
акумулиране енергије. Тиме се одржава нанометарска 
локализација. Како структура расте у висину, расејање се 
појачава и тиме је остварена позитивна повратна спрега.  
У трећем кораку – како структура расте – због све већег 
присуства оксида се смањује продирање кисеоника у 
структуру и тиме се цели процес зауставља. Трећи корак 
има негативну повратну спрегу. 

 
 

Сл. 7.  Приказ слике SEM дела области интеракције 5×(Al/Ti) на Si; 
поновљено скенирање, 10 пролаза, флуенца 215 mJ/cm2; правац 
поларизације је означен белом стрелицом. 

 
На сликама 3 и 6 је приказано формирање једне врсте 

LIPSS, „гребен“, настале оксидацијом и надоградњом 
материјала. Првац простирања гребенских LIPSS је 
паралелан правцу поларизације упадног снопа (HSFL). За 
нешто веће флуенце снопа, сл. 7, долази до аблације 
материјала, а у аблираној области се појављује друга 
врста LIPSS, „канали“. Таласна дужина је 800 nm, 
флуенца 215 mJ/cm2, а као резултат је просторни период 
од 370 nm. Ширина канала је 80 nm. Аблација је 
наступила услед топљења/испаравања материјала. Правац 
каналских LIPSS управан на правац поларизације упадног 
снопа (LSFL). 

Појава плазмона – колективне осилације наелектрисања 
и придруженог електромагнетног поља на површини 
металних филмова и наноструктура – омогућава 
ограничење простирања светлости у мале области и тиме 
је дало нова решења у оптичким спектроскопијама, као 
што су површински-побољшана Раманова спектроскопија 
(in surface-enhanced Raman spectroscopy, SERS) 
површински-побољшана инфрацрвена спектроскопија 
(surface-enhanced infrared spectroscopy, SEIRA) и 
плазмонски-побољшана флуоресцентна спектроскопија 
(surface plasmon-enhanced fluorescence spectroscopy, PEF), 
које се користе у низу форензичких аналитичких 
технологија за детекцију хемијских и биолошких агенаса 
релевантних у важним областима медицинске 
дијагностике, контроле хране и безбедности [12]. У PEF  
се флуорофорни означивачи спрежу са ограниченим 
пољем површинских плазмона што се може конструисати 
да веома појача интензитет емитованог флуоресцентног 
светла ради детектовања врло малих количина аналита са 
побољшаном границом детекције и скраћењем времена 
анализе. Просторно преклапање и усклађивање фазе 
између поларитона води до успостављања спрегнутих 
симетричних и антисиметричних модова површинског 
плазмона поларитона. Симетрични тип мода се може 
побудити на металним површинама са густим решеткама 
испод нивоа дифракције. Дифракција на таквој 
периодичној модулацији дозвољава да плазмони 
поларитони који се простиру у супротном смеру 
интерагују, стварајући појачане интензитете поља 
локализоване или у удубљењима (“канали“) решетке или 
на врховима („гребени“) периодичне модулације. 
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IV. ЗАКЉУЧАК 

Приказано је испитивање површинских модификација 
индукованих на танким филмовима – узорци од пет 
(Al/Ti) бислојева (укупне дебљине 130 nm) на Si као и 
узорци од једнослојног Al (дебљине 130 nm) на Si – 
помоћу фемтосекундног ласерског снопа таласне дужине 
од 390 nm и 800 nm и репетиције 76 MHz (∼13 ns између 
импулса). За статичку интеракцију су формиране 
површинске периодичне структуре (LIPSS) на 
вишеслојном Al/Ti при флуенци једног импулса од 10,3–
14 mJ/cm2, а на једнослојном Al при флуенци једног 
импулса од 8,6 mJ/cm2. Присуство подслоја повећава праг 
оштећења најгорњег слоја, што побољшава квалитет 
формираних LIPSS. За динамичку интеракцију 
(скенирање снопа преко површине узорка) за 153 mJ/cm2 
је дошло до формирања гребенских LIPSS, а за већу 
флуенцу једног импулса, 215 mJ/cm2, до каналских LIPSS. 
На основу правца простирања LIPSS се закључује њихова 
врста, LSFL (ниске просторне учестаности) или HSFL 
(високе просторне учестаности). За формирање LIPSS се 
механизам се види у појави површинског плазмона 
поларитона који изазива периодичну расподелу енергије. 
Присуство подслоја одговарајућих термичких 
карактеристика омогућава лако преношење термалне 
енергије у дубље слојеве. Код гребенских LIPSS има три 
корака везаних за продирање кисеоника из ваздуха у 
материјал (оксидација), док код каналских LIPSS долази 
до аблације топљењем/испаравањем и уклањања 
материјала. 

Појава плазмона поларитона је важна при неким 
флуоресцентним техникама, као што је PEF, који је 
унапредио осетљивост и скратио време анализе 
процедура за детекцију важних аналита укључујући 
биомаркере, патогене и токсине. Ова једињења  су 
детектована на ниским фемтомоларним концентрацијама, 
а анализа је веома скраћена. Једна од плазмона који се 
појављује је тесно везан са појавом периодичних 
структура са периодом мањим од таласне дужине (LIPSS). 
Индуковање LIPSS може бити интересантно у великом 
броју примена – медицинским, декоративним, 
триболошким, и др. – због појаве плазмона поларитона 
којим се светлост конфинира и омогућава побољшање у 
плазмонски побољшаној флуоресцентној спектроскопији. 
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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. 
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Apstrakt—Ljudski osećaj za boje ima mnogo aspekata, 
počevši od čovekovog poimanja sveta oko sebe, do medicinskih 
pojmova koji uključuju i daltonizam, ali (u svakodnevici) 
najpozitivniji, najhumaniji je čovekov osećaj za deo dana ili noći 
(meseca ili godine), za uživanje u heritološkom blagu, koje su 
nam ostavili preci, ali ne samo crno-belo. Istraživanja, kojima je 
procenjivan ljudski vek, postojanje i razvoj humanih bića, 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 slična Zemlji. U radu se daje 
nekoliko prilaza boji i kolorimetriji, sa aspekta raznih naučnih 
disciplina. Prikazuje se uloga lasera u novim problematikama, 
kvantitativne definicije boje i njenih pokazatelja. U području 
merenja, daje se prilaz sa aspekta filtera i korektnog opisa stanja 
i delovanja odabranih filtera sa savremenim izražavanjima 
rezultata, kao i merne metode. Konstatacija boje i njena 
deskripcija, ima veliku ulogu u svakodnevnom životu, kao i u 
pojedinim tehničkim i mass media primenama, uključivši i 
humanističke i tehničke nauke. 

 
Ključne reči— laseri; heritologija; nove tehnologije.  
 

I. UVOD 

Spektroradiometrijska metoda, kao fundamentalna metoda 
kvantifikacije, deskripcije objektivnog merenja boje, prema 
trenutnom stanju razvijenosti tehnologije izrade prijemnika 
optičkog zračenja i ostale merno-tehničke opreme, ima kao 
glavni zadatak postizanje zadovoljavajuće tačnosti i 
ponovljivosti rezultata merenja, prema postavljenim 
zahtevima korisnika. 

Spektroradiometrijske metode merenja boje, zasnovane su 
na određivanju spektralne raspodele zračenja, na osnovu čega 
se formira boja koja se meri. Trihromatske vrednosti boje se 
nalaze iz poznatih krivih mešanja boja (slika 1). Za primarne 
svetlosne izvore, veličina koja se meri je spektralna raspodela 
energije, a za sekundarne se koristi spektralni koeficijent 
propustljivosti i koeficijent jednog od procesa interakcije, 
ovde koeficijent refleksije optičkog zračenja (koje se 
reflektuje ili propušta kroz određene sredine). 

U ovom delu rada, izabran je slučaj kada ne postoji poznata 
raspodela zračenja izvora. Koristi se raspodela zračenja crnog 
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tela i spektralni koeficijent propustljivosti staklenih uzoraka. 
Na taj način, proračun trihromatskih vrednosti uzima u obzir 
pored spektralnog koeficijenta propustljivosti i spektralnu 
raspodelu snage zračenja apsolutno crnog tela (ACT). 
Spektralna raspodela snage zračenja se množi poznatim 
spektralnim koeficijentom propustljivosti τ(λ). Na sl. 1 je 
predstavljena spektralna karakteristika trihromatskih vrednosti 
u funkciji talasne dužine. 

 

 a) 

 b) 
 

Sl. 1.  a) Krive mešanja boja; b) Krive za polje viđenja 100° u odnosu na 
isprekidane krive za 20°. 

 
Proračun trihromatskih vrednosti u CIE (XYZ) 

standardnom kolorimetrijskom koordinatnom sistemu, za boje 
svetlosti, koje se propuštaju kroz posmatrani uzorak, sledi 
procedura: 

 

 X   dXE
nm

nm


750

350

; Y   dYE
nm

nm


750

350

; Z   dZE
nm

nm


750

350

. (1) 

Kod praktičnih proračuna, integracija se svodi na sumiranje 
proizvoda vrednosti spektralnog koeficijenta propustljivosti i 
spektralne snage zračenja ACT za nizove talasnih dužina: 

 




  XEX   ; 


  YEY   ; 


  ZEZ   . (2) 

 
Interval Δλ, bira se 1-20 nm, u zavisnosti od željenih 

nesigurnosti tipa A i B, koje se zahtevaju za određivanje 
hromatskih koordinata. Kako su krive mešanja boja 
specifikovane u obliku relativnih vrednosti na ordinati, 
trihromatske vrednosti  izračunate pomoću njih imaće relativ- 
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ni karakter kao na slici u poglavlju rezultata (sl. 6) (primer 
proračuna trihromatskih vrednosti za odabrani filtar) [1-4]. 

Zahtev je da se odrede trihromatske vrednosti i hromatske 
koordinate boje standardnog svetlosnog izvora tipa A sa 
spektralnom raspodelom energija EA, posle prolaska kroz 
uzorak, koji ima određen spektralni koeficijent propustljivosti 
τ. Posle transmisije kroz uzorak, relativna spektralna 
raspodela jačine zračenja ima oblik prikazan krivom τEA. 
Svaka ordinata ove karakteristike, množi se odgovarajućom 
ordinatom svake od krivih mešanja boja X̅, Y̅, Z̅. Šrafirane 
površine ispod krivih, dobijenih posle množenja, 
proporcionalne su odgovarajućim trihromatskim vrednostima 
X, Y i Z. Hromatske koordinate x i y se izražavaju dalje: 

 

            
ZYX

X
x


 ,  

ZYX

Y
y


 .               (3) 

Ordinate krivih mešanja boja i ordinate spektralnih 
raspodela energije za standardni izvor, potrebne za posmatrani 
metod proračuna, obično se daju tabelarno. 

Kod primarnih izvora svetlosti, postavka metode, zasniva 
se na spektroradiometru koji se koristi za merenje relativne 
spektralne ozračenosti (iradijancije). Kod sekundarnih izvora, 
merenje se vrši pomoću spektrofotometara, gde se 
monohromator sa odgovarajućim sistemom osvetljavanja (u 
zavisnosti od geometrije merenja), koristi za osvetljavanje 
datih uzoraka, a reflektovano, odnosno propušteno zračenje se 
meri fotodetektorom u odgovarajućoj geometriji. 

II. DRUGI PRILAZ BOJI 

Boja se može pojaviti kao kategorija ili pojam u vrlo 
složenim multidisciplinarnim problemima, a često se prema 
naučnoj discipline, koja se oslanja na doživljaj boje živih 
organizama (sa medicinske tačke gledišta, sa filozofske tačke 
gledišta, sa gledišta heritologije, sa ekološkog gledišta i dr.). 
Šire gledano, radi se o interakciji zračenja elektromagnetne ili 
druge prirode sa prijemnim aparatom. Sa tehničke strane 
objektivizacije, kolorimetrija ima zadatak da se kroz različite 
formirane formalizme opisuje boja putem trougla i koordinata, 
ili na drugi način, kroz drugi formirani sistem višeg ili nižeg 
nivoa, sl. 2. U tabeli 1 se daju ilustracije nivoa bioloških 
procesa uzrokovanih zračenjem i vremenskih konstanti 
odgovarajućih procesa sa odgovarajućim nivoom [5]. Sa 
obzirom na mass media primene (TV, novine, …), kulturne 
manifestacije, znake opasnosti, dozimetrijska pravila u 
primeni određene ELIONske tehnike, boja mora da ima dobro 
definisane koordinate u širem smislu, zasnovane na izvorima 
(obično tri), čijim se mešanjem postiže efekat određene 
(željene) boje. Da li će se koristiti odgovarajući softver uz 
profesionalnu mernu aparaturu, ili će se sve automatizovati 
kao user-friendly, zavisi od trenutnog administrativnog 
zahteva ili trenutnog nadahnuća umetnika [6]. 

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

 

 
 

Sl. 2.  Normiranje boje putem EBU trougla boja (neprekidno) i FCC 
(isprekidano) [2]. 

TABELA I 

 

Nivo Vreme na 
nivou (s) 

Procesi na nivou, modifikacije 

Fizički 10-18 - 10- 8 Eksitacije, jonizacije, elastični 
sudari,  formacija radikala 
visoke reaktivnosti i 
kratkoživećih SR u vodi i 
organskim molekulima 

Hemijski 10-14 - 10- 4 Reakcije SR sa organelama 
formiraju primarno oštećenje 
DNA, dimerizacija, 
modifikacije sa temp. MT, i O2 

Biohemisjki 
(subćelijski) 

10-4 - 105 Reparacija, interakcije 
oštećenih mikrocentara; 
mutacije, aberacije, MT i dr. 
agensi 

Biohemijski 
(ćelijski) 

103 - 107 Deoba ćelija i molekula, 
Mutacije 

 
Prema visini stepena tolerancije, institucije koje se kod nas 

bave deskripcijom boje, kao i njenim promenama, u zavisnosti 
od izloženosti objekta, odnosno bio-objekta, postoje stroge 
procedure i sistemi, gde se to može izvršiti, a ako nije potreb- 
na velika preciznost, korisnici formiraju svoja sopstvena 
merna rešenja [7]. U ovim merenjima ima mnogo mesta za 
definisanje osvetljenosti, u širem smislu, određenog 
izložbenog prostora i kontrolu stalnog fluksa, koji se, u 
zavisnosti od mešanja prirodne i veštačke osvetljenosti, mora 
kontrolisati. U zavisnosti od objekta, mora se obratiti pažnja 
na mere zaštite od preterane ekspozicije. 

Paralelno anatomija oka, njegovog funkcionisanja, mišić- 
nog sistema i osetljivost (kao prijemnika) na definisana 
zračenja i boje vidljivog spektra su predmet mnogobrojnih 
istorijskih radova, uključujući i današnja istraživanja na 
mehanizmima funkcionisanja očnog aparata, modelovanja i 
kvalitativno/kvantitativno povezivanje sa tehnikama merenja i 
povezivanja sa tehničkim uglovima gledanja, sl. 3 i 4. 
Poređenje osetljivostu pojma viđenja u oblasti fizike, metrike 
i psihologije, razlikuje kvantitativnom, kvalitativno i 
vrednovanje sa tri hromatske kordinate 
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Sl. 3.  Anatomija oka, koja je još kod Helmholza imala posebne predstave [8]. 

 

 
 

Sl. 4.  Istorijska slika modelovanja očnog aparata [9]. 

 
Poređenje osetljivostu pojma viđenja u oblasti fizike, 

metrike i psihologije, razlikuje kvantitativnom, kvalitativno i 
vrednovanje sa tri hromatske kordinate. 

