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Dear Colleagues, friends of photonics,  

We are honored by your participation at our PHOTONICA 2017 and your contribution to the tradition of this 

even. It is our pleasure to host you in Belgrade and in Serbia. Welcome to the world of photonics.   

The International School and Conference on Photonics- PHOTONICA, is a biennial event held in 

Belgrade since 2007. The first meeting in the series was called ISCOM (International School and Conference 

on Optics and Optical Materials), but it was later renamed to PHOTONICA to reflect more clearly the aims 

of the event as a forum for education of young scientists, exchanging new knowledge and ideas, and 

fostering collaboration between scientists working within emerging areas of photonic science and 

technology. A particular educational feature of the program is to enable students and young researchers to 

benefit from the event, by providing introductory lectures preceding most recent results in many topics 

covered by the regular talks. In other words, tutorial and keynote speakers will give lectures specifically 

designed for students and scientists starting in this field. Apart from the oral presentations PHOTONICA 

hosts vibrant poster sessions. A significant number of best posters will be selected and the authors will have 

opportunity to present their work through short oral presentations – contributed talks. 

The wish of the organizers is to provide a platform for discussing new developments and concepts within 

various disciplines of photonics, by bringing together researchers from academia, government and industrial 

laboratories for scientific interaction, the showcasing of new results in the relevant fields and debate on 

future trends.  

This PHOTONICA 2017 will include two COST Action meetings and one workshop with the main objective 

to promote knowledge in various disciplines of photonics. In addition, the representatives of the companies 

related to photonics will have significant role at the event by presenting the new trends in research and 

development sector.  

Following the official program, the participants will also have plenty of opportunities to mix and network 

outside of the lecture theatre with planned free time and social events. Participating in the social program of 

PHOTONICA 2017, visiting the attractions of Belgrade like the Nikola Tesla museum or simply walking 

around the city center, the participants will have opportunity to meet Belgrade and Serbia and to learn useful 

facts about culture and history of the region.  

This book contains 216 abstracts of all presentations at the VI International School and Conference on 

Photonics, PHOTONICA2017. Authors from all around the world, from all the continents, will present their 

work at this event. There will be five tutorial and seven keynote lectures to the benefits of students and early 

stage researches. The most recent results in various research fields of photonics will be presented through 

twenty one invited lectures and nine progress reports of early stage researchers. Within the two poster 

sessions and a number of contributed talks, authors will present 174 their new results in a cozy atmosphere of 

the building of Serbian Academy of Science and Arts. 

Belgrade, July 2017 

Editors 
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A fully algebraic approach to magneto-optical effect in atoms 
 

A. Weis 

University of Fribourg, Physics Department, Chemin du Musée 3, 1700 Fribourg, Switzerland 

e-mail: antoine.weis@unifr.ch 

 

In these two tutorial lectures I will give an ab initio introduction to the modeling of the interaction of polarized 

light with polarized multi-level atoms in the presence of static and time-varying magnetic fields.   

 

Part 1: Stokes parameters, atomic multipole moments and their interaction: I start by introducing the 

parametrization of the interaction of unpolarized light with unpolarized multi-level atoms. I will then introduce 

the Stokes parameters, Si, for describing (partially or fully) polarized light, and the atomic multipole moments, 

mk,q, for describing spin polarized atoms. The lecture culminates with the derivation of a master formula that 

expresses the absorption coefficient, (Si, mk,q) (and the index of refraction, n(Si, mk,q)) of a medium with 

arbitrary spin polarization interacting with light of arbitrary polarization. I will show that the optical properties 

(when interrogated by an electric dipole transition) of a medium with an arbitrary angular momentum are fully 

described by the multipole moments m0,0, m1,0, m2,0 , and m2,2 (corresponding to 5 real numbers since m2,2 is 

imaginary). I will further show that these relevant multipole moments can all be calculated algebraically by 

solving a system of rate equations, leading to algebraic expressions for the attenuation and phase shift of light 

propagating through a polarized medium. 

 

Part 2: Atom light interactions in the presence of magnetic fields: I will first introduce the so-called three 

step model, which breaks the atom light interaction down into distinct time-sequential steps, viz., (1) multipole 

moment creation by optical pumping, (2) evolution of the (relaxing) multipole moments in external fields to a 

steady state, and (3) probing of this steady state by interrogation with the same light as in (1) or with light of a 

different polarization. Emphasis will be put on the range of validity of the model. I will then demonstrate how 

perfectly well this model works for making precision predictions of the line shapes of magneto-optical 

resonances. This will be illustrated by a variety of experimental results, which fully confirm the algebraic 

predictions. 
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3D laser printing of polymers, nanoparticles, and living cells 
 

Boris Chichkov 
Laser Zentrum Hannover e.V., Hollerithallee 8, 30419 Hannover, Germany 

e-mail: b.chichkov@lzh.de 

 

 

Laser printing can be used for printing very small and delicate objects like 3D nanostructures, nanoparticles, 

and living cells. 

Nowadays, 3D printers can be bought for less than 500 Euros. Here we will report on laser printing of 3D 

polymer microstructures, nanoparticles, and living cells.  

We demonstrate several laser printing techniques allowing the generation of 3D nanostructures and 

arrangement of spherical metal and dielectric nanoparticles in a very precise manner. For example, laser 

printed silicon nanoparticles have a predefined size and are characterized by unique optical properties. With 

sizes in the range of 100-200 nm in diameter they exhibit pronounced electric and magnetic dipole resonances 

within the visible spectral range. Possible applications of the generated nanoparticle arrays will be discussed. 

In a series of publications on laser printing of living cells we proved that cells are not harmed by the printing 

process. The differentiation behavior and potential of laser printed stem cells are not affected. Stem cells can 

be printed in defined patterns and then differentiated within these patterns towards bone, cartilage or adipose 

tissue. Furthermore, fibroblast and keratinocyte cells have been printed layer-by-layer to form 3D skin tissue 

constructs. The skin tissue formation has been proven by visualizing intercellular junctions and verifying their 

functionality. 
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Beyond the myth of nonlinear capacity limits in fiber optic transmission 
 

S. Radic1 and N. Alic1 
1Jacobs School of Engineering, University of California San Diego, La Jolla, CA  

e-mail:sradic@ucsd.edu 

 

The 
(3)

 nonlinear response of the dielectric permittivity of silica has been known ever since the 1960’s [1].  

Indeed, depending on the application, paradoxically, it has been recognized as either a blessing, or a curse.  

For example, from a scientific perspective, the Kerr effect has been amply studied and has found its most 

important applications in all-optical signal processing, as well as in fiber optic parametric amplifiers [2].  In 

certainly its most important application, silica is the medium of choice for the world-wide transmission of 

information over fiber optic networks, whereas some 85 billion kilometers of optical fibers have, so far, been 

laid on Earth to enable unimpeded dissemination of information.  When it comes to reliable information 

transfer, however, a medium whose permittivity is prone to an instantaneous nonlinear response to the 

transmitted electric field is certainly not a desirable characteristic.  In fact, the nature of the Kerr nonlinearity 

(i.e. modulation of the group index by the field intensity) acts, in a way, as an irregular grating traveling with 

the transmitted wave, changing locally the index of refraction of the waveguide, (and thus the group velocity) 

proportionally to the instantaneous peak power.  Such condition, certainly spells trouble even for a single wave 

transmitted through a waveguide, since it, in effect creates a time-varying system, which if observed in Fourier 

domain is equivalent to (new) frequency generation, and if accompanied with waveguide group velocity 

dispersion, leads to pulse distortion, since it causes different parts of the pulse(s) to travel at different speeds 

(in proportion to the local intensity).  The situation becomes both worse and significantly more difficult to 

analyze in modern communication systems which consist of a large number of frequency-allocated 

information channels.  In the latter, again, due to the GVD, the information streams pertinent to different 

channels effectively walk through each other, thereby continuously changing the local intensity profile, 

resembling a random process, and ultimately leading to an insurmountable impediment in transmission 

systems, that since the ‘90s [3] predicted a strict barrier in power and/or amount of information that can be 

conveyed in such communication systems.  Specifically, in information theoretic terms, this has led to the 

definition / introduction of the Nonlinear Shannon Limit conjecture [4].   

In sharp contrast, we have recently shown in a stream of publications that the formulation of the above limit 

was only an illusion: The transmission systems based on single mode fibers, although indeed nonlinear, are 

fully deterministic, whereas the associated governing 1+1 Nonlinear Schrodinger Equation, although non-

conservative in the strict sense, is well behaved and (numerically) integrable / invertible.  Following the 

theoretical proposition of the above fact, we have in a series of experiments with unprecedented accuracy 

demonstrated and proved ability to transmit beyond the previously assumed nonlinear capacity limits, by 

virtue of applying digital signal processin in according to the inversion of the NLS.  As first disclosed in [5] 

and later rigorously proven in [6], what had been at the root of the 20 years’ long misconception in the field 

was on the one hand due to the complexity of the system, as well as conversion of carrier frequency 

uncertainty into nonlinear interaction variation which appeared as a random process.  We have, furthermore, 

shown that once this uncertainty is removed from the system, all nonlinear interactions in fiber transmission 

can be reversed, whereas significantly higher capacities are achievable in transmission system than previously 

assumed.  Indeed, as is well known, reversible deterministic effects cannot lead to capacity limitation.  

REFERENCES 

[1] G.P. Agrawal, Nonlinear Fiber Optics, 2nd Edition, Academic Press (1995). 

[2] C. J. McKinstrie, S. Radic and A. R. Chraplyvy, IEEE Sel. Top. Quantum Electron.8, 538(2002). 

[3] A. R. Chraplyvy, J. Lightw. Technol. 8, 1548 (1990). 

[4] R.-J. Essiambre, et al., J. Lightwave Technol. 28(4), 662 (2010). 

[5] N. Alic, et al., J. Ligthwave Technol., 32, (2014). 
[6] E. Temprana, et al., Science 348 (6242), 1445-1448 (2015). 
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Self-organization of light in media with 

competing nonlocal nonlinearities 
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In nonlocal nonlinear media the nonlinear response induced by propagating electromagnetic wave in a 

particular location depends on wave's intensity in the certain neighborhood of this location [1-3]. The spatial 

extent of this neighborhood determines the degree of nonlocality. In this talk I will discuss wave propagation 

and localisation in nonlocal media. In particular I will show that competition between nonlocal nonlinearities 

leads to emergence of spatial periodic pattern [4, 5]. 

 

Acknowledgement: This work is supported by the Qatar National Research Fund (grant # NPRP 8-

246-1-060). 
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Translation of remote photons based sensing into virtual tactile and hearing 

senses 
 

Yevgeny Beiderman, Yafim Beiderman, Sergey Agdarov and Zeev Zalevsky 

Faculty of Engineering and the Nanotechnology Center, Bar Ilan University, Ramat-Gan, 52900, Israel 

Email: Zeev.zalevsky@biu.ac.il 

 

 

In this presentation I will show photons can be used to sense “voice” and how this sensed information can be 

translated to the used via tactile stimulation. In my presentation I will talk about two technologies. In the first 

part I will present a technological platform that can be used for remote sensing of biomedical parameters as 

well as for establishing a directional communication channel. The technology is based upon illuminating a 

surface with a laser and then using an imaging camera to perform temporal and spatial tracking of secondary 

speckle patterns in order to have nano metric accurate estimation of the movement of the back reflecting 

surface. If the back reflecting surface is a skin located close to main blood arteries then biomedical monitoring 

can be realized. If the surface is close to our neck or head then a directional communication channel can be 

established. The proposed technology was already applied for remote and continuous estimation of heart beats, 

breathing, blood pulse pressure, pulse wave velocity, intra ocular pressure and chemicals in the blood stream 

such as alcohol and glucose and more. It was also experimentally used as invisible photonic mean for remote, 

directional and noise isolated sensing of speech signals. 

In the second part I will present our work on a special device that we have developed which aims to allow 

blind people or people that are visually impaired to “see” via tactile stimulation of their cornea. A camera that 

is installed on the spectacles of the user transmits in a wireless way the captured image, after properly 

processing and encoding it, to special micro mirrors array that converts the visual information into tactile 

spatial stimulation of the cornea by transmitting ultrasonic waves. After short training the user can recognize 

the spatial tactile feeling and to associate the visual features with the tactile stimulation. We have conducted 

preliminary clinical trials and were the first to show that indeed the concept works. We have transmitted 

simple geometric shapes and the users were able to recognize them with high probability. We were able to 

clinically characterize the spatial two point discrimination of the cornea and to measure its temporal response 

time.  This technology can also provide additional visual information to well seeing users as our wearable 

device can allow the conventional visual photons through such that original vision sense can be used in 

parallel to the tactile information sent by our device. 
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Ultrasensitive and ultrahigh resolution fluorescence spectroscopy and imaging for 

fundamental biomolecular studies and towards clinical diagnostics 

 
J Widengren

 

Exp. Biomol. Physics / Applied Physics, Royal Inst. Technology (KTH) 

AlbanovaUnivCenter, 106 91 Stockholm, Sweden 

e-mail: jwideng@kth.se 

 

The focus of our research group at KTH is to develop ultrasensitive and ultrahigh resolution fluorescence 

spectroscopy and imaging techniques for detection, identification and characterization of biomolecules, and to 

apply these techniques for biomolecular diagnostics, screening, and for fundamental dynamic and 

conformational studies of biomolecules and their interactions. 

This presentation will start with an introduction to single-molecule fluorescence spectroscopy, and how 

fluorescence fluctuation analyses, in particular Fluorescence Correlation Spectroscopy (FCS), can be used to 

monitor a wide range of molecular dynamic processes down to a single molecule level. Recently developed 

FCS modalities will be presented, and how the FCS technique can be used to provide new perspectives on 

proton exchange and biomolecular interactions in biomembranes. 