III. ULOGA IZVORA 

Pri definiciji boje u bilo kom sistemu širina spektralnih 
linija (spontane ili koherentne svetlosti) igra presudnu ulogu. 
Kao rezultat toga su nastali RGB laseri, od specijalnog 
značaja za HDTV. Od novijih tipova lasera, pokazalo se da su 
laseri na bazi polimera pogodni za kalibraciju, odnosno 
deskripciju boje [5, 10]. 

IV. TEOREMA-PROBLEM ČETIRI BOJE 

Klasični problem četiri boje zahteva mnogo raznih pogleda 
koji su ilustrovani sl. 5 datom u originalu, vezanu za teoremu i 
problem četiri boje, gde kao dokaz mora da bude uključena i 
savremena računarska tehnika; to ne uključuje nelinearne 
relacije i osećaje boje uz velike intenzitete, o čemu su 
istraživanja morala da se intenziviraju posle razvitka snažnih 
laserskih snopova [11-17]. 

 

 
 

Sl. 5.  Prikaz deskripcije problematike teoreme četiri boje [17]. 

 

V. REZULTATI 

Merene vrednosti tabele 2 su prikazane delimično i na sl. 6, 
odnosno τ(λ), x(λ), y(λ), z(λ), prema propisanoj proceduri u 
postupku određivanja karakteristika staklenog filtra MEL-B-1. 
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Sl. 6.  τ(λ), x(λ), y(λ), z(λ),… su prikazane na a), b), c), d), redom. 

 
Pored merenja u tabeli II, izvršena su merenja i za seriju 

drugih filtara: MEL-B-2, MEL-G-2, MEL-G-4, itd. 
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TABELA II 
VREDNOSTI SPEKTRALNE PROPUSTLJIVOSTI STAKLENOG FILTERA MEL-B-1 

 

λ(nm) τ(λ) x(λ) y(λ) z(λ) x y z Ee,1 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 8 9,35E-5 2,79E-6 0,000439 
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 0,001843 5,10E-5 0,008737 15 0,027105 7,50E-4 0,128517 
410 0,184124 0,04351 1,21E-3 0,2074 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-3 0,162273 21 0,709313 2,11E-2 3,407743 
430 0,332946 0,2839 1,16E-2 1,3856 0,094523 3,86E-3 0,46133 25 2,331892 9,53E-2 11,38101 
440 0,435524 0,34828 2,30E-2 1,74706 0,151684 1,00E-2 0,760887 29 4,353339 2,87E-1 21,83744 
450 0,498869 0,3362 3,80E-2 1,77211 0,16772 1,90E-2 0,884051 33 5,549847 6,27E-1 29,25324 
460 0,504937 0,2908 6,00E-2 1,6692 0,146836 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 0,272 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 0,0203 0,017103 5,62E-2 0,001196 86 1,469962 4,83E+0 0,102756 
550 0,033716 0,443345 9,95E-1 0,00875 0,014614 3,35E-2 0,000295 93 1,357805 3,12E+0 0,02741 
560 0,017632 0,5945 9,95E-1 0,0039 0,010482 1,75E-2 6,88E-5 100 1,048222 1,75E+0 0,006876 
570 0,009053 0,7621 9,52E-1 0,0021 0,006889 8,62E-2 1,90E-5 107 0,739466 9,24E-1 0,02038 
580 0,005345 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 0,0011 0,003746 2,76E-3 4,02E-6 122 0,456 3,36E-1 0,000489 
600 0,002479 1,0622 6,31E-1 0,0008 0,002633 1,56E-3 1,98E-6 129 0,339787 2,02E-1 0,000256 
610 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 
620 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 
630 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 
640 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 
650 0,007347 0,2835 1,07E-1 0 0,002083 7,86E-4 0 165 0,343737 1,30E-1 0 
660 0,007538 0,1649 6,10E-2 0 0,001243 4,60E-4 0 172 0,213749 7,91E-2 0 
670 0,008502 0,0874 3,20E-2 0 0,000743 2,72E-4 0 179 0,132839 4,86E-2 0 
680 0,03321 0,04677 1,70E-2 0 0,001553 5,65E-4 0 185 0,288016 1,05E-1 0 
690 0,078896 0,0227 8,21E-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 0,177154 6,40E-2 0 
720 0,226687 2,90E-3 1,05E-3 0 0,000657 2,37E-4 0 210 0,138257 4,99E-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 0,507815 6,90E-4 2,49E-4 0 0,00035 1,27E-4 0 222 0,077677 2,81E-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 slučaj 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 

pogledu merenja spektralnog koeficijenta propustljivosti i 
tačnosti zauzimanja talasne dužine, kao i merne nesigurnosti 
zbog rasipanja rezultata (nehomogenog filtra). Ukupna 
procenjena merna nesigurnost dobijenih rezultata se prid-
ružuje dobijenim vrednostima hromatskih koordinata; u 
zavisnosti od opsega hromatskih koordinata komponente 
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merne nesigurnosti će biti različite posebno za svaku od 
koordinata, x i y. U ovom radu je predstavljena samo ukupna 
vrednost merne nesigurnosti. Budžeti merne nesigurnosti za 
pojedine filtere se proračunavaju na isti način kao u tabelama 
2 i 3. 

Razvojem spektrofotometrijskog sistema u laboratoriji 
Analysis d.o.o, ostvarena je cela procedura etaloniranja 
različitih transparentnih (propustljivih) uzoraka, za različite 
primene. Poznavanjem svojstva materijala (spektralni 
koeficijent propustljivosti, spektralna osetljivost detektora, 
odnosno spektralna raspodela izvora zračenja, može se 
realizovati još jedna karakteristika materijala – boje. Na 
osnovu dobijenih vrednosti, moguće je definisati boju datih 
uzoraka u najširem smislu i tako dobiti novu karakteristiku 
kvantitativno/objektivno. 

 
TABELA III 

PRIMER PRORAČUNA BUDŽETA MERNE NESIGURNOSTI STAKLENOG FILTERA U 

BOJI MEL-Y-2 

 

Komponenta merne nesigurnosti Tip A Tip B 
Merna nesigurnost spektro-
fotometrijskog sistema: 
-Prosečno rasipanje rezultata 
-Pomeraj svetlosnog snopa 
-Orijentacija uzorka u odnosu na 
optičku osu sistema 
-Nesigurnost korekcije na inter-
refleksiju 
-nelinearnost sistema 
-Neuniformnost uzoraka 

0,15 %  

Merna nesigurnost zauzimanja λ  0,001 % 
Merna nesigurnost izvora zračenja 
(apsolutno crnog tela)  iz literature 

 1 % 

Ukupna relativna merna nesigurnost 1,12 %  

VI. ZAKLJUČAK 

Shvatanje boje je složeno pitanje zavisno od prilaza 
pojedine naučne discipline, ali je multidisciplinaran problem 
koji zahvata od heritologije i umetnosti do matematike, 
elektrotehnike, i pojmova osvetljenosti, interakcije sa 
zračenjima razne prirode. Kad se priđe sa gledišta 
koherentnosti, unitarnosti izvora osvetljenja i podseti se da se 
u doživljavanju boje pojavljuju razne terminologije, propisi i 
uobičajene, ali i specifične 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 još više komplikuju, a i doživljaji bioloških 
objekata. Uz klasične 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. 
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Apstrakt - Upotrebom kvantnih generatora u raznim 

oblastima, a i u stomatologiji, bavi se veliki broj istraživača sa 

perspektivom da taj broj bude i veći. Ciljevi su različiti: od 

dobijanja materijala za dalje formiranje do učešća u formiranju 

modifikovanih materijala, modifikacije osobina već 

tradicionalnih materijala do postizanja zadataka koji se 

pojavljuju u vezi sa zahtevima heritologije / forenzike ili za 

masmedija primenu. Specijalno, dijagnostičke tehnike na bazi 

jačih ili slabijih interakcija elionskih snopova sa materijalom, 

postaju sve više tražene merne tehnike zbog vremena same 

dijagnostike i mogućnosti ispitivanja karakteristika uzoraka i u 

malim lokalnim površinama, a skeniranjem po potrebi i u 

većim. Podrazumevaju se i kvantitativne i kvalitativne analize, 

a rad sa više od jednog snopa (manje i veće gustine snage), pored 

mogućnosti praćenja interakcije sa teoretske strane, pruža i 

praktičan deo aplikacije laserske ili uopšte elionske tehnike, koji 

je ušao u praksu ili je od potencijalnog interesa za protetičke i 

druge svrhe. Šta bi onda moglo biti generalno novo u ovoj 

oblasti? Novi dinamički režimi rada kvantnih generatora, oblici 

impulsa, njihovo trajanje i frekvencija, donose novi kvalitet, 

koji može proizvesti drugačije efekte pri interakciji laserskih 

snopova sa materijalom, uspostaviti nove standarde i/ili 

potisnuti stare. Rad se bavi interakcijom laserskih snopova, u 

različitim režimima rada, sa odabranom klasom materijala. 

Diskutovani su modeli za opis i rezultati interakcija, analizirana 

se oštećenja i dat je osvrt na trenutna i potencijalna polja 

primene i izabrane paralele sa drugim snopnim tehnikama. 

 

Ključne reči - kvantni generatori, režimi rada, interakcije, 

modeli, polje primene. 

 

I. UVOD 

Primena laserske tehnike ili, u širem smislu, kvantnih 
generatora, treba da, na prvi pogled, menja značenje 

modifikacije sa kvantifikacijom od minornih uticaja na 

materijal mete do totalne ili lokalne destrukcije mete, zavisno 

od režima rada sistema kojim se vrši tretman.  

Pošto je stvarnost omogućila da se interakcija koristi: a) u 

dijagnostičke svrhe, b) u strogo modulacione svrhe c) za 

spajanje materijala iste vrste ili različitih tipova d) za 

razdvajanje materijala, to postoji i grupisanje gustina 

energije, snage, primena cw ili impulsnog rada sa različitim 

parametrima, slike 1 i 2. 

Vremenska baza impulsa (širine impulsa) je u rasponu od 

prvih milisekundnih impulsa sa stotinak spajkova 1 do fs 

režima. 
U pogledu materijala, koji su od interesa za stomatologiju, 

veoma je široka njihova paleta, zato što se danas koristi 

laserska tehnika u svakodnevnoj kliničkoj praksi: (a) za 
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(b) u protetičke svrhe. 
 

 
 
Slika 1.  Istorija i predviđanje razvoja fokusiranog intenziteta od prvih 

demonstracija lasera (sa različitim režimima rada). 

 

U svim tim procesima, postavljali su se i postavljaju se i 

dalje objektivizacije opisa procesa, pored toga što se veliki 

broj interakcija koristi u svakodnevnoj praksi, s obzirom na 

višedecenijsku primenu lasera u stomatologiji, zavisno od 

zemlje i njene regulative. To znači da su uključeni skoro svi 

glavni tipovi materijala: metali, dielektrici, specijalne klase 

keramike i dr. Posebno su važne i primene za paradentozne 

tretmane u kojima su korišćeni laseri malih snaga (reda mW) 
i gde se radilo samo o ozračavanju tkiva u vremenu 

predviđenom protokolom (kada je odobrena ta terapija u 

pojedinoj državi). Za simulaciju procesa interakcije prema 

očekivanom izlazu, koriste se modeli od termalnog do modela 

teorija sličnosti i zavisno da li se radi o proceni naponskog 

stanja protetske konstrukcije, do holografskih studija 

lokalnog opterećenja tačaka od interesa.  

 

 
 

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

materijala od površine. 
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U ovom radu je odabrano nekoliko režima rada kvantnih 

generatora u režimu slobodne generacije ili Q-switch i dati su 

rezultati interakcije. 

 

 
 
Slika 3.  Karakteristična vremena interakcije, intenzitet lasera i mogući 

procesi sa često korištenim laserskim sistemima. (PLA/PLD – impulsna 

laserska ablacija / depozicija, LA – odgrevanje, LC – čišćenje, LIS – 

separacija izotopa, MTA – višefotonska apsorpcija / jonizacija, 

LSDW/LSCW – detonacija / sagorevanje podržana laserom, LCVD – 

indukovana hemijska CVD, LEC – elektrohemijsko nanošenje prevlaka / 

nagrizanje, RED/OX – redukcija / oksidacija indukovana sa dugim 

impulsima ili cw CO2) 11. 

II. REZULTATI RADA I DISKUSIJA 

Jedna od standardnih šema eksperimenata sa izlaganjem 

materijala od interesa, za određenu oblast stomatologije, 

podrazumeva rešavanje optike ulaznog snopa, položaja mete 

sa odgovarajućim support-om za promenu geometrije upada 

snopa lasera u materijal i prema mogućnosti laboratorije, 

podrške za promenu polarizacije snopa, uključivanje drugog 

tipa kvantnog generatora i kontrolu izlaznog snopa, 
uključujući mogućnost kvantitativnih opisa u vremenskom i 

prostornom domenu. Kako se pri impulsnom radu, najčešće 

rešava samo vreme ekspozicije, to je potrebno vršiti i 

kontrolu vremena. Ovaj deo aparature, sam po sebi, ne bi 

predstavljao specifične probleme, ali za stomatološke procese 

je od specijalnog interesa, jer je upravljanje snopom ručno.  

Idealni eksperiment bi podrazumevao mnogo drugih 

različitih kontrola samog procesa, sakupljanje izbačenog 

materijala, kontrolu sastava izbačenog materijala (nastanak 

novih jedinjenja) i geometrijske putanje izbačenog 

materijala, jer se simulira, odnosno predviđa situacija stvarne 
upotrebe. Za slučaj primene lasera kod žučnih i bubružnih 

kamenova, prvi eksperimenti su vršeni uz sakupljanje 

razvijenih gasova, da ne bi došlo do neželjenog trovanja 

organizma, a to podrazumeva i razne vrste operacija u 

stomatologiji (čišćenje kamenca i dr.).  

Bez obzira na simulaciju iz raznih oblasti posmatranja 

dinamike procesa u izabranom režimu rada, dobro je 

posmatrati materijal mete sa više deskripcionih tehnika 

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 

površine. Za tretiranje LAZ-a (Laser Affected Zone), u 

primeni u stomatologiji, traži se minimum zahvata tkiva ili 

bar strogo kontrolisan. Odnos LAZ-a i HAZ-a (Heat Affected 
Zone) je uvek pitanje, koje je podložno 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-a, koji se 

već duže vremena primenjuje za ojačanja bioloških tkiva, 

privremenih ili stalnih.  

 

 
 
Slika 4.  Mikrograf analize optičkim mikroskopom belog gipsa izloženog 

laserskom snopu. (Nd3+:YAG, E = 35 mJ, površinski reljef, OM 40 x)  

 

 
 
Slika 5.  Analiza optičkim mikroskopom interakcije Q-switch tipa lasera na 

uzorku žutog voska. (Nd3+:YAG, τ = 15 ns, E = 35 mJ, 3 impulsa, OM 40 

x, površinski reljef) 

 

Prema režimu rada, očekivalo se da bude proizveden krater 

koji ima više ili manje nagomilavanje materijala po obodu, 

pri čemu bi veće nagomilavanje materijala bilo vezano za 

režim slobodne generacije. Krater sa manje izbačenog 

materijala (po obodu) bi, sa druge strane, trebalo da služi i 

inverzno, za raspodelu gustine energije po preseku snopa ili 

prikaz nehomogenosti materijala mete. Zato je i bilo govora 
na početku eksperimentalnog dela, da bi u idealnom slučaju 

bilo dobro imati, paralelno, analizatore laserskog snopa 

direktno ili bar povremenu kontrolu gustine energije / snage, 

kojoj je meta bila izložena. Jednostavan prilaz bi bio i da se 

pri toj vrsti eksperimenata, pre serije impulsa na nekom 

materijalu izvrši isti režim na materijalu koji je predložen kao 

kontrolni materijal, a koji je pogodan za datu talasnu dužinu.   
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Slika 6.  Mikrograf povrede na uzorku HAP-a. (Nd3+:YAG, Q-switch, E = 

35 mJ, površinska modulacija, OM 40 x) 

 

Na slikama 7 i 8 dati su IC spektri za uzorke gutaperke i 

HAP-a. 

 

 
 
Slika 7.  Infracrveni spektar (IC) uzorka gutaperke u dijapazonu 4000 - 180 

cm-1. 

 

 
 
Slika 8.  Infracrveni spektar (IC) uzorka HAP-a u dijapazonu 4000 - 180 

cm-1. 

 

Idealno bi bilo da se spektri uvek rade pre i posle 

interakcije, zato što bi zavisno od površine povrede mogao da 

se sprovede formalizam za dobijanje optičkih konstanti 
materijala, kao što su koeficijenti refleksije, koeficijenti 

dielektričnih osobina, vezano za optičke osobine i 

kompleksan zapis. Ovde bi od koristi bio i Raman-ov spektar, 

koji bi i samim poređenjem sa IC spektrima dao neki 

kvalitativan odgovor bez sprovođenja primene algoritama za 

analizu strukture materijala. 

Pretpostavka o novim materijalima, čiji broj raste u 

stomatologiji, je uvek potrebna, a za poznate materijale 

potrebna je iz razloga kontrole postojećih podataka i 

izbegavanje razlika u tehnologiji izrade protetskog materijala. 

Čini 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 veći problem. To su eksperimenti koji 

mogu pratiti proces za određene dinamičke dijapazone 
kvantnih generatora, kad se radi o dugim impulsima ili 

srednjim vrednostima, pri većim repeticijama, kao kontrolna 

relativna tehnika. 

Važna oblast bi bilo i određivanje boje kod zuba ili 

protetičkih 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).  

 

III. SIMULACIJA 

Kako je u uvodu konstatovano, posle izabranog modela, za 

određene režime rada kvantnih generatora 9 se konstatuje 

da i više modela mogu da se koriste za određene režime, koji 

odgovaraju tipu grejanja materijala do tačke ključanja. To su 

slučajevi izlaganja patogenog tkiva (paradentoza) koje se već 

više od deceniju koristi za saniranje stanja. Slučajevi bušenja 

(otklanjanja materijala), zavisno da li se problemu prišlo sa 

redosledom grejanje-topljenje ili grejanje-sublimacija i sl., bi 

morali da koriste odgovarajuće algoritme kod programa kod 

kojih su oni razvijeni 5. 

Pošto je za bušenje najbitnije pitanje dimenzija (dubina, 

širina), onda se za preliminarnu ocenu koriste formule koje 
zavise od parametara izlaganja, termodinamičkih i optičkih 

osobina materijala. 

U širokoj paleti materijala, čini se da je situacija Status quo 

i da se može naći mnogo praktičnih korekcija za izabrane 

režime rada, gde će se za promenu koeficijenata u formulama 

za standardne uslove rada približiti simulacija eksperimentu. 

Pri interakciji je jedna od važnih činjenica pitanje 

maksimalne gustine snage / energije, koja neće dovesti do 

praga za „lom”. Sve to pripada složenoj problematici „laser 

damage”, gde se uključuje statistika malih brojeva i statistika 

velikih brojeva, koje se različito modeluju. 

IV. ZAKLJUČAK 

U današnjem stepenu laserske tehnike postoji nekoliko 

definisanih režima rada kvantnih generatora, koji 

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 države i stepena njenog instrumentarijuma, 

vezano za klasičnije metode (mehanička bušilica, 

rentgenografija, poznate klase protetskih materijala sa 

komercijalnom podrškom), zavisi koliko će u njoj biti brzo 

uklapanje novih „optičkih” metoda u sve četiri uslovno 

podeljene oblasti: dijagnostika, modulacija u užem 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 (keramičkog tipa i dr.), izvršene su analize sa 

strane optičke 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 opterećenja, uključujući tehnike brzog starenja 

materijala, koje bi služile za ocenu, vek trajanja protetskog 

nastavka i pravac traženja, 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 

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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Apstrakt—Luminescentne pojave se neizbežno javljaju u 
mnogim oblastima, od svakodnevnog života do sofisticiranih 
aplikacija u nauci i tehnici. Odavno su predmet izučavanja po 
kome se modeluju teorije i realizuju praktični sistemi. 

Kako je izučavanje materijala vezano kako za sve veći broj 
novih materijala, tako i za veliki broj materijala sa dugom 
istorijom, a sa druge strane postoji više uzročnika pojave 
luminescencije, ova oblast je multidisciplinarna tj. stalno 
prisutna u kombinaciji sa mnogim naučnim disciplinama. 

U ovom radu su razmatranii novi materijali razvijeni na 
različite načine. Neki od njih su sintetizovani od češće prisutnih 
hemijskih jedinjenja, a neki su vezani za retke zemlje u obliku 
malih primesa, čime su prema današnjem trendu vezani za 
lasere - kvantne generatore, kao i različite tipove senzora, 
detektora i slično. Promena koncentracije za koje su aktivni 
materijali kod kvantnih generatora vezani, direktno su donele 
poboljšanje koeficijenta korisnog dejstva izlaganjem aktivnih 
materijala snopovima elektromagnetnog zračenja, kao i 
izlaganjem nuklearnim zračenjima. 

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 određena su karakteristična vremena vezana za oblike 
dobijenih spektara u vremenskom domenu. 

Ključne reči—luminescentne pojave, novi materijali, retke 
zemlje, promene koncentracije, pojačanje efekata.  

I. UVOD

Neće se ulaziti u daleku  istoriju  luminescentnih pojava, 
ali nije mali broj nauka u kojima je luminescencija odigrala 
veliku ulogu. Iako na mnogo mesta postoje definicije 
luminiscnentih pojava na materijalima pri raznim 
ekscitacijama, ipak postoji više termina i podela 
luminescentnih pojava prema raznim parametrima i 
kvantitativnim pokazateljima njenog opisa, pema oblasti 
primene ili vremenima karakterističnim 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. 
Praćenjem odziva materijala na razne tipove ekscitacije 
fluorescencije od posebnog interesa je poređenje i 
analiziranje raznih vrsta luminescencije u odnosu na 
materijale. Kroz istorijski osvrt teorijskog i eksperimentalnog 
razvoja uz praćenje aplikativnosti svakog pojedinog 
otkrivenog procesa  uz razvoj  novih oblasti,  važan momenat 
bi bio u periodu nastanka kvantne elektronike.  
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U ovom radu ćemo se potsetiti na jednu od definicija 
luminescencije. Luminescencija se definiše kao proces, gde 
je vreme između apsorpcije i emisije zračenja veće od trajanja 
perioda proizvedenog zračenja.[1] Podsećamo da se prema 
vremenu provedenom u pobuđenom stanju razlikuju 
fluorescencija i fosforescencija. Fluorescencija se vezuje za 
trajanje procesa za vreme dok je uzorak izložen nekom 
elektromagnetnom zračenju, 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 može procenjivati   koncentracija aktivnih 
primesa koje učestvuju u luminescenciji uz sagledavanja 
distribucija naseljenosti u materijalima jednostavnom 
primenom distribucija naseljenosti u materijalu koja je 
tipa,… , i uključivanjem pravila baziranih na verovatnoćama  
dozvoljenih i nedozvoljenih prelaza s obzirom na Paulijev 
princip kojim se definišu. Dozvoljeni prelazi su vezani za 
terminologiju prelaz singlet - singlet, sa velikom 
verovatnoćom za njihovo dešavanje. Pobuđena stanja su u 
ovim opcijama vezana za materijale koji imaju kratka 
vremena života, reda ns. 

Materiijali od potencijalnog interesa za luminescentne 
pojave su veoma različiti, neki od njih  su interesantni   u cilju 
istraživanja različitih efekata i  karakteristika primenjljivih  u 
raznim oblastima i naučnim disciplinama. U ovom radu, 
korišćeni su materijali dopirani retkim zemljama u formi 
metalnih pločica, soli ili bronzi.  Ispitivani su luminescentni 
efekti sa definisanim pobudama.  

Složene veze među osobinama materijala u raznim 
fazama (agregatnim stanjima) postaju još složenije, ako se 
radi o jednjenjima sa više elemenata. Dopirani materijali sa 
malo procenata retkih zemalja predstavljaju već odavno 
široko polje istraživanja, gde je i dobijanje koherentnih 
zračenja, odavno dobilo presudnu  ulogu, pored istorijskih 
proučavanja luminescencije raznih tipova. Bez obzira na 
nalaženje razlika u terminologiji danas su razvijene mnoge 
grane u vezi sa  koherentnim zračenjima, a i nuklearnim. 
Posebno je interesantno proučavati  luminescenciju bioloških 
materijala. Od interesa bi sigurno bilo da se na istom 
materijalu, po mogućnosti ispitaju i korektno metrološki 
dobiju osobine sa strane luminescencije izazvanih raznim 
mehanizmima ekscitacije. To bi doprinelo dobijanju 
kompletnih odziva materijala u kvantitativnom obliku. 
Interesanto je polje istraživanja vezano i za razne procese 
podvrgavanja materijala  raznim  upadnim zračenjima koja 
podrazumevaju i promene temperature, pritiska okoline, ali i 
čisto mehaničkih naprezanja,  ozračavanja raznim snopovima 
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iz  mikrotalasnog područja, drugim koherentnim izvorima, 
akustičkim poljima. Izaazvani  luminescnentni  spkteri i 
korektna obrada rezultata bi bili realni pokazatelji ponašanja 
materijala u vezi sa promenama tretiranja uzoraka    i 
njihovom prethodnom modifikacijom. 

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

U ovom radu su vršene 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 pločica lakih metala sa 
primesama retkih zemalja. 

Za neke od merenja je izabrana oblast koja traži zavisnost 
luminescentnih osobina  od temperature na kojoj se nalazi 
uzorak.  Vršena su merenja luminescentnih svojstava 
sintetizovanih materijala, odmah po završetku tehnološkog 
procesa (tretiranja materijala i  raznim parametrima ambijenta 
sa raznim uzročnicima luminescencije),  pa su ponovo 
proverena luminescentna svojstva, odnosno, vršeno je 
ispitivanje luminescentnih svojstava prekursora i dobijenih 
bronzi, na temperaturama pre i posle faznih prelaza. 

II. MATERIJALI

Upotrebljeni materijali u ovom radu  pripadaju različitim 
grupacijama, kako prema hemijskom sastavu,  tako  i prema 
obliku i  načinu dobijanja.  Za prvu grupu  odabrani  su  laki 
metali dopirani retkim zemljama, za drugu kompresovani 
prah sa primesom mangana  i za treću, fosfat – volframove 
bronze dopirane jonima Li, Mg, Eu.  

Laki metali dopirani europijumom - Eksperimenti su 
rađeni na pločicama Al dopiranim sa 10% Eu koje su 
anodirane kiselinama: fosfornom, sumpornom, hromnom, 
oksalnom i  bornom.  Anodizacija[2] je vršena  na uzorcima 
koji su prvo odgrevani 5 časova na temperaturama od 150 oC, 
250 oC, 350 oC i 450 oC, a onda sporo hlađeni.  Za anodizaciju 
su pripremani  na tri načina: 1) elektropolirani u HClO4 / 
C2H5OH rastvoru u zapreminskom  odnosu 1:4, propuštanjem 
konstantne jednosmerne struje gustine 100 mA / cm2. Nakon 
toga su prani u etil alkoholu i sušeni toplim vazduhom. 
Zaostali oksidni sloj je skidan u smeši od 20 g / l hromne 
kiseline i 35 ml / l koncentrovane fosforne kiseline na 80 oC 
za vreme od jednog minuta. 2) hemijski čišćeni potapanjem u 
smešu od 20 g / l hromne kiseline i 35 ml / l koncentrovane 
fosforne kiseline na 80 oC za vreme od pet minuta, a zatim 
prani u destilovanoj vodi i sušeni strujom toplog vazduha, 3) 
odmašćeni acetonom u ultrazvučnoj kadi. Da bi se tačno 
definisala površina uzorka koja se anodizira i da bi se izbegao 
efekat puzanja elektrolita u toku anodizacije, na gornji deo 
uzorka, izuzev mesta električnog kontakta, nanošena je 
granična maska od laka za nokte.   
Generalna klasifikacija anodnih oksidnih slojeva na Al 
formiranih anodizacijom u galvanostatskom režimu obuhvata 
6 karakterističnih vrsta oksidnih slojeva, slika 1 [3,4]. 

Slika 1. Struktura oksidnih slojeva formiranih u raznim 
elektrolitima [3,4]. 

(1) Površina Al  prekrivena formiranim oksidnim slojem
koji formiraju  izolatorskre  anodne oksidne slojeve jonskim 
prevođenjem pod  uticajem jakog električnog polja. Zbog 
visokog afiniteta Al prema kiseoniku, Al površine 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 (citrična, malična i glikolna kiselina). 

(3) Dupleks (porozni) oksidni slojevi nastali  u
elektrolitima koji slabo rastvaraju novostvoreni oksidni sloj 
su mnogo veće debljine od grupe 2. Karakterišu ih dva sloja: 
unutrašnjei  tanak, kompaktni sloj tioa 2 i spoljašnjeg, debljeg 
i poroznog, čija debljina ne zavisi od napona anodizacije nego 
od gustine struje anodizacije, vremena anodizacije, 
temperature i koncentracije elektrolita u odnosu na prvi. 
Tipični elektroliti  su vodeni rastvori sumporne, fosforne, 
hromne i oksalne kiseline.  

(4) Oksidni slojevi koji nastaju u jakim elektrolitima kao
što su koncentrovana sumporna, fosforna i perhlorna kiselina 
i neki alkalni elektroliti. Koriste za dobijanje glatkih visoko – 
reflektujućih površina. 

(5) Oksidni slojevi nastali u nekim mono – karbonskim
kiselinama (mravlja, sirćetna), i u nekim elektrolitima sa 
dodatkom hlorida. 

(6) Koroziono ponašanje aluminijuma u jakim alkalnim
rastvorima i halidima i karakteriše se malim početnim 
naponom koji se dalje značajno ne menja. 

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

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 proučavanenom  sa 
raznih strana, te se u ovom radu nećemo baviti detaljnom 
analizom ovih pojava.  

Drugu grupu materijala prikazanih u ovom radu činili su 
komprimovani prahovi, dobijeni u Laboratoriji za radijacionu 
hemiju i fiziku Instituta na nuklearne nauke “Vinča” gde su 
izvršena merenja na dva jedinjenja , Li2SnO3 0,5% Mn i 
LiLaP3O12 0,5% Mn. Eksperimentalni rezultati peikazani u 
ovom radu, odnose se na prvo jedinjenje. Materijali ovog tipa 
daju odličan odziv i veoma su pogodni za ispitivanja na 
velikom opsegu, ali naročito na  niskim temperaturama, od 10 
do 300K. Zbog veoma izražene 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 moguće primenom klasičnih 
metoda.   