Second, it will first be presented how fluorescence blinking kinetics due to long-lived, photo-induced 

transient states of organic fluorophores can be exploited as an additional source of fluorescence-based 

information. By two major approaches, where the transient state information is obtained either from FCS or by 

recording the time-averaged fluorescence response to a time-modulated excitation, it is possible to combine 

the detection sensitivity of the fluorescence signal with the environmental sensitivity of the long-lived 

transient states. Proof-of-principle experiments, advantages, limitations will be discussed, and applications 

including live cell transient state (TRAST) imaging of cellular metabolism and membrane microfluidity will 

be presented. 

Last, it will be shown how ultrahigh resolution imaging of cellular protein distribution patterns using 

Stimulated Emission Depletion (STED) microscopy can potentially provide new diagnostic parameters on the 

level of individual cells, and also give further insights into underlying disease mechanisms. Examples 

including cultured cells, clinically sampled breast cancer cells and platelets will be given. 
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A classical model for depolarization by temporal and spatial decoherence 
 

Kurt Hingerl 
Center for Surface- and Nanoanalytics, University Linz , Austria 

e-mail: kh@jku.at 

 

A finite spectral resolution and/or an imperfectly collimated beam /and or an (areal) extended light source / 

and or an (areal) extended detector and/ or a sample with a varying thickness can produce depolarization in 

any ellipsometric or polarization measurement. However, despite these experimental findings, there are to our 

knowledge no physical models published which trace the origin of depolarization back to the atomic 

properties. Therefore, in the talk I will explain crosspolarization - and subsequently depolarization by 

considering the common- not separable- effect between the light beam and the sample, described by coherence 

length and coherence area. 

 

For inhomogeneous samples with dimensions smaller than the coherence area, the fields have to be added 

coherently. However, inner and non-planar boundaries give rise to evanescent fields in the vicinity of these 

boundaries. Parallel and perpendicular field components oscillate and decay differently in the vicinity of the 

boundaries, therefore cross- polarization (incident s- polarized light excites reflected p-polarized light and vice 

versa) occurs.[1] In inhomogeneous samples the Fresnel reflectances are not correct any more, these strictly 

rely on homogeneity (i.e. arbitrary shifts of the sample along any surface direction change the measurement). 

 

However, in optics we never measure the electric fields, because our available detectors are much too slow, 

but we measure their statistical second moments. In homogeneous samples with thick transparent overlayers it 

turns out that depolarization arises through the temporal decoherence of photons, and the measured Müller 

matrix  (MM) elements are given by a convolution of the spectral width of the light source and a sample 

property: the thickness of the transparent overlayer. 

For inhomogeneous samples, when the sample sizes or structures are larger than the coherence area, then the 

different local polarization states in reflection coming from different materials have to be added incoherently- 

partially depolarized light results.[2] Also here the measured Müller matrix is given by a convolution of a light 

source property (i.e. the coherence area) and a sample property: the structure size). 

For both depolarization mechanisms mathematical models[3,4] will be presented, allowing to predict the 

polarization response, i.e. all MM elements for periodic structures, metamaterials and thick films. 

 

REFERENCES 

[1] J. -P. Perin, K. Hingerl, Applied Surface Science, in print (2016). 

[2] The mathematical formulations- which will be largely avoided in the talk- are given through the coherency 

matrix / respectively the Stokes vectors, and decoherence shows up by the Cittert- Zernike theorem (M. Born 

& E. Wolf, Principles of Optics, chapter X.9).  

[3] K. Hingerl, R. Ossikovski, Opt. Lett., 41, 219, (2016). 

[4] R. Ossikovski, K. Hingerl, Opt. Lett., 41, 4044, (2016). 
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Developing high capacity fibre transmission systems employing spectrally 

efficient super-channel technology 
 

Vidak Vujicic, Cosimo Calò, Colin Browning, Kamel Merghem, Anthony Marlinez, Abderrahim Ramdane, 

Liam P Barry 
1
School of Electronic Engineering, Dublin City University, Glasnevin, Dublin 9, Ireland 

2
CNRS, Laboratory for Photonics and Nanostructures, Route de Nozay, 91460 Marcoussis, France 

e-mail:liam.barry@dcu.ie 

 

Interfaces operating at 400 Gbit/s or 1 Tbit/s are foreseen as the next standards after 100 Gbit/s systems [1]. In 

this context, optical super-channels are promising candidates, combining a multitude of sub-channels in a 

wavelength-division multiplexing (WDM) scheme, while each sub-channel operates at a moderate symbol rate 

that complies with currently available CMOS driver circuitry. Typically the super-channels use spectrally 

efficient advanced modulation formats such as quadrature phase shift keying (QPSK) or 16-state quadrature 

amplitude modulation (QAM) in combination with advanced multiplexing schemes such as orthogonal 

frequency-division multiplexing (OFDM) [2] or Nyquist WDM [3]. The performance of these transmission 

schemes depends heavily on the properties of the optical source, in particular on the number of lines, the 

power per line, the optical carrier-to-noise ratio (OCNR), the optical linewidth, and on the relative intensity 

noise (RIN). In addition, tunability of emission wavelength and line spacing are important features providing 

flexibility of the transmission scheme. Terabit/s super-channel transmission has been demonstrated before, 

using different approaches for realizing the optical source. These approaches include ensembles of 

independent lasers [4], single-laser concepts with sidebands generated by external modulation [5] or  fiber-

based spectral broadening [6]. Arrays of independent lasers offer flexibility and do not require filters for 

spectrally separating the comb lines. However, the achievable spectral efficiency (SE) is limited by the drift of 

the individual emission wavelengths and the associated guard bands. For modulator based comb sources, the 

number of comb lines is generally limited by the achievable modulation depth. In this work we demonstrate 

that gain-switched comb sources (GSCS) [7] and Quantum Dash mode locked laser (QDMLL) comb sources 

[8] can be used as alternative approaches to generate terabit/s super-channels. The GSCS exploits injection 

locking of a gain-switched laser diode and features both an electrically tunable free spectral range and an 

electrically tunable center wavelength, good spectral flatness, high OCNR, low RIN and low optical linewidth. 

The QDMLL provide a compact comb source with low power consumption and many optical lines. Here we 

demonstrate various terabit/s super-channel experiments using polarization division multiplexed (PDM) QPSK 

and 16QAM in combination with Nyquist pulse shaping for efficient use of the available bandwidth using 

these comb sources. Transmission over various distances of standard single-mode fiber (SSMF) has been 

tested and we show the influence of the comb source parameters such as phase noise, RIN, etc. on system 

performance. 

 

REFERENCES 

[1] P. Winzer, IEEE Commun. Mag. 48(7), 26–30 (2010). 

[2] W. Shieh and I. Djordjevic, Elsevier Academic Press, 2010. 

[3] H.-C. Chien et al., J. Lightwave Technol. 30(24), 3965–3971 (2012). 
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2012), Paper PAF4C.2 

[5] C. Weimann et al., Opt. Express 22(3), 3629–3637 (2014). 

[6] D. Hillerkuss et al., J. Opt. Commun. Netw. 4(10), 715–723 (2012). 

[7] P. Anandarajah et al.,  Optical Fiber Communication Conference (Optical Society of America, 2013), 

Paper OTh3I.8 

[8] Vidak Vujicic et al., Optical Fiber Communication Conference 2015, (Optical Society of America, (2015). 
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In situ visual observation of 2D materials growth and modifications, 

and characterization of their optical properties 
 

M. Kralj1 
1Center of Excellence for Advanced Materials and Sensing Devices, Institute of Physics, Zagreb, Croatia 

e-mail: mkralj@ifs.hr 

 

 

The properties of atomically thin two-dimensional (2D) materials are extremely depending on their atomic-

scale quality and on their interface with the surrounding. Therefore the ability to control structure, uniformity, 

doping and other properties of novel 2D materials at the nano-scale provides possibilities for developing 

various promising applications arising from their electronic properties or mechanical strength. Specifically, 

while linear bands in semimetallic graphene lead to record mobility, mono- and few-layer transition metal 

dichalcogenides (TMDs) attract increasing attention due to their intrinsic semiconducting and optoelectronic 

properties and corresponding advantages over graphene. 

 

In order to demonstrate possibilities of the nano-scale control of 2D materials, first we investigate epitaxial 

graphene on iridium. This system exhibits intrinsic properties matching that of a freestanding graphene but the 

presence of a metal substrate in this case introduces superperiodic potential to graphene [1]. We use scanning 

tunneling microscopy (STM), low energy electron microscopy (LEEM) and electron spectroscopy to study a 

mechanism and effects of insertion/intercalation of atomic layers between graphene and iridium [2]. Along 

with a pronounced charge transfer effects, a quasiparticle scattering of doped graphene is directly visualized in 

low-temperature STM, marking a pseudospin character of electrons in graphene [3]. Furthermore, we 

demonstrate a way to extend optoelectronic applications of graphene and bypass limited use of graphene in 

plamonics only in the mid-infrared range. In the highly doped epitaxial graphene we report a novel optical 

response of graphene plasmons in visible, showing a strong nonlinear response on a femtosecond time scale as 

well as THz oscillation of resonance energy [4]. 

 

Next, we show how optical visibility of mono- and few-layer TMDs samples on SiO2 covered silicon wafers at 

elevated temperatures was exploited to construct chemical vapor deposition system with optical access for real 

time microscopy that enables observation of TMDs during growth. This provides us a significant level of 

control and understanding of the growth process, which is crucial for development of TMD materials for 

large-scale applications [5]. After synthesis, the quality of grown MoS2 and WS2 samples and their 

heterostructures is checked by the characterization of optical response, transport and in particular STM 

characterization of atomic-scale defects and their typical concentrations at the nano-scale [6]. Finally, we show 

how macromolecular adsorption strongly enhances photoluminescence response of single layer MoS2 [7], 

paving a way for development of sensing applications of TMSs. 

 

REFERENCES 
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Rogue waves, Talbot carpets and accelerating beams 

 

M.R. Belic1, S. Nikolic1, O. Ashour1, and Y.Q. Zhang2 
1Texas A&M University at Qatar, 23874 Doha, Qatar 

2Xi'an Jiaotong University, Xi'an 710049, China 

e-mail:milivoj.belic@qatar.tamu.edu 

 

 

Rogue waves are giant waves that sporadically appear and disappear in oceans and optics. Talbot carpets are 

elaborate recurrent images of light and plasma waves. Accelerating beams are the beams that, well, accelerate. 

We put the three together. 
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All-optical processing using phase-change nanophotonics 
 

W.H.P. Pernice 
1Institute of Physics, Westfälische Wilhelms-Universität Münster 

Münster, Germany 

e-mail: wolfram.pernice@uni-muenster.de 

 

 

Nanophotonic integrated circuits allow for realizing functional optical devices using efficient design and 

fabrication routines. Their inherent stability and scalability makes them attractive for applications where 

optical signal processing is combined with coupling to external light stimuli. A majority of nanophotonic 

devices is, however, based on passive materials, which do not provide low-power tuning options or convenient 

knobs for reconfigurability. We address this shortcoming by combining passive silicon nitride photonic 

devices with tunable phase-change materials (PCMs). PCMs offer attractive material properties such as large 

optical contrast, durability and high cyclability. In the form of nanoscale patches they can be efficiently 

integrated with waveguide devices. Such a platform allows realizing both on-chip optical data storage and 

active photonic components. Multi-level photonic memories with random access would allow for leveraging 

even greater computational capability. Thus far, photonic memories have been predominantly volatile, 

meaning that their state is lost once the input power is removed. By using optical near-field coupling within 

on-chip waveguides, we realize bit storage of up to eight levels in a single device that readily switches 

between intermediate states. We show that individual memory elements can be addressed using a wavelength 

multiplexing scheme. Such multi-level, multi-bit devices provide a pathway towards eliminating the von 

Neumann bottleneck and portend a new paradigm in all-photonic memory and non-conventional computing. 

We further show that such devices can be operated with short optical pulses, both for write and read 

operations. Using a pulsed optical scheme then allows for implementing elementary all-optical processing 

units. In the talk properties, implementations and applications of phase-change photonic components will be 

discussed. 
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Three-dimensional "soliton" in Bose-Einstein condensates and nonlinear optics 

 
Sadhan K. Adhikari  

Instituto de Física Teórica, UNESP - São Paulo State University, São Paulo, Brazil 
e-mail: adhikari@ift.unesp.br 

 
A bright soliton is a self-bound one-dimensional (1D) object that maintains its shape, while traveling at a 

constant velocity, due to a cancellation of nonlinear attraction and dispersive effects. In our three-dimensional 

(3D) world only quasi-solitons are observed where a reduced (integrated) 1D density exhibits soliton-like 

properties. Such solitons have been studied in Bose-Einstein condensates (BEC), water wave, nonlinear optics, 

among others.  In this presentation we consider the possibility of generating a self-bound 3D “soliton” in BEC 

(matter-wave quantum ball) and in nonlinear optics (spatiotemporal light bullet).    
 

We study the statics and dynamics of a stable, mobile, 3D matter-wave spherical quantum ball or “soliton” 

created in the presence of an attractive two-body and a very small repulsive three-body interaction. The 

quantum ball can propagate with a constant velocity in any direction in free space.  A small three-body 

repulsion can stop the collapse of the quantum ball. In absence of this repulsion the quantum ball collapses due 

to two-body attraction alone. In frontal head-on and angular collisions at large velocities two quantum balls 

behave like quantum solitons. Such collision is found to be quasi elastic and the quantum balls emerge after 

collision without any change of direction of motion and velocity and with practically no deformation in shape.  

However, in a collision at small velocities two quantum balls coalesce to form a larger ball which we call a 

quantum-ball breather.   The present study is based on an analytic variational approximation and a numerical 

solution of the mean-field Gross-Pitaevskii (GP)  equation using the parameters of Li atoms. 
 