Treća, možda najinteresantnija grupa materijala su fosfat 
volframove bronze dopirane jonima Li, Mg, Eu. - Heteropoli 
kiseline pripadaju familiji polioksometalata sa ugrađenim 
heteropoli anjonima, tipa metal-kiseonik, koji predstavljaju 
osnovnu strukturnu jedinicu Keggin-ovog anjona.[5] 
Oktaedri su međusobno povezani preko atoma kiseonika i 
formiraju veoma stabilan i kompaktan skelet 
heteropolianjona. Katjoni mogu biti: vodonik, alkalni metali 
i drugi metalni joni. Više od dvadeset tipova struktura, 
uključuje četiri do četrdeset atoma metala i od jednog do 
devet heteroatoma pa su poznati molibdenovi, volframovi, 
vanadijumovi i niobijumovi heteroplianjoni Heteropoli 
kiseline i soli heteropoli kiselina se mogu koristiti i kao 
polazni materijali za dobijanje volframovih bronzi. 
Heteropoli kiseline su poznate više od sto godina i kao novi 
materijali, superjonski provodnici, interesantni su radi 
njihove praktične primene kao čvrstih elektrolita u gorivnim 
ćelijama, senzorima i displejima. One imaju važnu 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 značaja je primena u biologiji, farmaciji i medicini 
(antikoagulantna sredstva, antireumatici, antineoplastici, 
antivirotici, a postoje i pokušaji da se iskoriste u lečenju HIV 
infekcija). Utvrđeno je da su ove kiseline potentni inhibitori 
ćelijske, bakterijske i virusne DNK i RNK polimeraze. 
Volframove  bronze imaju specifičnu strukturu koja nastaje 
rušenjem Keggin-ovog anjona na temperaturi od 602 0C. Ta 
struktura je slojevita i sastoji se od međusobno povezanih PO4 
tetraedara i WO6 oktaedara. U takvoj strukturi formiraju se 
pentagonalni i heksagonalni otvori (šupljine, kanali) koji 
omogućavaju lakši transport alkalnih i zemno alkalnih 
metala, kojima su procesom jonske izmene u potpunosti ili 
delimiĉno zamenjeni H+ joni u WPA. Pored jonske 
provodljivosti koja je karakteristična za ove materijale, oni 
pokazuju i elektronsku provodljivost zbog velike elektronske 
gustine uslovljene prisustvom kiseonika i elektronske 
konfiguracije volframa, koji ima veliku statističku težinu 
slobodnih d-elektrona. 
Volframove bronze obuhvataju veoma veliku grupu 
stehiometrijskih i nestehiometrijskih jedinjenja sa 
empirijskom formulom MxWO3 (M je obično jedan od 
elemenata alkalnih metala, zemnoalkalnih metala, amonijum 
jon, metalni joni retkih zemalja gde x ima vrednost između 1 

i 0). Prvu volframovu bronzu sintetisao je Wöhler 1823. 
godine [6], zbog relativno velike stabilnosti katjona volframa. 
Bronze karakteriše metalni sjaj, boja (od zlatno-žute do 
crveno-crne), dobra električna provodljivost, ili su 
poluprovodnici zavisno od M i vrednosti za x. Volframove 
bronze najčešće imaju kubnu strukturu, ali ako su promenjene 
x vrednosti može doći do faznih transformacija bronze, pa su 
tako nađene i tetragonalna i heksagonalna struktura. U slučaju 
fosfat volframovih bronzi je moguće dobiti strukture čiji 
dizajn na nivou čestice i subčestice pokazuje dobru 
saglasnost, između teorijskih proračunatih i dobijenih 
eksperimentalnih vrednosti. Slaganje eksperimentalnih i 
teorijskih podataka je u granicama greške od 6,7 do 19 %. 
Asemblirani filmovi pokazuju morfologiju površine koja 
odgovara u celosti morfologiji čestica iz koje se  filmovi 
sastoje. Veoma su niske hrapavosti , reda veličine ispod 80 
nm. U procesu sinteze/nanošenja tankih filmova na površinu 
substrata (kvarcna pločica) samoasembliranjem 
monokliničkih fosforvolframovih bronzi, dobijeni su filmovi 
dobro definisane morfologije, koju čine čestice praha sa 
njihovim subelementima/subčesticama, koje se raspoređuju 
na veoma homogen način duž cele površine substrata, slika 
3.[5] 

Slika 3. AFM mikrofotografija tankog filma 
fosforvolframove bronzena površini substrata 

Merenje hrapavosti dobijenih filmova pokazuje da njihova 
hrapavost osciluje u uskom intervalu od nekoliko nm do 
najviše 80 nm, zavisno od mesta na kome se meri i od 
zakrivljenosti površine na tom mestu. Pri tome zakrivljenost 
površine prati morfologiju samih samoasembliranih čestica. 
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]. 
Raspoloživi (dostupni) modeli za mehanizme nastanka GNT 
su neadekvatni, te su sprovedena sistematska istraživanja 
GNT u jedinjenjima koja pokazuju niske dimenzionalne 
elektrofizičke osobine, ali imaju različite sastave i strukture. 
Među široko korišćenim modelom objekata nalaze se fosfor 
volframove bronze koje sadrže perovskitni tip slojeva, 
građeni od ReO3 tipa, slojevi WO6 oktaedara odvojeni su 
slojevima koji se sastoje od monofosfatnih grupa ili 
difosfatnih jedinica (slika 4).[5  
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Slika 4. Zamena WO6 oktaedra u strukturi ReO3 tipa: a) 
klasičan perovskitni tip;b) jedan WO6 oktaedar zamenjen je 
sa PO4 tetraedrom i dobijaju se MPTB; c) dva susedna WO6 
oktaedra zamenjena su sa P2O7 difosfatnom grupom i 
dobijaju se DPTB. 

Manje varijacije termodinamičkih parametara (temperature, 
pritiska, hemijskog potencijala, itd.) mogu izazvati značajne 
promene kod fizičkih osobina ovih jedinjenja. Zbog ove 
termodinamičke osetljivosti ovi neorganski materijali mogu 
poslužiti kao model objekata za ispitivanje različitih 
nestabilnosti. 
Dobijanje složenih metalnih oksida sa karakterističnim 
električnim, optičkim 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. Došlo je do pojave velikog broja pojmova 
koji su imali za cilj da razdvoje aerosolne procese bilo po 
mehanizmu nastajanja aerosola ili po vrsti prekursorske 
termolitičke reakcije (razlaganje isparavanjem, sprej piroliza, 
termoliza aerosol, reakciono raspršivanje, ultrazvučna sprej 
piroliza). Pojam ultrazvučna sprej piroliza se koristi za 
opisivanje ovih procesa. Dobijanje složenih metalnih oksida 
sa karakterističnim električnim, optičkim 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 ultrazvučne sprej pirolize rastvor 
se raspršuje 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, sušenje, razgradnja 
precipitacione čestice na visokim temperaturama, formiranje 
mikroporozne čestice definisanog faznog sastava i na kraju, 
sinterovanje mikroporozne čestice u gustu česticu. 
Ultrazvučna sprej piroliza omogućava kompletno održanje 
stehiometrije na nivou kapi, pa je zbog toga izuzetno pogodna 
za sinteze mešovitih metalnih oksida.  

III. EKSPERIMENT

Prva grupa materijala - Merenja  na ovim uzorcima  su 
vršena u Laboratoriji za Metrologiju Fizičkog fakulteta u 
Beogradu. Priprema uzoraka takođe je bila rezultat rada u 
ovoj laboratoriji. Osnovnu aparaturu činio je 
spektrofluorometar, Slika3,  čiji glavni deo aparature je 
standardna volframska lampa Wi 17/G. 

Slika 5. Šema spektrofluorometra: 1 – Xe impulsna ili 
kontinualna lampa ili laser, 2 – ekscitacioni monohromator, 
3 – detektor, 4 - emisioni monohromator, 5 – ćelija sa 
uzorkom, 6 – emisioni monohromator, 7 – detektor, 8 – 
računar sa softverom za obradu podataka. [13] 

Dobijeni spektri predstavljaju  zavisnost intenziteta 
populacije  ekscitovanih fotona  od talasne dužine  na 
različitim temperaturama. Iz odnosa dva karakteristična 
maksimuma  moguće je izračunati vreme života. 
Karakterističan spektar uzorka na temperaturi 20 oC, slika 4. 
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Slika 6. Spektar uzorka Al 10%Eu na 20 OC 

Korišćeni su  Al uzorci dimenzija 25 mm x 10 mm x 0.12 mm 
sa zaobljenim ivicama čime su uklonjene mehaničke 
deformacije koje bi mogle biti uzrok neželjene 
luminescencije – efekat šiljka (deformacije mogu biti uzrok 
jakog električnog polja (Stojadinović –teza). 
Druga grupa materijala  -  Prikazani su rezultati za 
Li2SnO30,5%Mn. Uzorci su bili izloženi koherentnoj 
svetlosti ekscitacione talasne dužine 532 nm, slit 200 μm, 
1800 zareza. Kao izvor pobudne svetlosti korišćen je OPO 
laser (Optički parametarski oscilator) koji se sastoji od 
optičkog rezonatora i nelinearnog kristala. Postoje 
kontinualni i impulsni OPO laseri, s tim što je impulsna 
verzija lakša za izgradnju jer su za nelinearne efekte potrebne 
veće gustine energije pumpe. Za merenje vremena života 
pobuđenih stanja na temperaturama od 10 do 300 K korišćen 
je spektrofluorimetarski sistem Horiba Jobin-Yvon Model 
FHR-1000 sa iCCD detektorom (slika 7.)[14] Sistem sadrži i 
termo-električno hlađeni fotomultiplikator (hlađenje sa 
Peltije-ovim elementom).  
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Monohromator je jednostruki sa fokalnim rastojanjem od 
jednog metra, takođe sadrži dve difrakcione rešetke od 300 i 
od 1800 zareza po milimetru, koje se mogu birati zavisno od 
rezolucije koju želimo postići. Veća spektralna rezolucija 
postiže se korišćenjem difrakcione rešetke od 1800 zareza, ali 
je signal nekoliko puta slabiji. 

Slika 7. Spektrofluorimetar Horiba Jobin-Yvon Model FHR-
1000 

U delu za postavljanje uzorka postavljen je Kriostat Advance 
Research Systems sa zatvorenim sistemom napunjenim 
helijumom i omogućava postizanje minimalne temperature 
od 9 K (slika 8)[14] 

Slika 8. Krio Advance Research Systems 

Dobijene zavisnosti prikazane su na slikama 9 , 10, 11 i 12. 

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

Slika 10. Zavisnost intenziteta populacije  ekscitovanih 
fotona  od talasne dužine  na 190 K  

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

Slika 12.  Zavisnost intenziteta populacije ekscitovanih 
fotona od talasne dužine na temperaturama 180, 190 i 200K 
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Treća grupa materijala - Eksperimentalni rezultati su 
korišćeni za karakterizaciju litijumove fosforvolframove 
bronze koja je dobijena iz soli Li3PW12O40∙nH2O i 
Li3PW12O40∙nH2O u SiO2 supstratu, kao prekursorima za 
dobijanje bronzi u procesu kalcinacije i ultrazvučne sprej 
pirolize (USP). 
Termijska analiza uzorka Li3PW12O40∙nH2O rađena je sa 
ciljem dobijanja podataka o termalnoj stabilnosti ove soli, a 
egzotermni pik na datoj temperaturi označava strukturni fazni 
prelaz ove soli u fosfat volframovu bronzu dopiranu sa 
litijumom, to jest Li-PWB. DTA i TGA krive za 
Li3PW12O40∙nH2O so od sobne temperature do 1000 0C 
prikazane su na slici 13.  
Dva endotermna fazna prelaza, na 67,6 i 192,4 0C, odgovaraju 
procesu dehidratacije fizički vezane vode i kristalne vode, pri 
čemu se gubi tri odnosno osam molekula vode. To znači da 
ova so kristališe sa osam molekula kristalne vode. Ovaj 
proces je više ili manje kontinualan, pa se proces 
dehidratacije završava na oko 300 0C.  

Slika 13. DTA i TGA krive za Li3PW12O40•nH2O –  

IV. DISKUSIJA

       Iz dobijenih spektara dobijana su karakteristična 
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 i ispitivanje faznih transformacija WPA do 
formiranja bronzi različitim metodama, i dizajniranja 
dobijenih čestica. 

Ovde su prikupljeni i sistematizovani teorijski i 
eksperimentalni podaci o sintezi, strukturi, osobinama i 
primeni fosforvolftramovih bronzi. Posebno se obratila 
pažnja na odnos između strukturnih karakteristika i 
elektrofizičkih osobina ovih jedinjenja. Razmatrane su i 
mogućnosti praktične primene fosfor volframovih bronzi. 

V. ZAKLJUČAK

Čini se da ipak ne postoje sveobuhvatne analize gde je 
jedan materijal podvrgavan raznim vrstama pobude, što 
pogotovo važi za novorazvijane materijale. Zato bi tom tipu 
istraživanja trebalo posvetiti posebnu pažnju 

Od posebnog interesa bi svakako  bilo ispitivanje na istom 
materijalu, po mogućnosti da se ispitaju i korektno metrološki 

dobiju osobine sa strane luminescencije izazvanih raznim 
mehanizmima ekscitacije. To bi doprinelo dobijanju 
kompletnih odziva materijala u kvantitativnom obliku. 

Dalji tok istraživanja ići će u smeru ispitivanja 
luminescentnih svojstava prekursora i bronze na 
temperaturama pre i   posle faznog prelaza. Luminescentni 
procesi već sada nalaze široku primenu u merenjima 
temperature, kako na mernim instrumentima dostupnim 
mestima, tako i na formacijama nepristupačnim za klasične 
metode meenja. Pored etaloniranja metrološkom 
kategorizacijom obojenih organskih rastvora, sve veća 
primena luminescentnih efekata ogleda se u identifikaciji 
materijala od interesa za kulturnu baštinu [15] i dejstva 
nuklearnih zračenja 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 
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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. 
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Apstrakt 

Luminiscentni spektri materijala su se ne mogu izbeći u velikom 
delu teorijskih i praktičnih deskripcija kvantitativne i kvalitativne 
prirode. Pobuda luminiscentnih spektara , vreme gašenja, vreme 
uspona se u merenjima već odavno prate i određuju brzine, koje 
vladaju u nekom ansamblu. U raznim vrstama pobuda luminiscencije 
(termoluminiscencija, radioluminiscencija, hemoluminiscencija i dr) 
pojavljuju se karakteristične krive koje se na početku interpretacije i 
obrade signala dokazuju sa svojim analitičkim modelima. Za 
interpretaciju urađenih merenja ili pripremi materijala za merenja, 
razmatraju se eksperimentalni uslovi za dobijanje stanja materijala u 
zavisnosti od potrebne aparature i očekivane/dobijene zavisnosti. 
Pored ostalih materijala na kojima su mereni termoluminescntni 
spektri, razmatraju se i materijali fosfat volframove bronze dopirane 
retkim zemljama. Uzorci predstavljaju nekomercijalne materijale, sa 
postupcima dobijanja u laboratorijskim uslovima . Radi se o solima, 
koje su dobijene termičkim tretmanom, o solima heteropoli kiselina. 
Vrši se sinteza kiseline i rezultat su prahovi različitih dimenzija do 
većih domena (centimetar do dva, zavisno od brzine rasta kristala 
stajanjem na sobnoj temperaturi, kada prelaze u prah). To su 
jedinjenja sa velikim brojem molekula vode . U matičnom 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 određuje temperatura na koji se ruši Keginov anjon i 
jedinjenje prelazi u bronzu (stabilno jedinjenje). 

Ključne reči: termoluinescencija, radioluminescencija, 
hemoluminescencija, spektri, karakteristične krive, fosfat – 
volframova bronza.  

I. UVOD

Luminescencija (od latinske reči lumen, luminis = svetlost) 
predstavlja pojavu hladnog zračenja svetlosti (fotona). Ove 
pojave ne nastaju povišenjem temperature, nego od više 
drugačijih uzroka, te tako postoji više vrsta luminescencija. Od 
toplotnog zračenja se razlikuje po načinu nastajanja, svojstvima 
i vremenu trajanja. 

Termin hladna nije sasvim opravdan. On se koristi zato što 
energija kojom se podstiče (izaziva) luminescencija ne potiče od 
pretvaranja toplotne energije u svetlosnu, već od drugog oblika 
energije. Luminescentna svetlost ne podleže zakonima toplotnog 
zračenja. Ta svetlost se može javiti vrlo intenzivno i na niskim 
temperaturama i u svim agregatnim stanjima. 

Luminescentne spektre materijala je nemoguće izbeći u 
velikom delu teorijskih i praktičnih deskripcija kavalitativne i 
kvantitativne prirode. 

Luminescencija može biti izazvana na razne načine i glavni 
su pobrojani u Tabeli 1: 

TABELA I. NAČINI DOBIJANJA LUMINESCENCIJE I ODGOVARAJUĆI 
NAZIVI 

Proces Naziv

Hemijski Hemoluminescencija

Biološki Bioluminescencija

Delovanje α i β zaka Radioluminescencija 

Delovanjem svetlosti Fotoluminescencija 

Delovanjem električne struje Elektroluminescencija 

Delovanjem toplote Termoluminescencija 

Mrvljenjem   Triboluminescencija 

Drugu podelu je moguće napraviti s obzirom na vreme 
trajanja sekundarnog zračenja, što je prikazano u Tabeli 2: 

TABELA II. VRSTE LUMINESCENCIJE PREMA TRAJANJU 
SEKUNDARNOG ZRAČENJA 

Naziv Trajanje sekundarnog zračenja 
Fluorescencija Dok deluje pobuda  
Fosforescencija I nakon prestanka pobude 

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

https://doi.org/10.69994/68E24067ISBN 978-86-6200-002-6©2024 AM& ETRAN PS-HE1.5 - Page 1 of 7



a) 

b) 

c) 

d) 

Sl. 1 Dijagrami Jablonskog 

Sl. 2 Šematski prikaz apsorpcionog i emisionog spectra [3] 

Sl. 3 Parabole osnovnog i pobuđenog stanja – konfiguraciono koordinatni 
model luminescentnog jona[3] 
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II. KARAKTERISTIČNE KRIVE U ZAVISNOSTI OD POBUDE 

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

Teorijski, jedna od najčešćih 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 čestica, u najširem 
smislu. Indikatori se odnose i na kosmos (astronomiju), 
dinamiku rastvora u tečnostima, sa malim ili makromolekulima. 
Razvijeni formalizmi u oblasti kritičnih pojava, gde su merenja 
mnogo teža, u slučaju magneta ili neutrona, sa razvijenim 
teorijama, uz merenja u „lakšim oblastima” metrologije, 
omogućavaju mnoge praktične odgovore i potvrde, kroz 
odbacivanje hipoteza u oblasti kritičnih pojava (BL, Stanli). 

Osnovna matematička formula za opis linije odnosi se na 
različite oblasti elektromagnetnog spektra, koje se protežu od 
reda kHz, MHz, do širina koje su praktično izražene u Kajzeru. 

Detaljno proučavanje promena oblika i glavnih karakteristika 
linija, za razne oblasti, u spektroskopima različitih tipova 
(atomski, molekularni  i dr.), praktično je savladana savremenim 
paketima programa i aparata, sa direktnim konstantama 
određenih vrsta materijala i korišćena za mnoge senzore 
temperature, prljavštine, proces koagulacije itd. S druge strane, 
prema vrsti mikročestica koje učestvuju u luminescentnim 
pojavama, u najširem smislu, kroz PSD tehnike (Pulse Shape 
Discrimination). PSD -  Puls se izračunava pomoću formule: 

𝑓ሺ𝑡ሻ ൌ 𝑒𝑥𝑝 ቆ
െሺ𝑡 െ 𝑡ሻଶ

ሺ2𝑑𝑡ଶሻcos ሺ2𝜋𝑓ሺ𝑡 െ 𝑡ሻሻ
ቇ 

 

gde je: f0 noseća frekvencija, t0=1/(2*π*df) je poluširina 
impulsa, df je poluširina opsega.  

Spektar ovog impulsa je Gauss-ov sa centralnom 
frekvencijom f0 i standardnom devijacijom df. 

Oblikovanje impulsa je posebno važno u RF komunikaciji za 
uklapanje signala unutar određenog frekventnog opsega i obično 
se primenjuje nakon linijskog kodiranja i modulacije, Slika 4.[] 

 
Sl. 4 PSD  - oblikovanje impulsa 

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

𝑓ሺ𝑥ሻ ൌ
1

𝜎√2𝜋
𝑒ି

భ
మ
ሺ
ೣషഋ

ሻమ 

 

 
Sl. 5 Gausova raspodela (formula i idealna raspodela) 

 

 
Sl. 6 Primena (snimljenji emisioni spektar i razlaganje) 

Lorencova kriva (izgled), dat je na Slici 7. 

Ovo je prostor za navođenje sponzora i/ili finansiranja. Ukoliko nema 
sponzora i/ili finansiranja obrišite ovaj ‘text box’.(sponsors) 
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Sl. 7 Lorencova kriva 

III. RAZNI TIPOVI LUMINESCENCIJE

Pre Aparatura za merenje rendgenoluminescencije i 
termolumnescencije, prikazan je na Slici 8. Ovaj tip aparatute 
omogućava: 

- Uporedna merenja i analizu termo i
rendgenoluminescentnih spektara;

- Merenje spektara različitih polikristalnih uzoraka
koji mogu da budu u prahu ili naneseni na nosač u
vidu ekrana.

- Ispitivanjem pojave luminescencije (u zavisnosti od
upotrebljene pobude), moguće je ispitati postojanje
lokalnih defekata u kristalnoj strukturi;

Aparatura se sastoji od dve grane: prva – za merenje spectra 
luminescentnog zračenja pobuđenog X ili UV zračenjem; druga 
– za merenje termoluminescentne (TL) krive isijavanja
fosforescentnog zračenja. Izlaz iz obe grane ide na automatsko
snimanje i analizu spektara.

Sl. 8 Blok šema apaature za merenje rendgeno i termoluminescencije 

Na Slici 9 i Slici 10.[12], prikazane su aparature  i dobijeni 
emisioni spektri u laboratorijama  Fizičkg fakulteta Univerziteta 
u Beogradu i Instituta Vinča.

Sl. 9 Aparatura i emisioni spektar uzorka Li2SnO3  0,5 %Mn u 3D predstavi na 
temperaturama 180, 190 i 200 K (Institut Vinča) 
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Sl. 10 Aparatura (mikrospektrofluorometar) i emisioni spektar uzorka 
Al+10%Eu, anodizovano fosfornom kiselinom (Fizički fakultet Univerziteta u 

Beogradu) 

IV. MATERIJALI

Za pripremu materijala za merenje i interpretaciju merenja, 
razmatraju se eksperimentalni uslovi za dobijanje stanja 
materijala u zavisnosti od potrebne aparature  i očekivane 
dobijene zavisnosti definisanih ključnih veličina. 

Pored mnogo klasičnih 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 termičkim tretmanom hetropoli kiselina. 

Vrši se sinteza kiseline i rezultat su prahovi čestica raznih 
dimenzija, do većih 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 
matičnom 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 više 
kristalohidrata sa 21, 14 i 6 molekula vode. Različite 
modifikacije kristalohidrata heteropoli kiselina morale bi se 
zapaziti pri termičkim promenama, gde se mogu pratiti 
metodama termičke analize (TGA i  DTA). Međutim, u literature 
postoji dosta neslaganja o broju molekula vode prisutnih u 
pojedinim fazama kod ovih jedinjenja (29 – 31, 24 – 18, 14 – 13 
i 6 -5). 

Rezultati termijske analize H3PW12O40• 29H20, od sobne 
temperature do 1000 ℃ su prikazani na Slici 11.[13] 

Pri brzini odgrevanja od 10 ℃ /min na DTA krivoj , 
pojavljuju se tri pika za H3PW12O40 . 29H20. Zapažamo jedan 
dublet sa maksimumom na 54℃ (endotermjski pik). Ovaj dublet 
može se razdvojti u dve komponente, na oko 30 ℃ i 40 ℃. Pri 
brzini zagrevanja od 1 ℃ /min, odgovaraju prelazi krive 
kristalohidrata od 29 do 6 molekula vode, uz međufaze 
kristalohidrata sa 21 i 14 molekula vode. 

Sl. 11 DTA i TGA krive za H3PW12O40•29H2O: a) oblast od sobne 
temperature do 100 ℃ (1℃/min); b) oblast od 100-620 ℃(5℃/min); c) oblast 

od sobne temperature do 1000 ℃ (10 ℃/min) 

Heteropoli kiseline 

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

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

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

Katjoni mogu biti vodonik, alkalni metali i drugi metalni 
joni. Više od dvadeset tipova struktura uključuje četiri do 
četrdeset 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 [zasićenom 12 – očlanom nizu 
(M:X=12)], koja ima najveći značaj za katalizu. Ovaj keggin-ov 
tip heteropoli kiselina je najstabilniji i najdetaljnije proučavan. 

Dobro definisana Keggin-ova struktura  je sastavljena od 
XO4 tetraedra okruženog sa 12 ivica i uglom koji formiraju 
metal – kiseonikovi oktaedarski (MO6) ligandi, kiji su kao anjoni 
uvek negativno naelektrisani, pri čemu njihova konkretna 
gustina naelektrisanja zavisi prvenstveno od elementarnog 
sastava i molekulske strukture.. heteropoli anjoni su polimerni 
oksoanjoni i formiraju se kondenzacijom više od dva različita 
mononuklearna oksianjona u kiseloj sredini kako je prikazano 
sledećom jednačinom: 

pXx + Or + qMm + On + zH ----›XpMqOs (px + mg – zs/q) 
+ z/z H2O

Klasifikacija heteropoli jedinjenja – heteropoli jedinjenja
mogu biti klasifikovana prema odnosu centralnih atoma i 
perifernih molibdenovih ili sličnih atoma. Jedinjenja koja imaju 
isti broj atoma u anjonu, obično su izomorfna i imaju slične 
hemijske osobine. Obično heteropolimolibdati i 
heteropolivolframati sadrže neprelazne elemente kao centralne 
atome i imaju više strukturnih sličnosti od prelaznih elemenata 
koji mogu biti centralni atomi. Keggin-ov tip heteropoli 
jedinjenja sastojinse od tri vrste struktura. Veoma je važno 
praviti razliku između primarne, sekundarne i tercijarne strukture 
koje su izgrađivački delovi kompleksa. 

Dizajniranje materijala 

Prva faza procesa sinteze obuhvata pripremu 20 % vodenog 
rastvora 12-volframfosforne kiseline (H3PW12O40•29H2O), 
koja je poslužila kao prekursor za dobijanje odgovarajuće 
fosforvolframove bronze sprej pirolizom. 

U drugoj fazi procesa sinteze, dati rastvor je podvrgnut 
ultrazvučnom raspršivanju ultrazvučnim atomizerom Gapusol 
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9001, RBI, koji se sastoji od tri transducera koji rade na 
frekvenciji od 2,5 MHz i njegovom očvršćavanju unutar 
reakcione komore, koju čini peć sa kvarcnom cevi (Heraues 
Rof7/50) koja se nalazila na temperaturi od 625 ℃. 

Aerosol nastao tokom ultrazvučne pobude rastvora nošen je 
strujom vazduha (gas nosač) brzinom protoka od 0,66 dm3/s 
kroz reakcionu komoru u kojoj je dolazilo do očvršćavanja praha 
sve do posude za taloženje čestica. Vreme boravka kapljice 
aerosola u peći iznosilo je 20 s. Na ovaj način dobijen je prah 
fosforvolframove bronze. Šematski prikaz dobijanja praha 
metodom reakcionog raspršivanja, predstavljen je na Slici 
12.[13] 

 

 

 
Sl. 12 Šematski proces dobijanja praha metodom reakcionog raspršivanja 

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

(b) kvarcna peć (proces dobijanja praha) 

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

 
Sl. 13 Difraktogrami odgrejane 6-WPA faze na različitim temperaturama 

a) 6-WPA na 170 ℃; b) 0-WPA na 250 ℃; c) 0-WPA na 
350 ℃, i d) 0-WPA na 400 ℃. 

 

 
Sl. 14 Difraktogrami 0-WPA (H3PW12O40) faze transformisane na različitim 
temperaturama: a) 0-WPA na 400 ℃; b) D-WPA na 450 ℃; c) D-WPA na 500 

℃i  d) D-WPA na 550 ℃. 

 

Primena volframovih bronzi 

Potencijalna primena bronzi je u njihovoj  ugradnji u 
basterije i gorive ćelije, koje imaju veliku primenu u 
komunikaciji. Potrebne su jeftinije katode za ove sisteme, jer 
sadašnje katode koriste platinu ili legure platine, koje su veoma 
skupe i povećavaju cenu proizvoda. Poteškoće pronalaženja 
odgovarajućih katalizatora za odgovarajuće electrode, odnose se 
na činjenicu da elektronski provodnici korodiraju na 
potencijalima na kojuma se kiseonik redukuje (1,23 V u kiseloj 
sredini). Njihova hemijska i elektrohemijska stabilnost je veoma 
značajna za njihov izbor i za zamenu postojećih katalizatora koji 
se koriste u navedenim sistemima.  

Volframova bronza zadovoljava neke od uslova koji su 
karakteristični za kiseoničnu elektrodu (dobra elektronska 
provodljivost i velika stabilnost na najnižoj ph vrednosti). Ćelija 
je kubna i zapreminski centrirana sa atomom volframa u centru, 
koji je ortogonalno okružen sa šest atoma kiseonika koji se 
nalaze na bočnim stranama. Uglovi kocke predstavljaju osam 
interstacionalnih mesta (položaja) koja su dostupna, ali nisu 
kompletno zauzeta, sa atomima natrijuma. Volframove bronze 
su dobri katalizatori za elektroredukciju. 

ZAKLJUČAK 

Pokazano je da je u slučaju volframovih bronzi moguće 
dobiti strukture čiji dizajn na nivou čestice i subčestice pokazuje 
dobru saglasnost između teorijski proračunatih vrednosti po 
datom modelu i dobijenih eksperimentalnih vrednosti. 

Srednja, eksperimentalno određena veličina čestica praha 
iznosila je 1000 nm, odnisno 1 µm, a na osnovu proračuna po 
datim modelima ta veličina je 1066 nm, dok je srednja veličina 
subčestica 45 nm, a proračunom dobijena vrednost je 55 nm. 

Spektar diskretnih vrednosti čestica praha obuhvata 
raspodelu između 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 greške od 6,7 do19 %. 