However,  the mathematical structure of the nonlinear mean-field  GP equation is the same as that of the 

nonlinear Schrödinger (NLS) equation used to study pulse propagation in nonlinear optics, although the 

physical meaning of the different terms is distinct in two cases.   Hence, the above  study on matter-wave 

soliton imples that in a cubic quintic nonlinear medium one can have a stable mobile 3D spatiotemporal light 

bullet.   We study the statics and dynamics of such a light bullet by variational approximation and a numerical 

solution of the NLS equation.  We also  demonstrate the formation  of such soliton  with an angular 

momentum which we call vortex soliton in BEC and spinning light bullet in nonlinear optics.   
 

For experimental observation  of a matter-wave quantum ball,  a weak harmonic trap should be used in a BEC 

to localize it.  By increasing the two-body attraction using a Feshbach resonance, the size of a matter-wave 

quantum ball can be made much smaller than the characteristic length of the harmonic trap.  When this 

happens,  the BEC can be identified as a matter-wave quatum ball.   
 

 
REFERENCES 
[1] S. K. Adhikari, Phys. Rev. A  95, 023606 (2017).  
[2] S. K. Adhikari, Phys. Rev. E  94,  032217 (2016).  
[3] S. K. Adhikari, Laser Phys. Lett.  14,  025501 (2017). 
[4] S. K. Adhikari, Laser Phys. Lett.  14, 065402 (2017). 
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Metal free structural colors via disordered nanostructures with nm resolution 

and full CYMK color spectrum 
 

V. Mazzone1, M. Bonifazi2and A. Fratalocchi1  
1PRIMALIGHT, Faculty of Electrical Engineering; Applied Mathematics and Computational Science,  

King Abdullah University of Science and Technology (KAUST), Thuwal 239955-6900 Saudi Arabia 
mail:andrea.fratalocchi@kaust.edu.sa 

 

 

Engineering colors through optical properties of nanostructures represents a research area of great interest, due 

to the many applications that can be enabled by this technology, from adaptive camouflage to micro-images 

for security and biomimetic materials [1-3]. The state of the art technology is represented by the use of 

metallic periodic structures of 140nm, which can create a limited number of colors of the spectrum [3]. 

In this work we introduce a new approach, based on a fully metal-free technique that takes advantage from the 

complex scattering of disordered structures created by a three-dimensional process with EBL (electron beam 

lithography). Engineering the scattering from complex media already demonstrated to be a successful in 

creating ultra-black material and new type of sources for optical applications [4].  

Our new approach realizes the fundamental colors of the CMYK (Ciano, Magenta, Yellow and Black) system, 

and therefore is able to represent any color in the spectrum, including variations in intensity. The resolution of 

each pixel is limited by the EBL only, ranging in the nm scale.  

This method is interesting in the field of micro-security, due to the impossibility of counterfeiting a random, 

three-dimensional pattern of pixels created on a transparent dielectric. 

We will discuss the fabrication detail of this color printing technique, many examples of applications and the 

approaches for large-scale fabrication through nanoimprinting lithography. 
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Two Intriguing Examples for Topological Effects in Ultracold Atoms 
 

Axel Pelster 
Physics Department and Research Center OPTIMAS, Technical University of Kaiserslautern, Erwin Schrödinger Str. 46, 

67663 Kaiserslautern, Germany 

e-mail:axel.pelster@physik.uni-kl.de 

 

The talks discusses two specific bosonic lattice systems where topological effects occur. At first, we analyze 

the ground-state properties of anyons in a one-dimensional lattice using the Anyon-Hubbard Hamiltonian [1]. 

To this end we map the hopping dynamics of correlated anyons to an occupation dependent hopping Bose-

Hubbard model using the fractional Jordan-Wigner transformation. In particular, we calculate the quasi-

momentum distribution of anyons, which interpolates between Bose-Einstein and Fermi-Dirac statistics. 

Analytically, we apply a modified Gutzwiller mean-field approach, which goes beyond a classical one by 

including the influence of the fractional phase of anyons within the many-body wave function. Numerically, 

we use the density-matrix renormalization group by relying on the ansatz of matrix product states. As a result 

it turns out that the anyonic quasi-momentum distribution reveals both a peak-shift and an asymmetry which 

mainly originates from the nonlocal string property. In addition, we determine the corresponding quasi-

momentum distribution of the Jordan-Wigner transformed bosons, where, in contrast to the hard-core case, we 

also observe an asymmetry for the soft-core case, which strongly depends on the particle number density. 

 

Afterwards, we investigate the extended hard-core Bose-Hubbard model on the triangular lattice as a function 

of spatial anisotropy with respect to both hopping and nearest-neighbor interaction strength [2]. At half-filling 

the system can be tuned from decoupled one-dimensional chains to a two-dimensional solid phase with 

alternating density order by adjusting the anisotropic coupling. At intermediate anisotropy, however, 

frustration effects dominate and an incommensurate supersolid phase emerges, which is characterized by 

incommensurate density order as well as an anisotropic superfluid density. We demonstrate that this 

intermediate phase results from the proliferation of topological defects in the form of quantum bosonic domain 

walls. Accordingly, the structure factor has peaks at wave vectors, which are linearly related to the number of 

domain walls in a finite system in agreement with extensive quantum Monte Carlo simulations. We discuss 

possible connections with the supersolid behavior in the high-temperature superconducting striped phase. 
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Organic crystalline nanoneedle s on 2D materials and their optoelectronic 

properties 
 

C. Teichert 
Institute of Physics, Montanuniversitaet Leoben, 

Leoben, Austria 

e-mail: teichert@unileoben.ac.at 

 

 

Crystalline films of small conjugated molecules offer attractive potential for fabricating organic solar cells, 

organic light emitting diodes, and organic field effect transistors on flexible substrates. Here, the novel two-

dimensional (2D) van der Waals materials like graphene (Gr) or ultrathin hexagonal boron nitride (hBN) come 

into play. We report on the self-assembly of crystalline needles composed of rod-like molecules. The needles 

are several 10 nm wide and a few nm high, but they can extend to several 10 µm. The needle networks 

obtained offer the potential to be used as templates for nanoscale patterning of 2D materials. 

 

As a non-polar model molecule, the oligophenylene para-hexaphenyl (6P) was grown by hot-wall epitaxy 

(HWE) on different Gr substrates. On exfoliated, wrinkle-free graphene, we observed by atomic-force 

microscopy (AFM) the formation of 6P nano-needles (composed of lying molecules) following 6 discrete 

orientations defined by the Gr lattice [1, 2]. Through in-situ measurements during growth of 6P, we directly 

probe the charge transfer as the interfacial dipoles are formed. The amount of charge transferred per adsorbed 

molecule is only about one thousandth of an electron transferred per molecule, indicating very weak 

interaction. 

For 6P growth on ultrathin, exfoliated hBN – which is a 2D insulator – again needle-like structures with 

preferential growth directions +/- 5° off the zigzag direction of the substrate are observed [3]. This finding 

could be explained in conjunction with density functional theory (DFT) calculations revealing the 6P 

adsorption site by the formation of a (-629) contact plane of bulk 6P. For the growth of the polar, acene-like 

molecule dihydrotetraazaheptacene (DHTA7) on Gr and hBN also crystalline needles are found. In this case, 

they are oriented close to the armchair direction of the substrates with a 9° deviation which originates from the 

dipolar interaction of the molecules as demonstrated by DFT calculations. Light-assisted electrostatic force 

microscopy based charging and charge spreading experiments have been used to investigate the influence of 

light on the conductivity of DHTA7 needles and needle networks. It was found that both red and green visible 

laser light allows for charge spreading over large distances (several tens of micrometers). On the other hand, in 

the dark DHTA7 needles appear as not conductive and injected charges remain trapped within narrow 

segments (~1 µm) of the needles for an extended period of time (several hours) even in ambient conditions. 

 

Work has been performed in collaboration with M. Kratzer, A. Matković, B. Genser (Leoben), J. Vujin, B. 

Vasić, R. Gajić (Belgrade), Z. Chen, O. Siri, C. Becker (Marseille) , D. Lüftner, and P. Puschnig (Graz). 
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Precision measurements for compact vapor-cell atomic clocks 
 

C. Affolderbach, M. Gharavipour, F. Gruet, W. Moreno, M. Pellaton, and G. Mileti 
1Laboratoire Temps – Fréquence (LTF), Institut de Physique 

Université de Neuchâtel, Neuchâtel, Switzerland 

e-mail: christoph.affolderbach@unine.ch 

 

Compact atomic clocks (≤ 3 liters volume) based on alkali vapor cells are key components in a variety of 

applications such as synchronization in telecommunication networks or as highly stable on-board clocks in 

global navigation satellite systems such as GPS, GLONASS, GALILEO and others. The introduction of laser 

optical pumping in alkali vapor cells [1] and pulsed Ramsey interrogation schemes [2] have enabled important 

improvements in clock performance for various applications [3].  

 

In a first part of this presentation, we will present our studies towards a highly compact realization of a high-

performance Rb vapor cell atomic clock, based on the pulsed Ramsey interaction scheme. We present our 

realizations of a compact (< 2.5 liters volume) frequency-stabilized laser head with pulsed optical output and a 

highly compact microwave cavity resonator (45 cm
3 

volume), and discuss their key performances in view of 

the clock application. Compared to our previous studies on continuous-wave (CW) Rb clocks [1], the pulsed 

scheme allows for a strong reduction of the light-shift effects that are among the main sources of instability in 

this type of atomic clocks. Based on detailed measurements of the light shift in both the CW and Ramsey 

scheme we discuss on the origin of the residual light shift in the Ramsey scheme and strategies for its further 

reduction. 

 

In a second part we will discuss variants of the pulsed optical-microwave Rabi and Ramsey interrogation 

schemes and show how they can be used for measuring important parameters of the atomic sample and its 

environment in the clock system, such as the spatial distribution of the microwave [4] or static [5] magnetic 

fields across the vapor cell. An optically-detected variant of classical spin echo technique [6] is presented for 

measuring intrinsic relaxation times in the vapor cell. 

 

We thank our former colleagues T. Bandi and S. Kang of UniNE-LTF, as well as A. Skrivervik, A. Ivanov, C. 

Stefanucci (all EPFL-LEMA), P. Treutlein, A. Horsley, G.-X. Du (Basel University), B. M. Jelenković, I. S. 

Radojičić, A. J. Krmpot (University of Belgrade), and the colleagues of the EMRP-IND55 MClocks project 

consortium for fruitful collaborations. 
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Time-resolved studies of femtosecond laser surface ablation of dielectrics and 

semiconductors (in air) 

 
D. van Oosten 
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e-mail:D.vanOosten@uu.nl 

 

In my talk I will discuss our most recent results on the surface ablation dynamics of dielectrics and 

semiconductors (silica and silicon, but also water) upon tightly focused (~2 μm) single femtosecond laser 

pulse excitation. In experiments, we study the ablation process using a time-resolved imaging arrangement. 

We record transient reflectivity images during surface ablation for delays that extend from tens of 

femtoseconds to tens of nanoseconds. 

 

To understand the process theoretically, we combine a finite difference time domain (2D-FDTD) model, 

coupled to multiple rate equations (MRE) to describe the excitation and heating of electrons in the material, 

taking into account the influence the resulting electron plasma has on the propagation of light. We simulate 

both the propagation of the pump and the probe at different time delays using this method. We find excellent 

agreement between the theoretically and experimentally obtained transient reflectivities, thus validating our 

numerical approach.  

 

Using the simulation, we can then estimate the laser energy deposited in the material in the form of ionisation 

and heating, and thereby understand the initial conditions of the ablation process (~1 ps). Finally, by studying 

the dynamics of the expanding vapour plume and a shock-wave in the surrounding air, we can determine the 

energy used in actual removal of material and therefore (to our knowledge) for the first time quantify the 

efficiency of the femtosecond laser ablation process. 
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Dark Line, Lump and X-solitary Waves in Optical Media   
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The propagation of high-intensity, ultra-narrow and ultra-short light pulses in quadratic and cubic nonlinear 

media is a complex multidimensional phenomenon which leads to substantial spatiotemporal pulse 

rearrangement. The spatiotemporal dynamics is influenced by the interaction of various physical effects, in 

particular diffraction, material dispersion and nonlinear response. This problem has attracted strong interest 

over the past decades, leading to the generation and the manipulation of high-intensity femtosecond and 

attosecond pulses [1]. During the last decades, extensive research activities concerning the self-focusing 

behavior of intense ultra-short pulses have shown that the spatial and temporal degrees of freedom have to be 

considered together. When the effects of diffraction, dispersion and nonlinearity become comparable, the most 

fascinating result of space-time coupling is the possibility to form light bullets or spatiotemporal solitons [2-5]. 

In this talk, we show our recent contributions to the field of nondiffractive and nondispersive spatiotemporal 

solitons in Kerr media [6,7]. At first, we show the existence and properties of dark line solitary waves of the 

(2+1)D nonlinear Schrodinger equation (NLSE), which governs the propagation in self-focusing with normal 

dispersion. Dark lines represent holes of light on a continuous wave background. We show nontrivial web 

patterns generated under interactions of line solitons, which give birth to dark X solitary waves. Then we show 

the existence and interactions of a family of spatiotemporal dark lump solitary wave of the (2+1)D nonlinear 

Schrodinger equation (NLSE), which governs the propagation in self-defocusing with anomalous dispersion. 

Dark lumps represent multidimensional holes of light on a continuous wave background.  

The analytical dark solitary solutions are derived by exploiting the connection between the (2+1)D NLSE and 

the (2+1)D Kadomtsev-Petviashvili (KP) equation [8], a well-known equation of hydrodynamics. The latter 

constitutes the natural extension of the well-known (1+1)D Korteweg-de Vries (KdV) equation and it is 

widely employed in plasma physics and hydrodynamics [9] in its two different forms, the so-called KP-I type 

and KP-II type, depending on the sign of the transverse perturbation to the KdV equation. Finally, we discuss 

the important issue of the stability of the predicted dark line, X and lump solitary waves. 

This finding opens a novel path for the excitation and control of optical solitary waves, of hydrodynamic 

nature. 

Acknowledgments: the present research has received funding from the European Union’s Horizon 2020 

research and innovation programme under the Marie Sklodowska-Curie grant agreement No 691051. 
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Spontaneous parametric down-conversion in periodically structured media 
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Photon pairs, optical quantum states consisting of exactly two photons, are an important resource for quantum 

optics. Shaping their properties, e.g. their spectra, propagation directions, and entanglement, is a key for 

harnessing the fascinating potential of quantum optics. 

In integrated optics, the spatial degree of freedom is defined by the discrete waveguide modes or paths the 

photons are propagating in. Controlling it is mandatory to use the advantages of integrated optics for quantum 

technology. In the last years, several integrated optical chips combining photon-pair generation by 

spontaneous nonlinear processes and photon routing by means of waveguide optics have been developed [1]. 

One approach to control the path degree of freedom of photon pairs is to combine pair generation and spatial 

control into one integrated component. In the last years we could show for photon pair generation by 

spontaneous parametric down-conversion (SPDC) [2] that particularly integrated periodic structures are an 

effective tool to achieve such spatial control. 

In SPDC, a short wavelength pump photon is spontaneously decaying into signal and idler photons of longer 

wavelength. This process is controlled by the phase mismatch between the interacting waves. Using nonlinear 

waveguide arrays, periodic arrangements of parallel coupled waveguides, where the pump beam was confined 

in just one waveguide whereas signal and idler could couple between waveguides, we demonstrated that by 

changing the phase mismatch, the generated photon pairs could be tuned from showing highly non-classical 

spatial correlations to resembling a purely classical wave [3]. This control results from a complex interplay 

between nonlinear pair generation by SPDC and linear propagation of signal and idler ruled by the periodic 

diffraction relation of the waveguide array. In a simpler system of just two waveguides, both of which were 

pumped, this ability of spatial control enabled simultaneous control of entanglement and spatial distribution of 

the generated photon pairs by classical parameters of the pump [4]. Using the spatial characteristics of the 

waveguide modes, it is furthermore possible to generate the two photons of a pair in different waveguides [5], 

adding additional means of controlling their spatial distribution. 

Instead of using integrated optical systems with transverse periodicity, also single waveguides with a 

periodicity along the propagation direction, e.g. photonic crystal waveguides, can be used to control photon 

pair propagation. Here, the periodic structure provides additional wavevectors, which allow to achieve 

phasematching of pump, signal, and idler waves propagating in different directions along the waveguide [6]. 

We could show that in photonic crystal waveguides made from lithium niobate, this can be used to create path-

entangled Bell-states using just a single waveguide [6]. 

The described possibilities for controlling photon pairs in integrated optical structures using periodicity help to 

realize the potential of quantum optics on optical chips. 
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Confocal synaptology – a simple method for the assessment of synaptic re-

arrangements in neurodegenerative disorders and upon nervous system injury 
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The nervous system is a unique exception from the definition which states that cell is a structural and 

functional unit of tissue systems and organs. Functional unit of the nervous system is a synapse, contact 

between two nerve cells. As such, synapses are the focus of investigations of nervous system organization and 

function, as well as readouts for the progression of various nervous system disorders. In the past decade 

development of antibodies specific to presynaptic terminals has enabled us to assess, at the optical, laser 

scanning microscopy level, these sub-cellular structures, and provided a simple method for quantification of 

various synapses. Indeed, excitatory (glutamatergic) and inhibitory synapses can be visualized using 

antibodies against the respective vesicular transporters, and choline-acetyl transferase visualizes cholinergic 

synapses throughout the central nervous system. I will present results of several studies which used this 

method to evaluate this structural equivalent of functional outcome upon spinal cord and femoral nerve 

injuries, as well as in mouse models of neurodegeneration due to genetic defects, including the model of 

Alzheimer’s disease. The results implicate disease- and brain region-specific changes in specific types of 

synapses, which correlate well with the degree of functional deficit caused by the disease process. 

Additionally, results are reproducible between various studies and experimental paradigms, supporting the 

reliability of the method. To conclude, this quantitative approach enables fast and reliable estimation of the 

degree of the progression of neurodegenerative changes and can be used as a parameter of recovery.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Photonica 2017                           Invited lectures  

24 
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30 years ago a pioneering experiment of two photon coalescence was performed by Hong, Ou and Mandel 

[1,2]. It showed for the first time that two overlapping photons, which enter into two different ports of a 50:50 

beam-splitter, have a vanishing probability to be both transmitted and both reflected on the beam-splitter. 

Theoretical proposals how to use these photons for all kind of quantum information processing were 

developed and the powerful proposal of Knill, Laflamme and Milburn (‘KLM’) [3] proves that a variety of 

protocols can be implemented solely with linear optical elements. Such schemes were experimentally realized 

quickly after. In the past 10 years, more and more single photon sources were researched, with stunning 

properties and different quality features – all aiming for quantum information processing, and to a good extend 

based on the KLM proposal. 

Here we present a single molecule based single photon source. Beside its high flux (>1 Mio counts per second; 

detected clicks) and narrow-band nature (<20MHz) it features more interesting properties: The photons are 

spectrally aligned with the atomic sodium D-line transitions [4]. Therefore, an efficient filtering scheme, based 

on Faraday rotation in a hot atomic sodium vapor has been developed. It features a GHz wide transmission 

band with above 80% transmission, and a suppression of more than 4 orders of magnitude [5]. The filter 

allows to suppress residual background fluorescence to a minimum and enables almost pure single photons in 

an experiment. 

The experiments on the single photon nature and the Hong-Ou-Mandel coalescence are straight forward – but 

in the case when the photons arrive at the beam-splitter with orthogonal polarization [6], even more interesting 

properties of the resulting photon state occur: All options of transmission and reflection are now independent 

of each other, and a coincidence detection allows to measure photonic entanglement. The Hong-Ou-Mandel 

dip can also be regained, when the path information of the incoming photons is erased at the detectors – this 

forms a delayed “choice” quantum eraser [7,8], since depending on how the measured data is processed, the 

Hong-Ou-Mandel interference does or does not occur in the same measured data-set. 

Our measurements are accompanied by the description of the one-arm correlation, which is a Hanbury Brown 

and Twiss-type measurement in one of the output arms of the Hong-Ou-Mandel interferometer. The 

measurement reveal the perfect Fourier-limited performance of our sodium resonant single photon source [9]. 
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Since the discovery of the ultrafast demagnetization phenomenon by E. Beaurepaire and colleagues in 1996 

[1], the field of femtomagnetism has developed to an active research area. Initial experiments relied mostly on 

all-optical pump-probe techniques, which raised concerns about optical artifacts affecting the measurement. 

Since these limitations can be overcome by X-ray based techniques, the advent of sources providing 

femtosecond short X-ray pulses was awaited for by the interested community. In addition to accessing the 

complete electronic structure, X-ray techniques offer additional advantages. First of all, this is their shorter 

wavelength, which matches naturally the nanometer length scales expected to be of relevance in ultrafast 

magnetization dynamics. Furthermore, X-ray techniques provide via the accessible core electron absorption 

resonances element sensitivity and offer a wide variety of magnetic dichroism effects exploitable as contrast 

mechanism, for example, in scattering experiments. This allows probing of the magnetization dynamics of 

individual components of complex, heterogeneous materials on the nanometer length scale. These expectations 

were indeed fulfilled already by the first experiments realized at the femtosecond pulsed tunable X-ray sources 

emerging since the mid 2000's, i.e., the BESSY femtoslicing facility (e.g., Ref. [2]) and HHG sources (e.g., 

Ref. [3]). With the recent advent of X-ray free electron lasers (XFELs) emitting in the XUV and soft X-ray 

photon energy range, unprecedented experimental capabilities became available.  
 
In this talk I will review how we [3-7] have exploited femtosecond pulsed X-ray sources to study ultrafast 

magnetization dynamics. Employing resonant magnetic small angle X-ray scattering as probe technique, we 

have combined femtosecond temporal with nanometer spatial resolution [8]. This has enabled us to obtain 

experimental evidence for the occurrence of spin transport by the excited, polarized valence electrons [3,4], a 

phenomenon modeled theoretically in 2010 [9]. To follow these dynamics in real space, we have employed 

time resolved X-ray Fourier Transform holography [10] to obtain images with combined femtosecond time 

and nanometer spatial resolution [6]. I will conclude with the presentation of the first results obtained with our 

novel X-ray pulse streaking technique, which allows us to follow the initial magnetization dynamics with a 

single intense femtosecond short XFEL pulse [7]. This technique, which is applicable also to a wide variety of 

other phenomena, is in particular suited to reveal non-reproducible dynamics in ultrafast phenomena. 
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Our bodies are being increasingly exposed to a myriad of nanoparticles (NP). Being uptaken either by 

ingestion or inhalation, NP acquire a shell of biomolecules, usually designated as NP corona. According to 

vast majority of references, corona is considered to be mainly constituted from proteins captured during NPs’ 

initial contact with biological system. From physical perspective, this should be a rather rare since NPs will 

most probably be uptaken via inhalation, where they inevitably interact with the lipid-reach alveolar surfactant 

layers. Until recently, interaction between NPs and lipids have been more or less ignored, but during the last 

years this became increasingly important topic in nanotoxicology. To address this I will show a number of 

biophysical experiments proving that with well-defined surface properties of metal-oxide nanoparticles and at 

certain dose such NPs can trigger different molecular events from simple-adhesion to a full-lipid wrapping 

which can lead to more dramatic NP-induced membrane destabilization. Fluorescence microspectroscopy, 

superresolution and non-linear microscopy as well as (cross-)correlation spectroscopy data will be shown 

together with transmission electron microscopy and electron paramagnetic resonance spectroscopy results.  
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We review relevant old and recent experimental [1,2,3] and theoretical [4,5] results on the dynamics of bright 

solitons in Bose-Einstein condensates made of alkali-metal atoms and under external optical confinement. 
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The laser material processing is a versatile technique that allows for fabrication of various structures with 

resolutions down to submicrometer [1]. Different laser-matter interaction effect could be involved for laser 

structuring such as: laser ablation, laser melting and resolidification, glass densification in bulk transparent 

materials, photopolymerisation. The highest resolution is obtained in 3D by femtosecond laser pulses focused 

in photoresist materials. The material structuring is based on nonlinear absorption effect produced by 

ultrashort laser pulses in photopolymers transparent to the laser radiation.  

 

A review of applications of 3D laser processing of photopolymers is presented. At Center for Advanced Laser 

Technologies (CETAL) infrastructure, complex geometries are produced for applications such as 

microfluidics, micro-targets for laser interactions in ultra-intense regime, micro-optics, photonic crystals, etc. 

[2,3].  
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Colloidal A
II
B

VI
 nanoplatelets (NPls) are the new class of quantum-sized semiconductor 

nanostructures with strong quantum confinement in the thickness direction. A
II
B

VI
 are useful model objects for 

studying basic optical properties of 2D semiconductor nanocrystals that depend on their lateral size, thickness, 

structure and spatial arrangement [1]. During the synthesis the thickness of atomically-flat NPLs can be 

precisely controlled in 2-5 monolayers range resulting in spectrally narrow excitonic optical transitions both in 

absorption and photoluminescence spectra. Large lateral sizes of NPLs lead to the realization of the GOST 

(Giant Oscillator Strength) effect which causes an order of magnitude larger two-photon absorption and 

photoluminescence excitation coefficients for CdSe NPLs if compared to other types of colloidal A
II
B

VI
 

nanocrystals (0D quantum dots and 1D nanorods) [2]. GOST effect also allows observation of the excited state 

emission from p-states of CdSe NPLs well below ground state saturation [3]. Sharp excitonic absorption bands 

in CdSe NPLs combined with the weak lateral quantum confinement result in the large electro-optical 

Quantum Confined Stark effect that is much stronger than in the corresponding 1D or 0D CdSe nanocrystals 

[4]. 

Colloidal chemistry allows synthesize not only core CdSe, but more complex CdSe/CdS and 

CdSe/ZnS core-(epitaxial) shell NPLs with stable and bright photoluminescence for practical applications. By 

changing epitaxial overgrowth of CdSe core NPLs from 2D to 1D regime CdSe-CdS, CdSe-CdTe and CdTe-

CdSe heteronanoplatelets with core-wings structure can be obtained [5]. CdSe-CdS hetero-NPLs possess type-

I band alignment and show the photon antenna effect, while CdSe-CdTe and inverted CdTe-CdSe epitaxial 

core-wings hetero-NPLs possess type-II band alignment with efficient electron and hole separation between 

core and the wings. Such spatial charge separation results in the indirect radiative exciton recombination with 

surprisingly high (50%) photoluminescence quantum yield and large Stokes shift.  

By controlling the surface chemistry of CdSe NPLs the self-assembly of CdSe NPLs can be achieved 

into stacks of controlled length with regularly arranged NPLs [6]. Single or multiple layers of laterally 

oriented NPLs can be deposited onto flat substrates and implemented into waveguides or other hybrid 

structures that enable examination of orientation-dependent optical properties of NPLs and achieve collective 

optical effects (FRET, lasing).  
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High power, high efficiency semiconductor diode lasers are used as the primary pump source in virtually all 

new solid state and fiber laser systems.  In many cases, the output power scalability of the full system is 

limited by the pump diode performance (power, spatial brightness, and/or spectral brightness).  Over the past 

decade, research and development in the commercial sector has resulted in significant improvements increase 

in each of these areas.  Both diode laser power and spatial brightness are thermally-limited, and addressing 

each requires addressing the waste heat flux in the device.  Improved power conversion efficiency at the 

operating point provides a straightforward path to reducing the waste heat flux, yet diode lasers are not much 

more efficient today than they were ten years ago.  Newer advanced epitaxial design techniques, however, 

have enabled longer cavity lengths while maintaining high efficiency.  This approach reduces the total heat 

flux which enables greater power extraction at equivalent junction temperature and reduces the magnitude of 

the thermal lens responsible for brightness loss.  Improvements in spectral brightness have been made by 

wavelength locking through the use of external gratings.  This work reviews the principal technical challenges 

and recent advancements in the development of high power, high efficiency semiconductor lasers for pumping 

and direct use applications. 
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Both Kerr and Raman nonlinearities are radically enhanced by tight optical-mode confinement in nanoscale 

silicon waveguides [1]. Counterintuitively, Brillouin nonlinearities—which arise from the coupling between 

photons and acoustic phonons—are exceedingly weak within these highly nonlinear silicon waveguides [2]. In 

conventional silicon waveguides, material response and poor acoustic confinement effectively stifle Brillouin 

nonlinearities. However, new optomechanical waveguides—that control both light and sound—have recently 

transformed Brillouin interactions into the strongest and most tailorable nonlinearities in silicon [3]–[5]. 