Asemblirani filmovi pokazuju morfologiju površine koja 
odgovara u celosti morfologiji čestica iz koje se sastoje filmovi. 
Veoma su niske hrapavosti (reda veličine ispod 80 nm), Slika 
15.[13] 
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Sl. 15 SEM mikrofotografija čestica i subčestica fosfor volframove bronze 

Dobra saglasnost između teorijski izračunatih i 
eksperimentalno dobijenih vrednosti , navodi nas na dalji tok 
istraživanja i daje jasan signal da ispitiivanja luminescentnih 
svojstava prekusora i bronze na temperaturama pre i posle faznog 
prelaza, otvaraju mogućnost za dizajniranje novih materijala i 
njihovo podvrgavanje različitim vrstama pobude kao i 
tumačenje kroz veoma jasno definisanu matematičku analizu. 
Pored sve šireg spektra primene luminescentnih svojstava 
materijala, značajna je sve veća primena u identifikaciji 
materijala od interesa za kulturnu baštinu. 
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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 karakterističnim krivama iz 
raspodela raznih individualnih objekata u ansamblima različite 
dinamike i služe da bi se došlo do glavnih karakteristika zakona, 
koji određuju čestice/objekte ansambala u makroskopskoj skali. 
Statistički prilaz je i nastao iz potreba da se nalaze ,,stariji” 
atributi, koji će opisati ansambl. Time se u neorganskom, 
organskom, odnosno biosvetu i dobijaju razne zavisnosti koje su 
opisane matričnim formalizmom sa rangom po potrebnim i 
dovoljnim parametrima. Procesima rasejanja raznih snopova 
elektromagnetskog, akustičkog ili drugog zračenja se iz mnoštva 
čestica, kapljica, centara rasejanja u molekularnom, atomskom i 
ćelijskom zapisu, dobija kategorija povezana sa makroskopskim 
opisima temperature, pritiska i drugih parametara, atributa. 
Tako se dobijaju kvantitativni prilazi, koji vode do različitih 
interpretacija o statusu, pojedinog elementa ansambla sve do 
ćelijskog 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 klasičnih i savremenih 
mernih metoda, pojavljuje se potreba za traženjem generalizacije 
raspodela. U ovom radu se analizira jedno od rešenja 
generalizovane funkcije sa fitovanjem po 4 parametra. Merenja 
autora u raznim laboratorijama i različitim tehnološkim 
postupcima iz kojih su dobijeni prahovi, kapljice, to jest 
objekti/članovi skupa, pojavljuju se praktični zahtevi za 
generalizacijom prilaza. Sa druge strane, za stara merenja, 
traženi su programi za dobijanje karakterističnih tačaka (gustina 
uzetih tačaka sa kontinualnih krivih, koja će što manje uticati na 
promenu generalne analitičke krive. Analiziran je generalniji 
prilaz familiji krivih, kako bi se fitovali rezultati jedne metode 
merenja na analogan način sa podešavanjem fitovanja putem 
četiri parametra.  

Ključne reči—luminiscencija, biosvet, rasejanje, Voigtova kriva, 
ansambl  

I. UVOD

Intenzitet luminescentnog zračenja i dimenzije čestica 

Intenzitet luminescentnog zračenja i dimenzije čestica koje 
zrače su suštinski povezani na nekoliko načina, u zavisnosti od 
specifičnog tipa luminescentnog materijala, dinamike uslovnog 
ansambla čestica i mehanizma luminiscencije. Evo nekoliko 
mogućih prilaza: 

1. Velika površina za apsorpciju: Kod nekih materijala, kao
što su polimeri ili nanomaterijali, veće dimenzije čestica
obično imaju za rezultat veću površinu za apsorpciju
zračenja raznih vrsta. To dovodi do većeg intenziteta
luminiscentnog zračenja, jer se omogućava kvantitativno
veća apsorpcija energije/fotona.

2. Kvantni prinos luminescencije: Kvantni prinos
luminiscencije kao odnos između broja emitovanih fotona i
broja apsorbovanih fotona materijala, će po definiciji biti
modulisan veličinom čestica i tako uticati na kvantni prinos
luminiscencije. Uz date pretpostavke, manje čestice mogu
imati veći kvantni prinos luminiscencije zbog svojih
specifičnih kvantnih svojstava.

3. Maksimalna talasna dužina apsorpcije: Zavisno od
veličine čestica, luminiscentni materijali mogu imati
različite karakteristične maksimalne talasne dužine
apsorpcije. Ovaj pojam zaslužuje posebnu diskusiju, što će
se u nekom modelovanju usvojiti. Promena u veličini
čestica može dovesti do promene maksimalne talasne
dužine apsorpcije, što ima uticaj na intenzitet
luminiscentnog zračenja.

4. Stabilnost i distribucija veličine čestica: Promena
dimenzija čestica, može uticati na stabilnost materijala i
distribuciju veličine čestica, a to se dalje prenosi na
efikasnost luminiscentnog procesa i intenzitet zračenja.

Ovi faktori su samo neki od mnogih, koji utiču na
povezanost intenziteta luminiscentnog zračenja i dimenzija 
čestica koje zrače. Za svaki specifični materijal i luminiscentni 
proces, potrebno je izvršiti eksperimentalne i teorijske studije, 
kako bi se bolje razumeo mehanizam i povezanost pojmova. S 
obzirom na razne mehanizme i procese pobude, istorijski je, 
čini se, više rađeno na tipu pobude luminiscencije i traženju 
formalnih matematičkih relacija za ograničen pristup pobude i 
materijala. 

Ispitivanje dimenzija čestica praha na osnovu 
luminiscencije, može biti izvedeno na nekoliko načina, u 
zavisnosti od specifičnih karakteristika materijala i tehnika koje 
se koriste. U savremene metode spadaju: 
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1. Spektroskopija luminiscencije: Tehnika uključuje merenje
emitovane svetlosti iz praha posle izlaganja nekom obliku
energije; u sprezi koherentne/nekoherentne pobude
pojavljuje se zračenje najčešće u vidljivoj ili UV oblasti.
Dimenzije čestica mogu uticati na intenzitet i formalni
detektovan izlaz u frekventnom ili vremenskom domenu.
Detektovan odziv materijala će imati specifične
karakteristike, gde se ,,kriju” razne informacije o
materijalu. Promene u ovim karakteristikama, mogu se
koristiti za procenu dimenzija čestica.

2. Time-Resolved Luminescence (TRL): Razvijene aparature
na današnjem stupnju elektronike i računarskih algoritama
uspostavljaju vremenski profil luminiscencije posle
izlaganja izabranoj definisanoj energiji pobude u
odgovarajućoj dinamici. Time se obezbeđuje i razlikovanje
dinamika manjih i većih čestica bez traženja posebnih
uslova. Analizom vremenskog profila luminiscencije,
može se proceniti raspodela veličine čestica 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 što je
baza za interpretaciju dimenzija čestica.

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

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

Na našim, a i na inostranim prostorima su velike hemijske
farmaceutske kompanije (instituti i fakulteti) imali ograničen 
broj aparatura za primenu statičkog rasejanja, a za izbor 
kapljica ili prahova sa dinamičkim rasejanjem su se više bavili 
poljoprivredni, veterinarski, vojni instituti i ambulante 1-9. 

S obzirom da je stara kategorizacija fine čestice prebacila u 
oblast nanotehnologija, smanjene su znatno dimenzije čestica, 
pošto se proširio broj tehnika kojima se ciljano dobijaju druge 
kvantitativne vrednosti karakteristike ansambala. Ove i druge 
tehnike za karakterizaciju praha u području farmaceutskih 
proizvoda i nanomaterijala su danas proširene i odgovaraju 
strožijim zahtevima u smislu mernih nesigurnosti. 

Ove tehnike mogu biti korisne za karakterizaciju praha u 
mnogim primenama, uključujući farmaciju, materijale, 
nanotehnologiju i mnoge druge oblasti. Međutim, važno je 
napomenuti da su potrebni odgovarajući instrumenti i 
metodologije za preciznu i pouzdanu analizu. 

II. GRAFIČKA PREDSTAVA REZULTATA MERENJA

Tokom godina, menjala se tehnička podrška i prvobitni 
relativno jednostavni algoritmi za dokaz standardnijih predstava 
spektra lasera i spektra ansambla objekata tipa praha 
(raspršenog), molekula, makromolekula i daljih formacija do 
koloida. Objekti/elementi ansambala su se proširili sa molekula 
u biološke ćelije, viruse. U vreme korone, tehnike su prema
literaturi uključivale i neelastična rasejanja i Ramanove spektre
za razlikovanje kovida–19 od drugih oblika virusa.

Grafici koji se odnose na luminiscenciju često prikazuju 
intenzitet emitovane svetlosti u funkciji nezavisne promenljive 
(vreme, talasna dužina, frekventni pomak). Oblici grafika su 
različite matematičke funkcije, koje predstavljaju 
luminiscenciju, sa specijalnim tipovima relaksacije materijala: 
fluorescencija, fosforescencija, elektroluminiscencija i dr. 
Literatura se odlikuje sa dosta različitih definicija pri poređenju 
strogih izražavanja sa izabranom matematičkom predstavom ili 
zadovoljavanja sa samo parametrima karakterističnih krivih kao 
što je vreme relaksacije. 

Grafik fluorescencije, može prikazati intenzitet emitovane 
svetlosti od strane fluorofora (molekula koji emituje svetlost 
posle apsorpcije fotona) u zavisnosti od talasne dužine svetlosti 
ili od vremena, pošto je fluorofor izložen pobudi. 

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

Elektroluminiscentni grafici prikazuju intenzitet svetlosti 
koji se emituje iz OLED-a ili drugih sličnih uređaja u zavisnosti 
od električnih parametara. 

U ovim i sličnim slučajevima u merenju se traže grafici 
istog tipa za precizno definisane: pobude, vrstu materijala i time 
se koriste za analizu karakteristika materijala i procesa koji 
uključuju luminiscenciju.  

III. MATEMATIČKE FUNKCIJE

Postoji niz matematičkih modela, koji opisuju vezu i 
formalizme intenziteta luminescentnog zračenja, dimenzija 
čestica i drugih mogućih mernih parametara. Precizna 
matematička funkcija, koja bi opisala veze direktno će varirati 
zavisno od konkretnih karakteristika materijala i 
luminiscentnog procesa, odnosno pobude. Primena odabrane 
metode merenja koja bi se koristila u izabranom slučaju bi se 
uključila sa interfejsom dela programa za interpretaciju mernih 
retultata, ako se ne radi samo o zahtevu glavnih statističkih 
sakupljenih podataka i obrade na uobičajen način određene 
laboratorije. Među modelima su česte podele na empirijske, 
fizičke i teorijske (ova podela bi mogla da bude predmet 
diskusije): 

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

Fizički modeli se temelje na fundamentalnim fizičkim 
principima, koji opisuju interakciju svetlosti s materijalom i 
procese koji dovode do luminiscencije. Posebno se razvijaju 
modeli koji mogu uključivati kvantno-mehaničke efekte, efekte 
površine, strukture materijala i drugih atributa/parametara. 

Teorijski modeli koriste analitičke koncepte i računarske 
simulacije kako bi se predvidelo ponašanje luminiscentnih 
materijala na osnovu njihovih strukturnih i elektronskih 
svojstava. Uključeno je modelovanje energijskih nivoa u 
materijalu, interakcije fotona i elektrona i efekti veličine i 
oblika čestica zavisno od traženih izlaznih parametara opisa 
čestica po ustaljenoj nomenklaturi (80 parametara) 6. 
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Za konkretne primene, postoji literature, koja je isključivo 
vezana za određenu vrstu luminiscencije prema pobudi ili 
prema klasi luminiscentnih materijala. Laboratorije su razvile 
svoje interesne kalibracije prema svojim budžetima i prema 
praktičnim zahtevima istraživača ili massmedia primena. I uvek 
se sve svodi na potrebu da se dobiju korisni i praktični postupci 
za friendly upotrebu date aparature/sistema tima, koji radi na 
aparaturi i priprema eksperimente. Ilustracija težine 
interpretacije luminiscentnih procesa i mogućih mernih 
rezultata je predstavljena na Sl. 1-3, od kojih su uključeni i 
stimulisani procesi 7. 

Sl. 1 Predstava složenijeg skupa mernih podataka iz literature (3D)

Sl. 2 Drugi način predstave luminiscentnih merenja iz literature sa drugim karakterističnim krivama iz originalne literature gde su intenzitet i talasna dužina vezani 
za singletne i tripletne prelaze 

Sl. 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 kašnjenja je bilo 50 ms, a prozor 500 ms. 

A. Generalizovani prilaz problematici sa izborom potrebnih
specifičnih funkcija

Prema postavljenim premisama u postupku generalizovanog
prilaza ansamblima objekata koji mogu biti neograničenih 
atributa (prahovi, mikroorganizmi, kapljice,…) koji se odlikuju 
specifičnim oblicima: uniformnih, anizotropnih, višeslojnih 
struktura, koji se za praktičnu upotrebu i danas dalje razvijaju. 
Konkretno, može se pretpostaviti da je element skupa 
pravilna/nepravilna matematička aproksimacija sfere ili kugle, 
cilindar ili valjak i dalje praviti kombinacije sa spomenutim 
pretpostavkama o uniformnosti zahvaćene zapremine, 
viešeslojnosti i sl. 4. U osnovi razvijanja fitovanja pošlo se od 
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Gausove i Log-normalne raspodele, pošto intuitivno ne radimo 
sa malim brojem čestica. Iz niza predviđenih matematičkih 
koraka od generalizovane funkcije do LG4. 

Nova generalizovana logaritamska jednačina je definisana 
sa četiri parametra, nazvana LG4. Formulisana je i predložena 
za opisivanje distribucije veličine i oblika čestica. Za poseban 
izbor parametara LG4 je redukovan na logaritamsku 
distribuciju LG2 definisanu sa dva parametra, pa se omogućava 
odabir srednje vrednosti raspodele kao parametra i ona se kao 
parameter pojavlјuje eksplicitno u funkciji distribucije. LG2 je 
predložen kao funkcija gustine verovatnoće za veličinu i oblik 
raspodele čestica („četvrto stanje materije“ prema Hejvudovoj 
definiciji) kao, na primer, metalne i keramičke čestice koje 
privlače veliku pažnju javnosti, kao novi materijali visokih 
performansi za magnetne materijale, koji obećavaju, a zatim 
hemijski katalizatori, materijali koji promovišu sinterovanje, 
senzori, itd. Oblik i sličnost čestica za neke svrhe su veoma 
važni. Ukupna zapremina, ukupna površina ili bilo koje drugo 
korisno svojstvo uzorka može biti vezano za oblik i veličinu 
pojedinih čestica. Ako su sve čestice geometrijski slične, sav 
naknadni tretman je znatno pojednostavlјen u pogledu oblika. 
Uvođenjem parametra oblika čestice, generalizovana sličnost i 
eliptički faktor sklopa čestica, primena LG2 za proučavanje 
raspodele oblika projektovane čestice sprovodi se formalizam u 
ovom radu.. 

Srednja vrednost, kao parametar veličine, pojavljuje se 
eksplicitno distribuciji LG2. Parametri se određuju fitovanjem 
empirijske raspodele različitih projektovanih čestica (najduže i 
najkraće dimenzijei površina čestica). LG2 jednačina je 
usvojena kao model za distribuciju oblika čestice. Međutim, 
izvedeno modelovanje može biti korisno za različite primene 
bez obzira na vrste čestica. Parametar oblika čestice je uveden i 
zatim uopštena sličnost čime su definisani eliptički faktori 
sklopa čestica. Primenom LG2 distribucije dobijena je 
distribucija najduže i najkraće dimenzije parametara oblika. 
Metoda za razmatranje sličnosti čestica je razvijena. Postupak 
ove metodeje jednostavan, lak i brz, ali metoda je ograničenog 
opsega primene i može biti od koristi za opis eliptične čestice. 