 

In this paper, we explore the new device physics that enables dramatic enhancement of Brillouin 

nonlinearities, and we demonstrate a range of highly engineerable new stimulated Brillouin interactions in 

silicon waveguides by controlling both light and sound within a growing ecosystem of Brillouin-active 

optomechanical waveguides. In particular, we describe the recent realization of high performance Brillouin 

amplifiers in silicon using forward intra-modal Brillouin interactions [6]. We show how the unusual properties 

of forward-Brillouin interactions can be used to create microwave-photonic filtering technologies that have no 

analogue in all-optical signal processing [7]. 

 

Building on these concepts, we introduce a new type of multi-mode optomechanical waveguide that creates 

phonon-mediated coupling between optical modes with distinct spatial profiles. This process, termed 

stimulated inter-modal scattering, produces unusual new nonlinear dynamics[8]. From a technology 

perspective, this process is intriguing because the incident and scattered fields propagate in distinct spatial 

modes, permitting unique forms of mode-multiplexing and dynamical mode conversion. We show that this 

interaction opens the door to a range of Brillouin processes that enable everything from slow-light [9], to 

Brillouin-induced transparency [10], to new laser technologies in silicon [11]. 
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Optical fibres enable the propagation of optical signals over large distances. Although the intensity (power) of 

a propagating signal is relatively insensitive to fluctuations in the ambient temperature, its phase and 

propagation time through the fibre are not. A standard single-mode telecom fibre suffers from a propagation 

time temperature sensitivity of 39 ps/km/K (at 1550 nm wavelength) [1]. This can pose significant challenges 

in many diverse application areas of optical fibres in physics and engineering. Primary examples lie in 

applications in which very precise timing signals need to be disseminated for synchronization purposes in 

large experimental infrastructures such as synchrotrons, linear particle accelerators, large telescope arrays, and 

in phase arrayed antennae. A value of 39 ps/km/K equates to a phase temperature sensitivity of about 

48 rad/m/K. This can adversely affect many applications relying on fibre interferometers (e.g. fibre optic 

sensors [2], quantum-optics [3], interferometric measurement techniques, and so on), in which maintaining 

stable interference would require temperature stabilization at the mK level. Similarly, a few key optical 

metrology applications require the dissemination of optical signals at a precise frequency, for example to 

compare distant ultra-precise clocks (e.g., national standard clocks) with a precision (fractional stability) 

at/below the 10
-18

 level [4]. Such a level of precision is easily compromised by thermally-induced changes in 

optical path length (temperature drift) with time that unavoidably result in a Doppler frequency shift [4].  

Here, we review our recent results [5,6] in which we showed that Hollow-Core Fibres (HCF) offer 

significantly reduced thermal sensitivity relative to solid-core fibres in terms of propagation time/phase. We 

further discuss the design and demonstration of an optical fibre in which the propagation time is fully 

insensitive to temperature variations.  

The extremely low levels of thermal sensitivity of propagation delay through an optical fibre we have 

achieved will bring significant improvements in the generation and transfer of signals with precise frequency 

and timing, allowing the levels of stability only now achievable in specialized metrology laboratories to be 

realized in the external world.  We expect that the ability to provide stable latency will  allow new approaches 

in well-established fields, e.g., enabling time-synchronous data transfer in optical communications, allowing, 

e.g., for lower latency and simplification of data processing, and helping to open up emerging new fields such 

as relativistic geodesy.    
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and Wolfson Foundation.  
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The exceptional large polarizability of highly excited Rydberg states can be exploited in manifold ways in 

spectroscopy, quantum optics and many body quantum physics. Most experiments on interacting Rydberg 

atoms in the last decade have been carried out with ultracold gases. But when it comes to real world 

applications it is desirable to use thermal vapours instead of ultra-cold gases. With the help of specialized 

vapour cells, hollow core fibres, integrated photonics and novel detection methods it is also possible to 

observe many interesting Rybderg induced phenomena at room temperature. I will give an overview on our 

coherent spectroscopy methods, the importance of  Rydberg-Rydberg interactions [1], aggregation dynamics 

[2], optical bistabilities [3], electro-optical effects and much more. In the end I will give an outlook on how 

these hot Rydberg gases can be converted into potential applications for quantum optics and quantum 

enhanced sensing. 
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Molecular neuroscience is in need of new techniques that would broaden the set of tools available for 

elucidation and investigation of known and to be discovered disease features [1]. Here, three examples of X-

ray imaging aspects of neuro-diseases will be presented: i) the 3D-insight into sub-cellular changesin cortical 

astrocytes isolated from a transgenic rat model for Amyotrophic lateral sclerosis, by using soft X-ray full field 

tomography, combined with the Furrier transformed infra-red (FTIR) spectro-microscopy, ii) X-ray 

fluorescence imaging and spectroscopy on primary midbrain neurons relevant for Parkinson’s disease [2], and 

iii) an example of synergistic usage of different X-ray imaging methods on glioblastoma cells (type of brain 

and spine tumor) [3]. 

 

X-ray cryo-microscopy is a rather novel microscopic approach in life science in general, complementary to 

other conventional microscopies. It can provide information on the on the organization of cellular and 

subcellular features in whole intact and unstained cells, at resolution intermediate between that of visible light- 

and electron microscopy (around 30-40 nm) [1]. The single cell intrinsic sample thickness does not limit X-ray 

microscopy, and thus it can collect data without cell sectioning, or chemical fixation, which in classical 

microscopy introduces artifacts in cellular elemental and structural compartmentalization. In addition, the 

correlation of information with visible light- and FTIR microscopy has become an important source of 

information in study of biological events at different levels.Combining complementary imaging techniques, 

including different X-ray microscopies, will allow us to generate deeper insight into structural and molecular 

modifications on the cellular/organelles level. 

 

This approach allows us to draw conclusions about the pathophysiological role of trace metals and other 

chemical elements in different neurological diseases and nervous system cancer. The final goal is to unify the 

efforts in different X-ray microscopy imaging modalities to understand cellular disorders in all types of 

nervous system related diseases. 

 

REFERENCES 

[1] T. Salditt and T. Dučić, book chapter in Super-Resolution Microscopy Techniques in the Neurosciences 

Series, 257–290 (2014). 

[2] T. Dučić, E. Carboni, B. Lai, et al, ACS Chem. Neurosci.6, 1769–1779 (2015). 

[3] T. Dučić, T. Paunesku, S. Chen, et al, Analyst 142, 356-365(2017). 

 
 

 

 

 

 

 

 

 

 



Photonica 2017                           Invited lectures  

35 
 

Backward-wave optical parametric interactions in structured nonlinear media 
 

V. Pasiskevicius, C. Canalias, A. Zukauskas 

Department of Applied Physics, Royal Institute of Technology (KTH), Stockholm, Sweden 

e-mail:vp@laserphysics.kth.se  

 

 

Rapid progress in structuring technologies of second-order nonlinear materials (the so called quasi-phase-

matched or QPM materials) since the beginning in the middle of 1990’s has brought essential changes in the 

way optical frequency converters are being designed and used. Combination of high nonlinearities and of a 

freedom to design the phases in three-wave-mixing (TWM) interactions is unique in and is extremely useful in 

all applications of nonlinear optics. The range of materials where structuring of the second-order nonlinearity 

has been demonstrated is steadily increasing - by now including not only ferroelectric crystals but also III-V 

semiconductors and glasses – each of them offering their distinct benefits. In addition, the QPM materials 

allow realizing TWM processes which would be impossible in usual birefringence phase-matched 
(2)

 media. 

Here we present recent breakthroughs in the structuring of ferroelectric crystals from KTiOPO4 isomorph 

family with periodicities on sub-micrometer scale [1]. Such structures enabled for the first time to realize 

novel types of nonlinear optical devices, namely, backward-wave optical parametric oscillators (BWOPO) 

with rather unique spectral properties.  

 

BWOPO relies on counter-propagating TWM interaction where the pump photon is split in the nonlinear 

crystal into mutually counter-propagating signal and idler photons. When the pump reaches a well-defined 

threshold value, the counter-propagating TWM establishes distributed nonlinear feedback and oscillation 

starts. The distributed feedback obviates the need for cavity mirrors and therefore makes the device inherently 

single-mode. The theoretical concept of the BWOPO has been proposed in 1966 by S. E. Harris [2], however, 

in the same paper, he cautioned that it would be impossible to realize such device in near and mid-infrared 

using standard, birefringence phase matched nonlinear materials. The reason is that the momentum mismatch 

is very large in counter-propagating interactions and simply natural birefringence in the known nonlinear 

materials is not sufficient to compensate it. This can be done by employing QPM materials, which however 

need to be structured on a sub-micrometer scale. It took more than 40 years to achieve the required structuring 

precision and demonstrate experimentally the first BWOPO [3]. The spectral properties of the parametric 

waves generated in BWOPO are radically different from those observed in a usual optical parametric oscillator 

with co-propagating TWM. First the parametric wave co-propagating with the pump inherits the phase profile 

of the pump making the BWOPO close to ideal frequency translator [4]. Second, the counter-propagating 

parametric wave is by necessity narrowband and for proper condition would automatically represent 

transform-limited signals without any additional spectral filtering or manipulation. This is a highly useful 

property for many sensing and LIDAR applications, considering that the wavelength of the backward-

propagating wave, typically in mid-infrared, can be designed at will by properly structuring material and finely 

tuned by crystal temperature and/or the interaction geometry. It should be mentioned that the efficiency of 

BWOPO in current state-of-the-art QPM crystals is very high, readily exceeding 50%, owing to effective 

suppression of the back-conversion effects, which typically limit the efficiency and spectral quality of usual 

optical parametric oscillators.  
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Lasers and photonics, one of five key enabling technologies identified by the European Union, are not only 

essential for the scientific future but also for the socio-economic security of any country. Laser technology is a 

key innovation driver for highly varied applications and products in many areas of modern society, thereby 

substantially contributing to economic growth. Laserlab-Europe [1] aims to strengthen Europe's leading 

position and competitiveness in this key area. The Consortium now brings together 33 leading organisations in 

laser-based inter-disciplinary research from 16 countries. Together with associate partners, Laserlab covers the 

majority of European member states. 22 facilities offer access to their labs for research teams from Europe and 

beyond. 

Laserlab-Europe aims to promote the use of advanced lasers and laser-based technologies for research and 

innovation on a European scale. One of the main objectives is to serve a cross-disciplinary user community, 

from academia as well as from industry, by providing transnational access to a comprehensive set of advanced 

laser research facilities, including two free-electron laser facilities, in a highly co-ordinated fashion. Access is 

provided free of charge, including travel and accommodation, however, the selection is based on the scientific 

excellence of the proposal, reviewed by an external and independent Selection Panel. Priority is given to new 

users. A typical access project has a duration of 2 to 4 weeks. Applicants are encouraged to contact any of the 

facilities directly to obtain additional information and assistance in preparing a proposal.  

 

Similarly to Laserlab-Europe, excellent research opportunities are going to be provided by the new emerging 

user facilities of the Extreme Light Infrastructure (ELI, [2]). The major research equipments of the European 

distributed research facility are based on short pulse laser sources operating in the 100 W average power 

regime. The peak power and the repetition rate range from 1 TW at 100 kHz up to multiple PW at few Hz. The 

systems are designed for stable and reliable operation, yet to deliver pulses with unique parameters, especially 

with unmatched fluxes and extreme bandwidths. This exceptional performance will give ways to a set of 

secondary sources with incomparable characteristics, including light sources ranging from the THz to the X-

ray spectral ranges, and particle sources. 
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Polymer optical fibre technology ensures design of high performance, low-cost sensing systems capable to 

provide attractive performances in comparison to conventional sensing systems. Most notable application of 

polymer optical fibre in sensing applications is automotive industry [1]. Application of polymer optical fibres 

can be found in research papers in various fields [2-5]. 

 

In this paper an electronic sensing system is developed to ensure high quality measurements with fibre-optic 

sensors based on intensity modulation. The system consists of fibre optic sensor and three pairs of optical 

sources and photodetectors capable for easy mounting the sensing optical fibres. Also, the developed system 

enables usage of an external optical source or photodetector. The system also has the possibility of wireless 

and remote measurement. As sensing element in the described sensing system, PMMA Step Index (SI) optical 

fibre with sensitive zone is used. A method for fabrication of the fiber-optic sensor with sensitive zone is also 

presented. The developed sensing system is characterized with a very good repeatability, and very good 

electronic sensing system stability. 

 

The implemented electronic system is tested for structural health monitoring, actually for crack detection in 

civil engineering structures [6]. Sensing system for structural health monitoring is characterized by a good 

linearity. Also, the same system is applied for human joint movement monitoring [7]. The sensor is 

characterized by linear response and the sensitivity of 20 mV/°. The implemented sensing system consists of 

communication electronic device which is used to enable wireless communication with the computer by using 

a ZigBee module. Client and server applications are implemented in order to distribute the results obtained by 

measurement and to provide remote measurements. Compared with previously developed fiber-optic sensing 

systems for human joint movements monitoring, the proposed fiber-optic sensing systems are characterized 

with a very simple and low-cost design, as well as the possibility to distinguish positive and negative bending.  
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Techniques for laser cooling of neutral atomic vapours have been developed extensively in the period of the 

last three decades. Cooling and trapping of molecular vapours has, on the other hand, proven a more difficult 

task, due to their complex energy level structure, with the first successful experiments appearing only recently 

[1].  

 

The frequency comb, because of its broad spectrum consisting of equidistant narrow lines, is a promising 

candidate for cooling of molecules and atoms with complicated level structures. Since each narrow line drives 

a single optical transition, the technique has the potential to simplify setups with multiple continuous-wave 

(cw) lasers. 

 

We demonstrate frequency comb cooling of 
87

Rb atoms. A cloud of N = 10
8
 atoms, prepared in a cw retro-

reflected configuration, is released from a magneto-optical trap and made to interact for t = 3 ms with a pair of 

red detuned frequency comb beams counter-propagating along a single axis. The narrowing of the cloud 

dimension along the cooling axis indicates the existence of an optical molasses, and temperature 

measurements performed with a time-of-flight technique confirm a sub-Doppler cooling down to T ≈ 100 μK. 

Demonstration of sub-Doppler cooling by a comb line with an average power of P  ≈ 1 μW highlights the 

potential of this technique. 

 

In addition to these experimental results, we also present schemes to simultaneously cool multiple atomic 

species and simple molecules [2]. 
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Rotary position sensors represent one of the most important types of sensors in many industrial applications 

making them an important topic in research and development. In great number of systems, machines or 

processes, there is a need for monitoring the position of some rotating part. Mechanisms for converting 

angular into linear displacement further expand need for these types of sensors. In addition, sensors for 

position and displacement measurement (both angular and linear) are often part of a larger, complex sensors 

(such as velocity, acceleration, force or pressure sensors). 

Many interesting solutions for rotary position measurement have been proposed over the years. This type of 

sensor can be implemented using various effects and phenomena such as the Hall effect, magneto resistors, 

magneto transistors, law of electromagnetic induction, phenomenon of eddy currents, capacitance change or 

modulation of the optical signal. Selection of the rotary position sensor for a particular application is usually a 

trade-off between demands set for a given application and the functionality and limitations of available types 

of sensors. 

Comparison of the performance and characteristics of different types of sensors for rotary position 

measurement is shown in many scientific and technical papers [1-8]. Several general conclusions can 

becarried out reviewing existing solution for rotary position measurement. Compact and reliable industrial 

sensors are very expensive. Low-cost sensors also have low and/or limited resolution and accuracy. High-

resolution sensors proposed and published in recent research papers often require complex measurement 

setups or complex manufacturing processes, making them expensive solutions. Also, a common problem of 

many proposed solutions is the transfer characteristic which is susceptible to the noise influences (either due to 

mechanical vibrations or electromagnetic radiation). Therefore, development of a robust, simple structured, 

low-cost sensor with high resolution and high accuracy is very important for satisfying market needs. 

This work represents an extension of our previous work [9].In this work, a novel, simple and low-cost absolute 

rotary position sensors based on RGB to cylindrical coordinate color space transformation are presented. Two 

possible implementations using single color sensor and multiple optical reflection sensors will be discussed. 

Measurement results acquired bythe implemented sensor prototype using optical reflection sensors showed 

excellent performance parameters. Measurement resolution was better than 0.05°, while measurement 

accuracy was around 0.2% of full scale measurement range (360°). 
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Since the 2000s, Mid-infrared light sources and sensors have become an object of extensive research and 

industrial interest as rapidly growing industrial sectors (markets estimated to reach £7 and £1 billion by 2019). 

Their application is spanning across greenhouse gases and pollutants monitoring, optical frequency standards for 

spectroscopy, global positioning systems (GPS) and optical clocks, free space and fibre optical communications, 

LIDAR systems and novel diagnostic techniques. 

One of the general approaches to reach the Mid-infrared wavelength band is the supercontinuum generation, 

i.e. broadening of ultrafast laser spectrum in the highly nonlinear optical fibres. The recent works show the 

possibility to cover over 3 octaves in the Mid-infrared [1], or deep-UV region[2]. As the most straightforward 

approach, the record-broadband supercontinuum sources are based on high-power, yet, complex optical 

parametrical oscillators (OPO) [1]. 

More sophisticated Mid-IR laser sources, coming on the heels of OPO, are Mid-IR fibre lasers. The direct 

Mid-IR fibre laser pulsed generation was enabled at 2.75 and 2.85 μm in Erbium and Holmium-doped fluoride 

glass fibre lasers [3,4], correspondingly. Nowadays, the continuous development of fluoride glass and ZBLAN 

fibres production technology have enabled the generation of 207 fs pulses with a peak power of 3.5 kW at 2.8 

μm [5]. 

In 2002, M.C. Downer presented pioneering work on gas-filled fibres and announced “a new era in the 

nonlinear optics of gases”. Since then a wide range of nonlinear effects in gas-filled fibres has been 

demonstrated, including supercontinuum generation [6]. Application of acetylene-filled hollow-core fibres as a 

gain medium enabled to achieve continuous wave and pulsed generation in the spectral band of 3.1–3.2 μm 

[7]. 

The vibrational spectroscopy is based on molecular resonant absorption in broad Mid-IR range. The technique 

measures vibrational energy levels, which are associated with the chemical bonds in the sample. The energy 

levels are determined by the masses of atoms in each molecule, the shape of the molecular potential energy 

surfaces, and the associated interaction between electronic and nuclear vibrational motion. Therefore, the 

spectrum of vibration energies of each sample is unique, like a fingerprint. This enables application of 

vibrational spectroscopy for sample identification, composition characterization and chemical reaction 

monitoring.Current gold standards in molecular vibrational absorption measurement are based on three 

principal methods: Raman, infrared and inelastic neutron scattering spectroscopies [8]. The introduction of 

Fourier transform infrared (FTIR) spectrometer reaching 20 μm band along with the application of rapidly 

growing computational tools have pushed forward research on vibrations of polyatomic molecules, including 

bio-tissues. However, such factors as low resolution and complexity of data analysis have quickly 

overshadowed the initial excitement in FTIR vibrational spectroscopy. 

In the report, I will review the current progress in Mid-IR fibre lasers and potential of their application for 

vibration spectroscopy to replace expensive and large-scale FTIR by compact fibre laser technology. 
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Over the last thirty years, multilayered systems have increasingly drawn attention due to their growing 

appearance in both natural and artificial structures. A number of measurements require the adsorption of an 

electrically conductible, anti-reflection and/or optically absorbing layer, which induces the necessity for 

theoretical modelling of the system as two-layered structure, when characterized or imaged by these methods. 

In this paper, the models of photoacoustic (PA) response are derived for transmission PA setup configurations 

of two-layered optically transparent samples with thermal memory. These models are considered a 

generalization of the models used so far, in two directions: first, the impact of finite heat propagation velocity 

through both layers is included; second, the existence of volume absorption in both layers is taken into 

account. These studies are important for the fundamental investigations of heat transfer mechanisms in soft 

matter, as well as for numerous applied researches, such as self-heating problems of very large scaling 

integration (VLSI) circuits, engineering of physical properties of the multi-layer structures etc. 
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The aim of this thesis is to provide a link between atomic and electronic structure of different types of 

interfaces between domains in organic semiconductors. In polycrystalline small-molecule organic 

semiconductors interfaces are formed between single crystalline domains. We found that grain boundaries in 

polycrystalline naphthalene introduce trap states within the band gap of the material [1,2]. Trap states are 

localized on closely spaced pairs of molecules from opposite sides of the boundary. Realistic conjugated 

polymers, such as poly(3-hexylthiophene) (P3HT), contain mixed crystalline and amorphous domains. We 

found that HOMO state of the interface between crystalline and amorphous domain in P3HT belongs to 

crystalline domains [3]. States that belong to both domains and trap states were not found. Effects of thermal 

disorder are important in realistic conjugated polymers. Our results show that disorder in backbone chains of 

P3HT has strong effect on the electronic structure and leads to the localization of the wave functions of the 

highest states in the valence band, similar to the ones that occur in amorphous polymers [2,4]. At the interfaces 

between two materials in organic electronic devices, effects of spontaneous polarization in one or both of them 

on electronic properties can be pronounced. We show that ordered P3HT exhibits spontaneous polarization 

along the backbone direction, which is caused by the lack of inversion symmetry due to head-to-tail side 

chains arrangement [5]. We additionally show that spontaneous polarization in ordered P3HT keeps significant 

values even at room temperature when the effects of thermal disorder are important. 
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Plasmonics studies properties of metamaterials which support surface plasmon polariton (SPP) resonance. SPP 

are collective oscillations of free carrier plasma coupled with electromagnetic waves propagating at an 

interface between conductor and dielectric. One of the more notable characteristic of plasmonic metamaterials 

is localization of electromagnetic radiation on subwavelength scale [1]. As such plasmonic metamaterials offer 

a novel approach to photodetector enhancement as light localization within photodetector active area directly 

translates into increased density of optical states. Since plasmon frequency of most natural conductors (metals) 

is in the ultraviolet or visible part of the spectrum plasmonic light localization yielded excellent results in 

enhancement of solar cells[2]. To apply plasmonic approach at longer wavelengths it is necessary to develop a 

suitable method of redshifting the plasmonic resonant response as well as means of suppressing increased 

material losses at longer wavelengths.  

 

Two approaches have been developed to bring plasmonic enhancement of semiconductor detectors from 

visible to medium and long wavelength infrared parts of the spectrum. The first approach is based on the use 

of submicrometer spherical (spheroidal) conductive particles deposited on detector surface [3]. Use of 

transparent conductive oxides (TCO) instead of metals for the particles reduces the material losses and 

redshifts the resonant response [4]. Immersing the particles in a dielectric material allows for practically 

arbitrary positioning of resonant response but limits the efficiency of the structure due to reflective surface 

between free space and dielectric material. To counter this antireflective layer with gradient index of refraction 

is positioned on top of the dielectric layer. Changing particle geometry by changing the size of different 

spheroid axes allows the spectral positioning and magnitude of the plasmonic resonance to be tuned separately 

[5].  

 

The second approach is based on using metallic extraordinary optical transmission (EOT) arrays deposited on 

photodetector surface, here redshifting is achieved by tuning the geometrical properties of the structure [6]. By 

superpositioning two 2D arrays of apertures on the single EOT array additional modes of transparency are 

achieved as well as suppression of the material losses due to the reduced content of metal [7]. Furthermore in 

this case optical vortices are formed in the photodetector active area with a possibility to tune the spectral and 

spatial positioning of the vortices. 

 

Plasmonic localization allows for reduction of IR detector active area volume (thickness) witch translates into 

reduced generation-recombination (g-r) noise without sacrificing detector sensitivity. This means that it is 

possible to suppress g-r noise by a purely passive method [3]. Increase in detector performance can be used as 

is or potentially sacrificed to achieve plasmonicaly enhanced IR detectors at room temperature with their 

characteristics similar to those of conventional devices cooled with liquid nitrogen. 
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Instabilities play an important role in a variety of physical and biological processes. From galaxies to zebra 

stripes, instabilities in nonlinear systems are responsible for the formation of patterns and structures. 

Discovering the new instabilities and harnessing their power is not only important for our understanding of the 

universe, but for practical applications too, ranging from creation of ultrashort optical pulses to improving 

stability of laser systems. 

 

In this work, we review the recent progress in the field of instabilities, with the greater emphasis on the fibre 

based systems. One of the recent advancements in the field is the demonstration of competing Turing and 

Faraday instabilities in a fibre cavity with inhomogeneous dispersion profile [1]. In this work to observe the 

competing instabilities a train of square pulses was launched into the passive cavity at the rate finely tuned to 

the free spectral range of the cavity. By abruptly increasing the pump power in the system, a transition from 

Turing to Faraday instability is observed, which is evident from the frequency shift of the spectral sidebands. 

 

Another recent work showed how dissipation induced instabilities in nonlinear optics can occur for a CW 

pump field propagating through a nonlinear medium (e.g. an optical fibre or a 2 crystal) due to unbalanced 

losses for signal and idler waves. Counterintuitively, dissipation plays a destabilizing role for the CW field 

leading to exponential amplification of spectral sidebands in the spectral region where losses have been 

applied. Such dissipation-induced instabilities, occurring without satisfying any phase-matching conditions 

may provide interesting solutions for the design of a new class of fibre optics parametric amplifiers with 

tunable gain spectrum, pulsed light sources and optical parametric oscillators. 

 

Further, we report on our recent work on passive mode-locking of a Raman fibre laser by the recently 

predicted new type of parametric instability – the dissipative Faraday instability [2, 3], where spatially 

periodic zig-zag modulation of spectrally dependant losses can lead to pattern formation in temporal domain. 

The high harmonic mode-locking is achieved in a very simple experimental configuration with the laser cavity 

formed of optical fibre and two chirped fibre Bragg gratings, and no additional mode-locking elements. The 

results not only open the possibilities for novel designs of mode-locked lasers, but extend beyond fibre optics 

to other fields of physics and engineering. 
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Metallic nanoparticles are known for their remarkable ability to confine and enhance the electromagnetic 

fields incident upon them. These nanoobjects have thus been successfully utilized as a platform for enhancing 

the intensity of light scattered from analyte molecules residing in their close vicinity. A perfect example is 

surface enhanced Raman spectroscopy (SERS) in which the confined, strong electromagnetic fields transfer 

the electromagnetic energy to the analyte thereby increasing the magnitude of the analyte phonon-modulated 

dipole moment and consequently its Raman scattering efficiency [1]. The SERS enhancement factors depend 

on various factors such as the topology of the metallic nanoobjects, and can be as high as 10
11

 [1]. Large 

enhancement factors render SERS a very versatile technique which can be used for detection of extremely 

small amounts of analyte adsorbed on the surface of metallic nanoobjects [2] as well as for studies on a single 

molecule level [3].   