Na osnovu prethodnih formalizama, izvršeno je fitovanje u 
definisanu krivu F(R) koja je fitovana prema eksperimentalnoj 
raspodeli najduže dimenzije čestice (Slika 4) 
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Slika 4. Kriva F(R) fitovana prema eksperimentalnoj raspodeli najduže 
dimenzije čestice 
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Za slučaj generalizovane funkcije LG4 1 izveden je 
detaljno potreban formalizam do dobijanja raspodele čestica za 
slučaj magnetnih čestica NdFeB , materijal koji je vrlo važan za 
gabarite savremenih magneta 8,9. 

Pošto je iskorišćen prilaz sa generalizovanom funkcijom i 
deo primene sproveden sa LG4, odnosno LG2 i povezan sa 
eksperimentalnom krivom, vratićemo se na teorijski put putem 
kernela. On se uvodi za rešavanje problematike koja bi 
povezala luminiscenciju sa raspodelom čestica 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 može da 
predstavlja funkciju raspodele čestica. Uključena je i funkcija 
greške 𝜀ሺ𝑥ሻ, 

𝑓ሺ𝑥ሻ ൌ න𝐾ሺ𝑥,𝑦ሻ𝑔ሺ𝑦ሻ𝑑𝑦  𝜀ሺ𝑥ሻ 

Za slučaj da je upotrebljena merna angularna raspodela za 
procese Mievog rasejanja 3,4 

𝑓ሺ𝑥ሻ ൌ 𝐼௦ሺ𝛳ሻ 

Raspodela dimenzija čestica se u principu može predstaviti 
sledećim raspodelama: Rosin-Rammler, Nukiyama-Tanasawa, 
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Log-normalna, što se može direktno povezati sa razvijenom 
LG4 koja je definisana sa 4 parametra, na početku ovih 
planiranih operacija, sa varijacijama LG3, LG2.  

Zaključak 

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

Luminiscentne pojave imaju više različitih načina pobude i 
čini se da bi bilo interesantno povezati različite krive koje se 
pojavljuju u literaturi sa generalnijom bazom funkcija i po 
mogućstvu ih sa gledišta izbora sa fitovanjem sa četiri 
parametra, kao što je skicirano u ovom radu predstaviti za širu 
upotrebu. 

Različite krive (matematičke formule) se pojavljuju i u 
savremenim knjigama posvećenim 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 
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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 MOGUĆNOST PROCENA RADIJACIONOG RIZIKA POMOĆU 
RETROSPEKTIVNE DOZIMETRIJE 

Aco Janićijević and Aleksandra Janićijević 

U savremenim istraživanjima aktuelna su tri pristupa za procenu rizika raka pluća ljudi 
nastalog od izlaganja radonu I njegovim kratkoživećim potomcima u vazduhu. Ova tri 
pristupa su pre svega zasnovana na: a) plućnoj dozimetriji; b) rudarskoj epidemiologiji, 
i c) kontroli slučajeva stambene epidemiologije. Od navedenih prisupa najdirektniji je 
ovaj pod c), koji izbegava mnoge nesigurnosti u pretpostavkama i kompleksnostima 
obuhvaćenih pod a) i b) i ima određene prednosti u odnosu na ova prva dva pristupa. 
Poslednjih godina raste broj epidemioloških studija koje imaju značajnu ulogu u 
povezivanju rezultata retrospektivne dozimetrije sa procenom rizika raka pluća 
stanovništva usled izlaganja radonu Rn i njegovim potomcima. Razvijeno je niz mernih 
tehnika koje imaju za cilj rekonstrukciju izlaganja radonu i njegovim potomcima tj. 
određivanje kumulativnog izlaganja tokom proteklih (dve-tri) decenije. To je bitno zato 
što indukcija raka pluća ima dug period skrivanja, pa se došlo do zaključka da je 
sveukupno izlaganje najvažnija determinanta rizika raka pluća. U ovom radu je data 
teorijska zasnovanost po pitanju ambijentalne prisutnosri aktivnosti 210 Po u 
površinskom 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 Kovačević 

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 Karastojković 

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.
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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 Krüger 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. (Kovačević 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 (Öktem 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 (Kovačević 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, 5×(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/cm2) 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 40×, 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/cm2 of fluence 
repeatedly scanned from 1 to 10 times over the surface are presented. The area where beam 
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Fig. 1  Implemented patterns of scanning: a for consecutive repeated scanning; b for perpendicular over-
lapped scanning

Fig. 2  LIPSS generated after beam of 153 mJ/cm2 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 × 5) µm and maximal 
height is 50 nm; c graphical presentation of the AFM current (a.u.) of the area in b 
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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 µm, scanning speed 242 µm/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/cm2 fluence 
(repetition rate 76 MHz, diameter ~ 1 µm) 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/
cm2 fluence (repetition rate 76 MHz, diameter ~ 1.1 µm) scanned 10 times (scanning speed 
24 µm/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/cm2 in 
order to generate groove-type of LIPSS. The beam repetition rate was 76 MHz, scanning 
speed 1.5 mm/s. diameter ~ 1.1 µm, 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 

Fig. 3  Spatial temperature distribution from the surface to the bulk after exposition to the beam of 800 nm 
wavelength and 153 mJ/cm2 of fluence: a after 1.25 ps; b after 20 ps



 A. G. Kovačević et al.

1 3

  301  Page 6 of 9

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 (Öktem 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 (Kovačević 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 (Öktem 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).

Fig. 4  SEM micrographs of LIPSS generated after beam of: a 145 mJ/cm2 scanned 15 passes and b 215 mJ/
cm2 scanned 10 passes. White line on the left side shows polarization orientation
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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.

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; c magnified part of the central area in a 
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4  Conclusion

We have exposed 5×(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/cm2, 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/cm2), LIPSS 
in the form of grooves are generated by ablation mechanisms (ablative LIPSS). Both 
types are preserved after 10–15 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.
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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: 15×(Zr/Ti), 15×(Ti/Zr), 8×(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 µm
Gaussian spot (1/e2) 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 × 5 mm at a pulse power of 2.5 mW (fluence of 0.662 J/cm2) and scan velocity of 3 mm/s with a
constant distance between the lines of 15 µm.

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 µL, 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 8×(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 15×(Ti/Zr) on Si are shown for two
magnifications in Figure 1a,b. LIPSS on the 8×(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.
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laser-affected area retained the layered structure (alternating Ti and Zr layers) [28]. Due to the 
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Figure 1. SEM micrographs of LIPSS on the surface of the: (a) 15×(Ti/Zr) on Si, magnification 5000×;
(b) 15×(Ti/Zr) on Si, magnification 30,000×; (c) 8×(Zr/Cr/Ti) on Si, magnification 5000×; (d) 8×(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].
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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/cm2, 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 15×(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 15×(Zr/Ti) unexposed (Figure 3c) and exposed
(Figure 3d) surfaces, as well as on the 8×(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 (15×(Zr/Ti) and 8×(Zr/Cr/Ti)).
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topmost layer), as-deposited, the CA = 72.11°; (b) 15×(Ti/Zr) on Si (Ti is the topmost layer), 
laser-modified, the CA = 137.15°; (c) 15×(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) 8×(Zr/Cr/Ti) 
on Si (Zr is the topmost layer), as-deposited, the CA = 68.10°; (f) 8×(Zr/Cr/Ti) on Si (Zr is the topmost 
layer), laser-modified, the CA = 123.45°. White bar denotes 5 μm. 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 

Figure 3. The image of the droplet of distilled water on the surface of: (a) 15×(Ti/Zr) on Si (Ti is the
topmost layer), as-deposited, the CA = 72.11◦; (b) 15×(Ti/Zr) on Si (Ti is the topmost layer), laser-modified,
the CA = 137.15◦; (c) 15×(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) 8×(Zr/Cr/Ti) on Si
(Zr is the topmost layer), as-deposited, the CA = 68.10◦; (f) 8×(Zr/Cr/Ti) on Si (Zr is the topmost layer),
laser-modified, the CA = 123.45◦. White bar denotes 5 µm. 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 µm 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 SiO2 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 MgF2 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/MgF2

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 LIPSS
Period (nm) CA (◦) ∆CA

(◦)
CA Increase

(%)

untreated
surface

corrugated
surface

15×(Ti/Zr) 740 72.11 ± 3.32 137.15 ± 11.63 65.04 90

15×(Zr/Ti) 740 77.29 ± 1.71 144.49 ± 14.97 67.20 87

8×(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 15×(Ti/Zr), it is ~0.6,
while for 8×(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 15×(Zr/Ti),
but in the case of 15×(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



Appl. Sci. 2020, 10, 6008 8 of 10

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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A B S T R A C T   

Single crystal of Bi12SiO20 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 Bi12SiO20 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 Bi12SiO20.   

1. Introduction 

Sillenites (Bi12MO20, 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 

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 
Bi12GeO20 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 Bi12SiO20 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 Bi12SiO20 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 Bi12SiO20 
crystals were used for the growth of other crystals. 

Bi2O3 and SiO2 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, dc = 10 mm and critical rotation, 
ωc = 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/cm2. 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− 1 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. NSG01 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 Bi12SiO20 single crystals was 
measured using X-ray diffractometer (XRD) Rigaku Ultima IV, Japan, 
with filtered CuKα1 radiation (λ = 0.154178 nm). The X-ray diffraction 
data were collected over the 2θ 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 

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 Bi12SiO20 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. 2c). 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, c is 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 

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 Bi12SiO20 
phase, which is in good agreement with the JCPDF Card No. 37–0485. 

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− 1 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− 1 at room temperature, is presented in Fig. 4 as 
a red 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− 1 …. 

Γ = 8A + 8E + 25F (1) 

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 

Fig. 2. AFM results of Bi12SiO20 single crystal: untreated (a); femtosecond laser treated sample: 730 nm, 50 mW (b) and 730 nm, 700 mW (c). Height prolife on the 
surface (d). 

Fig. 3. X-ray diffraction results of untreated Bi12SiO20 single crystal, peaks of 
Bi12SiO20 phase marked with hkl. 
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phonons: 

ε(ω)= ε∞

∏s

k=1

ω2 + iγkLO − ω2
kLO

ω2 + iγkTO − ω2
kTO

(2)  

where ε∞ is the bound charge contribution and is considered as a con-
stant, ωLOk and ωTOk are the longitudinal and transverse optical – phonon 
frequencies, and γTOk and γLOk are the phonon dampings. 

The results obtained for TO/LO frequencies (in cm− 1) 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 

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 (ε1 = 1),  
(b) medium 2 is a layer with thickness d present at the sample surface 

with dielectric constant ε2 (eq. (2)), and  
(c) lower optically thick layer, medium 3, practically single crystal 

BSO, described with ε3 (eq. (2)). 

In this case, the reflectivity can be determined as described in 
Ref. [20]: 

RA =
Ar

Ai
=

r12e− iα + r23eiα

e− iα + r12r23eiα (3)  

where rij = (ni − nj) /(ni +nj) = (
̅̅̅̅εi

√
−

̅̅̅̅εj
√

)/(
̅̅̅̅εi

√
+

̅̅̅̅εj
√

) are the Fresnel 
coefficients, Ai and Ar represent amplitudes of the incident and reflec-
tion beams, respectively, n is the complex index of refraction, ε is the 
dielectric constant and α = 2πωd (ε2)1/2 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 μm. 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 
Bi12SiO20 single crystal, the formation of starting material phases occurs. 
It is known that bismuth oxide can exist in several polymorphic forms: 
α-Bi2O3, the only phase stable at room temperature, and three 
high-temperature phases, β-, δ- and γ-Bi2O3. The orthorhombic phase, 
α-Bi2O3, transforms to cubic δ-Bi2O3 at 729 ◦C, which may transform to 
tetragonal β-Bi2O3 or body-centered cubic γ-Bi2O3 upon cooling to 650 
and 639 ◦C, respectively [24–27]. Both of these forms are metastable, 

Fig. 4. Experimental far-infrared reflection spectra of Bi12SiO20 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 I23 
(T3) [17]. 

Fig. 5. Far-infrared reflection spectra of Bi12SiO20 single crystal and femto-
second laser-treated Bi12SiO20 sample. The experimentally obtained data points 
are depicted as circles. The theoretical spectrum obtained with the model 
defined by eqs. (2) and (3) and fitting procedure is given as solid line. Insert. 
Schematic overview of the femtosecond laser-treated Bi12SiO20 sample. 

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

Phonon peaks 
This work 
[cm− 1] 

Experimental literature 
values of phonon 
frequencies [cm− 1] 

Calculated phonon 
frequencies [cm− 1] 

Description 

120 120 [21] 120 [21] Bi4O7 [21] 
118 [22]  α-Bi2O3 

[22]  
124 [21] β-Bi2O3 

[21] 

161 157 [21]  γ-Bi2O3 

[21] 
166 [23]  γ-Bi2O3 

[23] 

278 279 [22]  γ-Bi2O3 

[22] 
281 [21]  γ-Bi2O3 

[22] 

380 381 [21]  γ-Bi2O3 

[21]  
388 [21] Bi4O7 [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 (Bi3+, Bi5+) oxide [28,29]. This mixed valence and the opti-
cal gap within the visible range (1.9eV) turns the Bi4O7 interesting for 
applications in photocatalysis. Also, because of strong luminescence at 
about 420 nm Bi4O7 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 Bi12SiO20 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 
Bi12SiO20 single crystal growth by Czochralski technique. The treatment 
led to the formation of bismuth oxide based nanoobjects in the Bi12SiO20 
matrix. These nanoobjects are formed as nanocrystals with dimensions 
below 20 nm in diameter and about 15 nm in height. By composition, 
they are α-, β-, and γ-Bi2O3 and Bi4O7. 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 µJ. 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].

a 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
II 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 × 10−6 mbar, while
the Ar partial pressure during deposition was 1 × 10−3

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 0.17 nm s−1 for both Ti
and Zr components, without heating of the substrates.
The total thickness of the complete multilayer structure

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 40µm 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 (10µJ) 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 15µJ and
17µJ, 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 47µm. According to the estab-
lished procedure, the ablation threshold fluence Fth can
be experimentally determined by representing squared
diameter of the ablated areas D2 as a function of the
logarithm of the applied pulse energies Ep, 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 Fth = (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. 1c, 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 = F0 exp(−2r2/ω2

0) equation for surface modi-
fication obtained at a pulse energy of 17µJ and the
fluence at the centre of 597mJ cm−2 [28]. The esti-
mated values of ablated steps from periphery to the
centre are F1 = 342mJ cm−2, F2 = 418mJ cm−2 and
F3 = 503mJ 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 17µ 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-

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 (2.5µ 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 Neff = 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 (0.5 mm s−1 and Neff = 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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E = 10 µJ E = 12 µJ E = 15 µJ E = 17 µJ

10 µm 10 µm 10 µm 10 µm

a b c d

d = 27µm d = 36µm d = 40µm d = 47µm

15 nm
14 nm

14 nm

25 nm

19 nm
18 nm

19 nm

22 nm

20 nm

16 nm

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 10µJ, b 12µJ, c 15µJ and d 17µJ

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

increase of the overlapping factor. The ripple lengths
are in the range of 4–9 µm, 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

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−1), 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−1 were created on a silicon substrate due to inten-
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Fig. 3 EDS spectra for the marked positions of the ablated steps at the surface of the multilayer 15x(Ti/Zr) /Si system
in the spot made by fs modification at 17µJ average pulse energy

v = 3 mm/s v = 2 mm/s v = 1 mm/s v = 0.5 mm/s

10 µm 10 µm 10 µm 10 µm

polarisationa b c d

Fig. 4 SEM images for the created lines during the fs modification at the pulse energy of 2.5µJ with different scan
velocities: a 3 mm s−1, b 2 mm s−1, c 1 mm s−1 and d 0.5 mm s−1