 

Here we investigate silver nanoparticle clusters deposited on an insulating substrate as a platform for SERS, 

using confocal Raman microspectroscopy and a finite element based numerical analysis. The analysis of SERS 

enhancement based on rigorous numerical simulations of Maxwell equations for the case of plane wave 

scattering on random silver nanoparticle clusters, shows that the highest field enhancement factors are reached 

at collective nanoparticle plasmon resonances and become redshifted in elongated clusters with an increasing 

number of particles. From an inspection of electromagnetic field distribution on nanoparticle surfaces, a 

conclusion is reached that at least 90% of the total enhancement originates from nanogaps between adjacent 

nanoparticles, implying that the SERS experiments are sensitive only to adsorbates located in these gaps. The 

latter conclusion is used to aid the experimental SERS study of the thiacyanine (TC) dye adsorption on the 

surface of silver nanoparticle clusters. By analyzing the SERS spectra of TC dye coated nanoparticle clusters, 

we find that the adsorption of this particular dye is strongly influenced by the capping anions which are 

initially conformed on the surface of the nanoparticles. 
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Parametric non-degenerate four wave mixing (4WM) is a nonlinear process in which two pump photons mix 

in order to create photons with different frequencies. This process is realized via double lambda scheme by 

stimulating a four-stage cyclical transition resulting in the emission of amplified probe and conjugate photons. 

Parametric non-degenerate four wave mixing is a promising tool for producing continuous squeezed light [1] 

and slowed optical pulses [2]. Recent demonstration of this phenomenon in hot potassium vapor [3] has 

motivated our investigation of slowed optical pulses in the same medium. 

 

In our experiment double lambda scheme is realized on D1 line of potassium isotope 
39

K. We have studied the 

influence of the vapor cell temperature i.e. density of potassium atoms, one photon detuning and two photon 

detuning and the length of the optical pulse on the slowing of optical pulses in 4WM medium. 

 

The laser frequency is locked at various one photon detunings (700 MHz to 1600 MHz) from the 4S1/2Fg=1 -

> 4P1/2 transition. The probe is detuned 460 MHz (ground state hyperfine splitting) with respect to the pump 

beam and scanned around the Raman resonance. The vacuum potassium vapor cell is heated up to 150
o
C. The 

pump and probe beam intersect at small angle (3 mrad) set by the phase matching condition. Gaussian shaped 

probe pulses of length of 80ns were created by electrooptic modulator. and the delay, fractional delay and 

distortion of probe and conjugate pulses was measured. 

 

We have observed probe delays up to 160 ns and fractional delays up to 2 and slightly less for conjugate. 

These delays were followed by up to 1.8 times of broadening of probe and conjugate pulses (with respect to 

width of entering probe pulse). These results motivate further work on this subject that will, as we believe, 

lead to improvements in slowing of optical pulses. 
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We present serial and parallel semi-implicit split-step Crank-Nicolson algorithms for solving the dipolar 

Gross-Pitaevskii equation [1, 2], used for study of ultracold Bose systems with the dipole-dipole interaction. 

Six parallel algorithms will be presented: C implementation parallelized with OpenMP targeting single shared 

memory system [3], CUDA implementation targeting single Nvidia GPU [4], hybrid C/CUDA implementation 

combining the two previous approaches, and their parallelizations to distributed memory systems using MPI 

[5]. We first give an overview of the split-step Crank-Nicolson method and describe how the dipolar term is 

computed using FFT, which forms the basis of all presented algorithms. We then move on to describing the 

concepts used in each of the parallel implementations, and finally present a performance evaluation of each 

algorithm. In our tests OpenMP implementation demonstrates a speedup of 12 on a 16-core workstation, 

CUDA version has a speedup of up to 13, hybrid version has a speedup of up to 16, while the MPI 

parallelization yields a further speedup of 16 for the OpenMP/MPI version, speedup of 10 for the CUDA/MPI 

version, and speedup of 6 for the hybrid version. 
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In this paper, we have calculated the electronic states and the intersubband transition energy in ZnO/MgxZn1-

xO quantum well structures (QW), with 20% of Magnesium in both the parabolic and the non-parabolic cases. 

Our calculations are performed in the context of the approximation of the envelope function formalism and 

using the finite difference method. 

The results show that the intersubband transition energy increases rapidly with well width until Lw=5nm and 

becomes almost constant (specially transitions E13 et E23). The non-parabolicity effect is neglect. 

Wavelength 23 decreases with well width until Lw =5nm and becomes constant. The non-parabolicity effect is 

more pronounced for small QW (Lw 5nm) and less marked in narrow and large QW. A good agreement is 

obtained with the existing literature values [1-2]. 

In addition, we are studied the coefficient of transmission, and The Absorption coefficient for 

4(nm)/2(nm)/4(nm) geometry. We notice that when the height of barrier increases the coefficient of 

transmission decreases. It will be necessary to provide more energy to the electron so that it can cross the 

barrier. We also notice the variations related to a phenomenon of reflexion quantum. In addition, when the 

QW size decreases, the intensity of the absorption peak shows a marked increase. The physical reasons for 

these relationships were analyzed in depth. 

 

 

REFERENCES 

[1] H. Akabli, A. Almaggoussi, A. Abounadi, A. Rajira, K. Berland, and T. G. Andersson, Superlattices and 

Microstructures 52, 70 (2012). 

[2] S.H. Park, D. Ahn, AIP Advances 6, 15014 (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Photonica 2017                                                                                 1. Quantum optics and ultracold systems 

51 
 

Deformation of the Fermi Surface  
 

Vladimir Veljić
1
, Antun Balaž

1
and Axel Pelster

2
 

1
Scientific Computing Laboratory, Center for the Study of Complex Systems, 

Institute of Physics Belgrade, University of Belgrade, Serbia 
2
Physics Department and Research Center OPTIMAS, Technical, 

University of Kaiserslautern, Germany 

e-mail: vveljic@ipb.ac.rs 

 

 

In the presence of isotropic interactions, the Fermi surface of an ultracold Fermi gas is spherical. Introducing 

anisotropic and long-range dipole-dipole interaction (DDI) to the system deforms the Fermi surface to an 

ellipsoid, as was experimentally observed in a degenerate dipolar Fermi gas of erbium atoms [1]. The 

deformation is caused by the interplay between the strong magnetic DDI and the Pauli exclusion principle. It 

was also observed that the atomic cloud follows the rotation of the dipoles when the direction of the external 

magnetic field is changed, keeping the major axis always parallel to the direction of the maximum attraction of 

the DDI. Here we present a generalization of the previous Hartree-Fock mean-field theory [2, 3], where the 

magnetic field was assumed to be parallel to one of the harmonic trap axes. We now extend our calculations 

for an arbitrary orientation of the magnetic field. In order to obtain the ground state and analyze the resulting 

deformation of the Fermi surface, we minimize the total energy of the system, which enables us to determine 

its Thomas-Fermi radii and momenta. These analytical and numerical calculations are in agreement with 

observations from the Innsbruck experiment [1] and are relevant for understanding similar ongoing 

experiments with ultracold fermionic dipolar atoms. 
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Recent cold atom experiments have realized artificial gauge fields in periodically modulated optical lattices 

[1,2]. We study the dynamics of atomic clouds in such systems by performing numerical simulations using the 

full time-dependent Hamiltonian and compare results with the semiclassical approximation. Under constant 

external force, atoms in optical lattices with flux exhibit an anomalous velocity in the transverse direction. We 

investigate in detail how this transverse drift is related to the Berry curvature and Chern number, taking into 

account realistic experimental conditions. 
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Quantum Zeno dynamics (QZD) were recently demonstrated with Bose-Einstein condensates (BEC)  [1] and 

with Rydberg atoms [2]. In our experiment we work with internal degrees of freedom of a BEC of 
87
Rb atoms 

created on an Atom Chip. In the presence of a constant magnetic bias field, we drive the dynamics between 

magnetics sub levels on the same hyperfine ground states using a radio-frequency (RF) field. We exploited 

QZD with a Raman coupling between different hyperfine levels to constrain atoms to evolve in two Hilbert 

subspaces.  

We choose the 4 logical input states of a 2-qbit gate among the two subspaces; with D-CRAB optimization [3] 

we design a control RF pulse to perform a phase gating operation. We make use of a recently developed state 

reconstruction technique [4] to perform input and output state tomography in order to characterize the gate 

operation.  

Given that in the same system we can make use of Raman and microwave transitions between the different 

hyperfine manifolds in order to perform single q-bit operations, our use of QZD allows the demonstration of a 

complete set of logical gates within a single rubidium atom.  
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Already in 2010, a Bose-Einstein condensate of photons has been created [1]. To this end, a dye-filled 

microcavity is pumped by a laser. The used dye plays in this experimental setup a crucial role in the 

condensation process. On the one hand, the specific absorption and emission spectrum provides the 

thermalization of the photon gas at room temperature, whereas on the other hand it introduces an effective 

photon-photon interaction via changing the dye refractive index. The dominant interaction effect turns out to 

be thermal lensing due to a temperature-related shift of refractive index [2]. 
 
We show, that these effects can be described consistently by using an open-dissipative Gross-Pitaevski 

approach as it is widely used in the community of exciton-polariton condensates [3]. In our context this means 

to set up a pair of coupled mean-field equations, one for the coherent condensate wave function and one for 

the diffusion of temperature in the dye solution. With this approach at hand, we determine at first the steady 

state of the resulting photonic Bose-Einstein condensate, from which we deduce a value of the photon-photon 

interaction reproducing the experimental value [2]. Furthermore, we perform a linear stability analysis of the 

BEC steady state, yielding both the Bogoliubov spectrum and its damping. 
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A theoretical model of a Bose-Einstein condensate with an angular spin-orbit coupling has recently been 

proposed [1,2] and it has been established that a half-skyrmion represents the ground state in a certain regime 

of spin-orbit coupling and interaction. We investigate low-lying excitations of this phase by using the 

Bogoliubov method and numerical simulations of the time-dependent Gross-Pitaevskii equation [3]. We find 

that a sudden shift of the trap bottom results in a complex two-dimensional motion of the system's center of 

mass. This response is markedly different from the response of a competing phase, and comprises two 

dominant frequencies. Moreover, the breathing mode frequency of the half-skyrmion is set by both the spin-

orbit coupling and the interaction strength, while in the competing state it takes a universal value. Effects of 

interactions are especially pronounced at the transition between the two phases. 

 

REFERENCES 

[1] M. DeMarco and H. Pu, Phys. Rev. A 91, 033630 (2015). 

[2] Y.-X. Hu, C. Miniatura, and B. Grémaud, Phys. Rev. A 92, 033615 (2015). 

[3] I. Vasić and A. Balaž, Phys. Rev. A 94, 033627 (2016). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Photonica 2017                                                                                 1. Quantum optics and ultracold systems 

56 
 

A distinguishable single excited-impurity in a Bose-Einstein condensate 
 

Javed Akram1,2 
1Department of Physics, COMSATS, Institute of Information Technology 

Islamabad, Pakistan 
2Institute für Theoretische Physik, Freie Universität Berlin, Arnimallee 

14, 14195 Berlin 
e-mail:javedakram@daad-alumni.de 

 

 
We investigate the properties of a distinguishable single excited state impurity pinned in the center of a 

trapped Bose-Einstein condensate (BEC) in a one-dimensional harmonic trapping potential by changing the 

bare mass of the impurity and its interspecies interaction strength with the BEC. We model our system by 

using two coupled differential equations for the condensate and the single excited-impurity wave function, 

which we solve numerically. For equilibrium, we obtain that an excited-impurity induces two bumps or dips 

on the condensate for the attractive- or repulsive-interspecies coupling strengths, respectively. Afterwards, we 

show that the excited-impurity induced imprint upon the condensate wave function remains present during a 

time-of-flight (TOF) expansion after having switched off the harmonic confinement. We also investigate 

shock-waves or gray quad-solitons by switching off the interspecies coupling strength in the presence of 

harmonic trapping potential. During this process, we found out that the generation of gray bi-soliton or gray 

quad-solitons depends on the bare mass of the excited-impurity in a harmonic trap.  
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Photonic quantum technology has reached a point where it is almost viable to use photonic setups to simulate 

the behavior of other quantum systems. Realistic quantum systems are inevitably influenced by the external 

environment – they are open. When the environment introduces pronounced memory effects, one speaks of 

non-Markovianity. The need to understand and the possibility of exploiting this phenomenon as a potential 

resource for quantum information tasks has spurred an increasing interest in generating and manipulating non-

Markovian quantum dynamics using various experimental platforms, including photonic setups. 

 

The essentially distinct dynamical behavior of quantum entities obeying different exchange statistics (e.g., 

bosonic, fermionic or anyonic) has to leave a marked signature on non-Markovianity. We will describe the 

project that ultimately aims to emphasize and to explore theoretically the versatility of photonic setups for 

simulating and studying the interplay between various exchange statistics and quantum non-Markovianity, 

with the ultimate goal of identifying and experimentally validating the benefits for quantum information 

applications. 
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Electromagnetically induced transparency (EIT) is the physical phenomenon that allows light to be transmitted 

through a medium without any losses, despite the medium being originally opaque [1,2]. Simultaneously, EIT 

causes the decrease of the group velocity of light, which has been realized in practice by various experiments 

[3]. By taking advantage of these peculiar properties, it is now possible to apply this effect in various scientific 

and technical fields such as quantum optics, quantum computing, optical spectroscopy and magnetometry [4]. 