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.
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Fig. 5 SEM images for the created lines during the fs modification at the pulse energy of 2.5 µ J with changed laser
polarisation for 90◦ at the different scan velocities: a 3 mm s−1, b 2 mm s−1, c 1 mm s−1 and d 0.5 mm s−1
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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 τp = 160
fs and wavelength λL = 1030 nm. It is also noted that
the multilayered structure is placed on a silicon sub-
strate (in which T

(Si)
L 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:

C(i)
e

∂T
(i)
e

∂t
=

∂

∂z

(
k(i)
e

∂T
(i)
e

∂z

)
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eL
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e − T
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L

)

+S(i)(z, t) [S(i) = 0, for i > 1]
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√
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(
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while C
(S)
L

∂T
(S)
L

∂t = ∂
∂z

(
k

(S)
L

∂T
(S)
L

∂z

)
describes the heat

diffusion in the Si substrate. In Eqs. 1–2, T
(i)
e (T (i)

L )
stands for the electron (lattice) temperature of layer i
(i = 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(i)

e ,C(i)
L ), electron and lattice

heat conductivity (k(i)
e ≡ k

(i)
e0

(
B(i)T

(i)
L /

(
A(i)

(
T

(i)
e

)2

+B(i)T
(i)
L

))
, k

(i)
L ∼ .01k

(i)
e ), electron–phonon cou-

pling strengths (G(i)
eL) and model parameters used in

the simulations are listed in Table 1. For Si, C
(S)
L =

106(1.978+3.54×10−4T
(S)
L −3.68(T (S)

L )
−2

) [Jm−3K−1]

and k
(S)
L = 158500(T (S)

L )
−1.23

[Jm−1s−1K−1] [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 Te(z, t = 0) = TL(z, t = 0) = 300K. Adiabatic
boundary conditions are considered on the surface (at

z = 0, k
(Ti)
e

∂T (Ti)
e

∂z = k
(Ti)
L

∂T
(Ti)
L

∂z = 0). Furthermore,
at the interface between two layers, the following con-
ditions are applied: T

(Ti)
L = T

(Zr)
L , T

(Ti)
e = T

(Zr)
e ,

k
(Ti)
L

∂T
(Ti)
L

∂z = k
(Zr)
L

∂T
(Zr)
L

∂z , k
(Ti)
e

∂T (Ti)
e

∂z = k
(Zr)
e

∂T (Zr)
e

∂z
while on the interface between the last layer (Zr) and
the substrate (Si), the following boundary conditions

are used: T
(Si)
L = T

(Zr)
L and k

(Si)
L

∂T
(Si)
L

∂z = k
(Zr)
L

∂T
(Zr)
L

∂z .
We note that in the above formulation, 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 α,
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

GeL (Wm−3K−1) Fitting [36,37] Fitting [38]

Ce (Jm−3K−1) Fitting [36,37] 2.78 T
(Zr)
e [39]

CL (Jm−3K−1) 2.3521× 106 [40] 1.6952× 106 [40]
ke0 (Jm−1s−1K−1) 21.9 [40] 22.6 [40]
Tmelting (K) 1941 [40] 2128 [40]
Tboiling (K) 3560 [40] 4650 [40]
Tcritical (K) 15500 [41] 8650 [41]
A(s−1K−2) Fitting [36,37] 3.41 × 105 [38]
B(s−1K−1) Fitting [36,37] 5.16 × 1012 [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 α = 4.89 × 105cm−1 [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 (∼ 0.90Tcritical, where
Tcritical is the critical point temperature [17,35,43]
which is the temperature at which boundaries for gas
and liquid phase vanish). Another criterion also usually

employed is the boiling temperature of the material,
Tboiling, (i.e. the region of the material that is charac-
terised with lattice temperatures higher than Tboiling 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 =
220mJcm−2. This value corresponds to fluence that is
sufficient to raise the temperature of the upper layer
above Tboiling; 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 = 220mJ cm−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-
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Fig. 7 a Spatial lattice temperature profile at t = 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, τp = 160 fs, 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

123



304 Page 8 of 10 Eur. Phys. J. D (2021) 75 :304

0 20 40 60 80 100
0

1

2

3

4

5

Depth [nm]

La
tti

ce
 T

em
pe

ra
tu

re
 [1

03 K
]

a

Ti Zr Ti Zr Ti Zr

Time [ps]

D
ep

th
 [n

m
]

 

 

0 5 10 15

0

50

100

150

200

La
tti

ce
 T

em
pe

ra
tu

re
 [1

03 K
]

0.5

1

1.5

2

2.5

3

3.5

4

4.5Ti
Zr
Ti
Zr
Ti
Zr
Ti
Zr
Ti
Zr
Ti
Zr b

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 = 600 mJ cm−2, τp = 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 =
600mJ 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) /Si system 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 µJ. The circu-

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 µJ and 17 µJ, 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 Tboiling

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 µJ) 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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7. MKOIEE • 83 

IZABRANI PROBLEMI DANAŠNJICE U OBLASTI KOHERENTNE OPTIKE, 

FOTOFIZIKE I INTERAKCIJE SA ELIONSKIM ZRAČENJEM 

CHOSEN CONTEMPORARY PROBLEMS IN FIELDS OF COHERENT OPTICS, 

PHOTOPHYSICS AND INTERACTIONS WITH ELION RADIATION 
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Mnogobrojni metodi  transformacije energije, koji se danas koriste praktično u mass media i 

istraživanjima u raznim savremenim disciplinama zaslužuju analize sa nekoliko aspekata. Jedan od 

aspekata praktične prirode je poboljšanje 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 praktič-

ne tačke gledišta, potkrepljene i eksperimentalnim pristupom. 

Ključne reči:konverzija energije, metodi, otpornost materijala na zračenje, 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, c) 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 
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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 

3 2.5 (mean value 
for 235U) 

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 

Primary fission 
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-
peratures 

Electromagnetic RCP realizes 
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). 

 

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 POCl3 

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 Flas 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. 

 

Fig. 3. Ablation channel on a Mo/glass sample machined by femto-second laser beam for velocities 

for f=50Hz and Flas=0.17Jcm-2 [14]. 

 

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 wf. 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.  

 

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. 

\  

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 ]. 

 

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. 

’  

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, lneses, 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 7 Performances of GaAs cells versus incident power [ ], :a) short –circuit current b) Open –

circuit voltage, c) Peak power. d)  factor and e) conversion factor efficiency. 

 

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 LASER AND 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. 

 

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. 

 

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 

Ar+: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 VII 
groupe) 

1.5-2  

GaAlAs semiconductor 1-10 Microelectronics, Mass media 

HeCd (hole cathode) 0.002-0.014 White light 

He-Ne 0.01-0.1 Metrology, interferometry, medi-
cine 

Nd3+:Yag, Nd3:glass 0.1-1  

Al2O3:Cr3+ 0.1-1  
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Fig.11.  Commercially Diode Pumped Solid State ps- Lasers with peak powered (>1MW)[]. 

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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Fig.13 Future of sustainable energy transmission. 

 

Figure 14. Development of focused laser intensity: A- limits of laser intensity,calculated to cm2 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 20th 

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-
im.output 
 

Pulse 
width 

Max.densit
y pump 
power 
. 

Max 
out-
put 
power 

Active 
layer 
thick-
ness 

Spec. de-
mands/Comments 

Elektron.excitatio
n 

3.0
3


gE


 10-8-10-6 107-108 106 10-4-10-3 Sizes of semiconduc-

tor laser depends on 
the pumping type 

Optical excitation 
1.photon 
excitation  

 < p  Cw 
generatio
n 
10-8-10-7 

107 105  Eg’< p  

Optical excita-
tion:two-photon 
excitation 

 < 2 p  10-8-10-7 109  10-5-10-3 Eg’<2 p  

Injection 1
eU


 Cw 

generatio
n 
10-8-10-7 

104-105 10 
102 

10-5-10-3 

10-2 

 

1)Elektroconductivit
y 
2) Inject. contact 
3. Electrical contact 

breakdown 3.0
3


gE


 10-8-10-7 106 102 10-4-10-3 1). Electrical contact 

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 CO2 laser Nd3+:YAG laser Nd3+:YAG disc 
laser 

Fiber laser 

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, 
kW 

15 6 16 50 

Spot dia,mm 0.15 0.3 0.15 0.15 

Power density 
MWcm-2 

84.9 8.5 90.5 113.2 

Efficiency % 10 2 (lamp) 
6(diode) 

18 30* 

Delivery Free space Fiber Fiber Fiber 

Table 6 Quantum generators 

Laboratorija Frequency, GHz Power, kW Coefficient of effi-
ciency 

Pulse width 

Varnan 28 340 45 Cw regime 

Varnan 60 120 38 Cw regime 

Lab.VMS USA 35 340 54 1µs 

MTI 140 180 30 1µs 

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: Mőssbauer'gasers, nonmőssbauers gasers, gaser 

without threshold, electrodynamic lasers in Rőntgen 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 

Đerdap, 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 

Nd3+: YAG /glass, CO2, 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-situ 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 LIdar 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 signicant 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( ) elastically backscattered by air 
molecules and aerosol particles is found to be 

  
0 2

0

( )( , ) ( ) ( , ) exp 2 ( ') '
rO rP r P C r r dr

r
                (1) 

where P0( ) 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; r is the distance between the laser exit 
and the point of scattering in the atmosphere; ( ,r) and ( ,r) denote the height 
(distance) and wavelength ( ) 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 a( ,r) and extinction a( ,r) 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( ,r) and a( ,r) 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. 
 

 
Fig. 1. Elastic backscatter lidar system developed at IPB. 
 
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 is 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 (N2) 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 

Pulse laser 
source: 

Nd:YAG 
(Quantel 
CFR200) 

Telescope type: Cassegrain, 
model Raymetrics DK250 

LICEL TR20-160 (12 bit 
at 20 MS/s), 250 MHz 
fast photon  

Wavelength 

1064, 532, 
355 nm 

 

Telescope aperture: diameter: 
250 mm 
 

Detectors: 
Photomultiplier Tubes  
(Licel-Hamamatsu-
R9880U-110) 

Energy/pulse 105/45/65 
mJ 

Field of view:0.5- 3 mrad 
(variable) 

Detection mode: Analog 
and photon counting 

Pulse 
duration and 
repetition 

5 ns 

20 Hz 

Fieldstop type: Circular - Iris 
Diaphragm, 3mm user 
selectable 

Spatial resolution (raw): 
7.5 m 

Laser beam 
diameter: 

15 mm 
(expanded) 

Elastic wavelength 355 nm 
 

Full overlap: 250 m 

Laser beam 
divergence:   

0.33 mrad 
Raman wavelength: 387 nm 
(N2) 

Effective range:  
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) (Ni kovi  et. al, 2011). 
 

 
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).  

 
  

Emission wavelength: 355 nm Detection wavelength: 355 nm 
Detection mode: an+pc, Temporal resolution: 60 s, Spatial resolution: 
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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 različiti po dimenzijama i 

principima funkcionisanja. Nekoliko generacija u mnoštvu sistema i transformacija, proširilo se, 

čak generišući nova imena od nekadašnjih samo pretvarača, do aktuatora, senzora. Među 

savremenim sistemima i dalje su u upotrebi merni uređaji i komponente, koji se koriste u naučnim 

institutima, kompanijama, aplikacijama u mass-media primenama, ali i dugogodišnji 

fotomultiplikatori sa organskim i neorganskim kristalima.  Tanki filmovi doživljavaju širenje 

aplikacija i oblika. Pored rada nekih sistema, u ovom radu se razmatraju vreme života za 

razmatrane slučajeve, snopne tehnike i različite kombinacije tehnika. Razmatrani su neki režimi 

rada, kao što su rad u Q-switch režimu, režimu slobodne generacije, i cw, kao i izloženost kratkim 

impulsima elemenata na bazi Si / solarnih ćelija i drugih savremenih materijala, koji se tiču 

transformacija energije. Razmatraju se povrede nastale određenim vrstama lasera.  

Ključne reči: Interakcija; transformacija energije; laserska oštećenja; 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 [1-5].  

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 depending on the samples 

Min power 1.5 W 
Pulse repetition 76 MHz 
Wavelength 720 nm, 800 nm, 860 nm 

Unfocused beam, linear polarization (horizontally) 
Beam diameter 1 mm 
Possible time of exposition in this experiment 1 s, 3 s, 5 s 

For conclusion: the highest effects and damage occurred at 720 nm 
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Table 2. Series of experiments with Nd3+: 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 τ = 20 ms 
Energy density: 300 J/cm2 
Pulse repetition: 1 Hz 
Time of interaction/exposition: 10 pulses in the same location 

The damage is marked by black arrows 
 

One group of the components that were related to the work of the laboratory (“Vinča”) were 
exposed to: Cr3+:Al2O3 and Nd3+: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 

view. 

Figure 2. Solar cell, damage appearance, mag-

nification 10x, industrial light microscope. 

  

Figure 3. Solar cell, detail of damage appear-

ance, magnification 30x, industrial light micro-

scope. 

Figure 4. Solar cell, detail of damage appear-

ance, magnification 30x, industrial light micro-

scope. 

 



 

362 • 11
th
 ICREPS 

 

 

Figure 5. Pure Si, 8066, macroscopic view of 

samples. 

Figure 6. Pure Si, Point P1 (uz3), damage ap-

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. 

 

a) b) c) 

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 Rp) [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 0V so it’s current is zero. Thus, current IL 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 ∞). 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. IL 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, 29]. 
 

  

a) b) 

 

c) 

Figure11 a) Luminescence spectra, relative intensity after irradiation with various gamma radia-

tions intensity b) Luminous equivalent of radiation for GaP-red range. c) Emission λ and photon 

energy of GaAs lasers and laser emission with λ-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 šablon za pripremu rada sa 
već definisanim stilovima u samom dokumentu za određene 
delove rada [naslov, tekst rada, naslovi poglavlja i potpoglavlja, 
označavanje tabela i slika, navođenje 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, 

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). 

 

 
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]. 

 

 
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 µm. 

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 µm. 

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 µm. 

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 µm 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 µm. 

The hair from the scope of O. bicornis is around 20 µm 
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 µm. 

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 25-26th 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.  
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SOME EXAMPLES OF LOW FLUENCE LASER 
APPLICATIONS IN THE PROTECTION OF PLANTS 

AND CULTURAL HERITAGE 
 

Ana Kovačević, Aleksander Kovačević 
 
 
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 of 
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 II (PSII), 2 cytochrome b6/f, Photosystem I (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. 
 

 
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 Niš. The fragment is of oval shape, 15x10 mm, one 
flat side painted in shades of blue (photo presented in Fig. B). 
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Fig. B. A photograph of a sample “Blue 37-1”. 

 
3 RESULTS 
 
The samples were irradiated with a laser beam of the characteristics: wavelength 355 nm, 
output power fluence ~32 mJ/cm2, 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. 
 

 
Fig. C. A spectrum 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. 
 

 
Fig. D. A spectrum, from the sample “Blue 37-1” surface during the irradiation 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 1st 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 
[Kovačević2015]. 
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 chlorophyll. 
In this work, we propose complex excitation-fluorescence scheme of chlorophyll present in the 
paint on the surface of the sample. PS I 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.  
 
ACKNOWLEDGEMENTS. The author would like to thank dr Veljko Zarubica for his help 
in spectroscopy and to prof. dr Milesa Srećković for valuable discussions. 
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