 

This paper is dedicated to the study of the EIT effect in the 3-level atomic system in the ladder configuration, 

with the middle level being 3-fold degenerate. Here, the levels are labeled as |1〉, |2〉, |3〉, |4〉 and |5〉, with |1〉 
being the ground state, |2〉, |4〉 and |5〉 the degenerate sublevels of the middle level, and |3〉 the highest energy 

level. This system interacts with the probe and the control laser field, polarized in such manner that the probe 

field induces transition |1〉 → |2〉, and the control field excites transition |2〉 → |3〉. Furthermore, the observed 

system undergoes the spontaneous emission in such way that level |3〉 decays to |2〉, |4〉 and |5〉, and |2〉, |4〉 and 

|5〉decay to |1〉. Therefore, the subject of this work is the 3-level ladder-type open system, which differs from 

the system studied in [5] by the fact that here the middle level is degenerate. 

 

Master equations for this system are then derived and solved in the stationary regime. Real and imaginary 

parts of the density matrix element ρ21, defining the susceptibility of the atom with respect to the probe field, 

are both plotted as the function of the probe field detuning. The influence of the change of the control Rabi 

frequency and spontaneous emission coefficients on the shape of the transparency window is also investigated. 

Moreover, the 3-level ladder-type closed system is studied as well, with the aim to examine how the 

degeneracy of the middle level affects the appearance of the EIT effect. Finally, the analysis of the problem in 

the dressed-state basis is given. 

 

The results found show that, for the low values of the control Rabi frequency, the two-photon absorption in the 

open system occurs, contrary to the transparency window observed in the closed system. In order to obtain the 

EIT effect in the open system, the higher values of the control Rabi frequency are required. In addition, 

increasing the spontaneous emission coefficients causes the decrease of the height of the absorption peaks, 

together with the increase of the full width at half maximum of the peaks. It is also shown that the increase of 

the spontaneous emission coefficient from level |3〉 to |2〉 increases the height of the bottom of the 

transparency window, while decays from |2〉 to |1〉have almost no effect on this quantity. All these results are 

in the agreement with the theoretical predictions given by the dressed-state analysis. 
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Many real-world signals, occurring in everyday engineering practice are non-stationary, and as a result, their 

frequency components may change gradually or abruptly over time. Such signals are typically analyzed using 

Fourier transform, however, this type of analysis is often not sufficient to reveal the true nature of localized (in 

time) frequency content. This is where time-frequency analysis (TFA) can be of great help. Several 

approaches of TFA exist, and in this paper we use Husimi function (Gaussian smoothed Wigner function) for 

this purpose [1,2,3]. 

Both the Wigner and Husimi functions are the phase space quasidistributions in quantum mechanics [4,5]. In 

quantum mechanics, Husimi function of a quantum mechanical state arises when simultaneous measurement 

of quantum conjugated observables - coordinate and momentum, is performed. Similarly, in signal analysis, 

conjugated variables are time and frequency. If the measurement has the highest physically possible accuracy 

(as dictated by the Heisenberg uncertainty relations), then the product of standard deviations of conjugated 

observables equals 2  and Gaussian smoothed Wigner function for in such a way chosen parameters is 

known as a Husimi function (HF) [2,5].  

In this paper, characteristic signals which describe behavior of several devices used in optics, microwave 

engineering and plasmonics were obtained via 3D electromagnetic numerical simulations. These signals, and 

their time and frequency evolution, were then analyzed using specifically tailored HF. 

REFERENCES 

[1] E. Wigner, Phys. Rev. 40, 749, (1932). 

[2] K. Husimi, Prog. Phys. Math. Soc. Jpn. 22, 264, (1940). 

[3] Chun, Y. J., Lee, H. W., Annals of Physics, 307(2), 438 (2003). 

[4] Davidović, M. D., Davidović, M. D., Vojisavljevic, V. Acta Acta Phys. Pol. A 116, 4, 675 (2009). 

[5] Davidović, D. M., Lalović, D., Phys. A 182, 643 (1992). 

 

 

 

 

 

 

 



Photonica 2017   2. Nonlinear optics 

 

60 
 

Quasi-stable rotating solitons supported by a single spiral waveguide  
 

Aleksandra I. Strinić1,2, Milan S. Petrović2,3,  Najdan B. Aleksić1,2 and Milivoj R. Belić2 
1Institute of Physics, University of Belgrade, P.O.Box 68, 11080 Belgrade, Serbia 

2Texas A&M University at Qatar, P.O.Box 23874, Doha, Qatar 
3Institute of Physics, P.O.Box 57, 11001 Belgrade, Serbia 

e-mail:strinic@ipb.ac.rs 

 

 

We investigate numerically light propagation in a single spiral waveguide formed in a nonlinear 

photorefractive medium for the spatial frequency of the waveguide rotation above frequencies which 

correspond to the stable rotary motion. The general procedure for finding exact fundamental solitonic 

solutions in the spiraling guiding structures, based on the modified Petviashvili's iteration method, gives only 

the solutions with low accuracy in this regime. Such solitons, supported by the spiral waveguide, perform 

quasi-stable rotational oscillatory motion, with inevitable soliton decay. We find that, for each set of physical 

parameters, there exists a beam power with practically negligible wave radiation.  
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Uniform one-dimensional (1D) nonlinear waveguide array, consisting of parallel, evanescently coupled 

waveguides represent a special case of 1D photonic crystal [1]. Matured fabrication procedures enable 

production of arrays whose intrinsic parameters (such as shape and dimensions of the waveguides, coupling 

strength between them, nonlinear response,…) may be easily changed. The possibility to manipulate light 

propagation through photonic crystals in a fully controllable fashion, have promise in the field of all-optical 

communications and photonic devices. However, unavoidable material imperfections, together with slight 

deviation during fabrication and misusage lead to existence of random defects in the system, which 

considerably hamper the control of the light flow. These imperfections enable the existence of different types 

of stable, localized defect modes (breathers and solitons [2]) which may be useful in routing, blocking and 

filtering of light. Interestingly, various defects may be intentionally inserted in uniform waveguide arrays, 

enabling studies of defect modes and their influence on light dynamics [3-5]. Interface of two semi-infinite 

waveguide arrays represent a type of structural (geometric) defect which also can host different localized 

modes [6, 7]. Recently, the influence of two nonlinear defects on light propagation through linear waveguide 

array [8] and the steering of discrete breathers in a linear lattice with two nonlinear defects [9] have been 

explored. Finally, light trapping, reflection and transmission near defect modes in composite linear photonic 

lattices have been investigated [10]. 

Here, we studied numerically (by split-step Fourier method) light beam propagation through either uniform of 

composite 1D (non)linear waveguide arrays having two asymmetric defects, a situation which can be fairly 

well modeled by the paraxial time-independent Helmholtz equation. Embedded asymmetric defects are either 

linear or nonlinear. Effects of different positions and widths of asymmetric defects on the light beam 

propagation have been examined and compared with a case of embedded symmetric defects. Various types of 

modes localized at these defects and in their vicinity have been found. We also have explored influence of 

asymmetric defects on tilted beam propagation and identify regimes of trapping, total reflection and 

transmission of light. Presented results provide an insight into the light beam dynamics in the presence of 

asymmetrical linear and nonlinear defects and might be useful in several all-optical applications such as 

filtering and steering of light beams through the optical medium. 
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Nowadays, four-wave mixing (FWM) in alkali vapors is a hot topic, essential for exploring new states of light 

[1] and for quantum information [2]. We studied theoretically and experimentally non-degenerate four-wave 

mixing (FWM) in potassium vapor. The effect was generated by employing co-propagating pump and probe 

beams, and using the interaction scheme known as double-lambda scheme. Results obtained by the theoretical 

model were compared to experimental results obtained using the setup described in [3].  

 

Theoretical model is based on the semi-classical treatment of the FWM processes. We start with solving 

numerically Bloch equations for density matrix elements of all populations and coherences, relevant for our 

double-lambda scheme. The coherences are further utilized for calculation of atomic polarization, which is 

used in the propagation equations for amplitudes of electrical fields of pump, probe and conjugate beams. This 

kind of approach, with fully numerical calculations and without perturbation theories and approximations, 

makes our model one of the most detailed among other models of FWM processes.  

 

We have calculated and measured gains of the probe and the conjugate, defined as the ratio of probe and 

conjugate intensities at the exit from the K vapor cell, and the intensity of the probe beam at the entrance in the 

cell. Theoretical and experimental profiles of gains for a wide range of relevant parameters were compared 

and analyzed. Dependences on angle between pump and probe, two photon Raman detuning, one photon 

detuning from the D1 line, atomic densities and probe power are included in our results. Parameters were 

chosen for exceptionally high gains of probe and conjugate beams. 

 

Qualitative agreement of experimental results with theoretical predictions was observed. FWM in alkali atoms 

is a complex process where dependence of efficiency of FWM on one parameter is related to values of other 

parameters. Strong dependence of the gain profile vs angle on the pump power and atom densities were 

observed. For a one-photon detuning from D1 transition of the order of 1 GHz, and the vapor density of ~ 5 

10
12

 cm
-3

, system acts as a strong phase insensitive amplifier. Gains vs two photon Raman detuning are 

narrow resonances with the width of the order of 10 MHz, depending on the angle between pump and probe 

and on one-photon detuning. Resonances are shifted from the zero two photon detuning by a different value, 

from 0 to -10 MHz, depending on the one photon detuning from D1 line and to a smaller extend on the angle. 

For the low probe power gain value up to 500 was obtained.  
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The emergence, dynamics and prediction of rogue waves (RW) have been in the focus of interest in diverse 

fields of science (oceanography, physics of fluids, optics, ultra cold matter, sociology, bio-sciemces) in the last 

decade [1].  

Recently, we have started a study aimed to go deeply into the genesis and dynamics of multiparametric vector 

RW solutions in the context of the Manakov model by adopting statistical methods [2]. Particularity of vector 

RWs (semirational localized modes) is that they can feature both exponential and rational dependence on 

coordinates. These solutions can be reduced to the vector Peregrine solitons and bright- and dark-rogue wave 

composites for special parameter values [3,4]. 

Here, we present recent results of the preparatory phase of our study in which we try to find proper RW 

classifiers, like the significant wave height is in the context of scalar moedls in oceanography and optics [1]. 

Therefore, we firstly considered the 2D – vector generalization of the significant height vector as a classifier. 

It is defined as a vector quantity whose two components are related to the maximum absoulte deviation of the 

maplitude of corresponding RW components from the initial finite background field level. We consider as 

extreme ones those events characterized by the significant height vector whose components, either one or 

both, are above the threshold value. Particular, on-going effort is made in determing proper threshold values.  

The general vector form of the nonlinear Schrödinger equation, which can be written as: 
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and it was analyzed numerically by adopting the pseudo-spectral methods. The u
(1)

(x, t) and u
(2)

(x, t) represent 

the wave envelopes, γij (i, j=1,2) are inter (i ≠ j) and intra (i = j) nonlinear terms, t is the evolution variable, 

and x is a second independent variable. These equations reduces to Manakov system in the limit γij=g, i, j=1,2. 

The meaning of variables depends on the context (fluid dynamics, plasma physics, nonlinear optics, etc). It has 

been shown analytically and numericallythat different type of RWs can be observed in the presented model, 

depending on the system parameters [5]. This enables us to directly check our results with respect to various 

types of RWs. Statistical measures based on the height and amplitude distributions, their moments, return time 

statistics, etc, are numerically calculated.  

 

The study presented here is only a small fragment of our attempt to establish a full statistical analysis of the 

vector RWs. 
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Symmetry and topology properties of periodic networks are closely related with the appearance and dynamics 

of wave patterns propagating through them. In this context, the particular attention of scientific community has 

been focused on to the flat-band (FB) systems, which provide conditions for completely dispersionless 

propagation of highly localized modes - compactons [1]. These modes, which owe their existence to the 

phenomena of destructive interference, particularly responded to the presence of quenched disorder and 

qualitatively changed the properties of Anderson localization [2].  Also, one of the intriguing problems is 

related with the effect of the non-quenched disorder on the wave dynamics in different periodic networks. So 

far, the studies of the wave spreading properties in  the presence of varying disordered potential were focused 

on  the lattices with simple geometries (simple one and two-dimensional periodic lattices) [3,4]. Here, we will 

focus on the FB networks with non-quenched disorder in order to better understand the interplay between 

different aspects of wave dynamics caused by disorder and system’s topological and geometrical properties.  
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Nonlinear laser-induced molecular processes have attracted much attention in the last few years. Specially, the 

strong-laser-field scientific community has focused attention on the behavior of atoms and molecules in the 

so-called bicircular laser field [1,2,3]. Bicircular field is a two-color laser field having coplanar circularly 

polarized counter-rotating components of frequencies rω and sω, with r and s integers [4]. 

We investigate high-order above-threshold ionization or (H)ATI of homonuclear diatomic molecules and high-

order harmonic generation (HHG) of polar molecules by the bicircular field using the improved molecular 

strong-field approximation [5,6,7]. In this paper we are able to identify two rotational and two reflection 

symmetries which are satisfied in ATI of homonuclear diatomic molecules. Both rotational symmetries are 

valid for the direct as well as for the rescattered HATI electrons [5]. In the case of molecular high-order 

harmonic generation (HHG),  we show that for BF3 molecule, there is a strong asymmetry in the emission of 

high harmonics with opposite helicities.  This asymmetry depedends on molecular orientation [6]. Selection 

rules for HHG by a bicircular field are also analyzed in detail [7]. Also, it was shown that it is possible to 

introduce spin into attoscience with spin-polarized electrons produced by a bicircular laser field [8].  

Support by the Federal Ministry of Education and Science, Bosnia and Herzegovina, is gratefully 

acknowledged. This work was also supported in part by the Deutsche Forschungsgemeinschaft (DFG) within 

the Priority Programme Quantum Dynamics in Tailored Intense Fields (QUTIF). 
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Lithium niobate (LN) is a ferroelectric crystal which is commonly used in nonlinear and integrated optics 

because of its strong second order nonlinearity and its large transparency range. Nonetheless, the conversion 

efficiency of nonlinear processes is typically very weak. Additional enhancement mechanisms must therefore 

be implemented. In this contribution, enhanced second harmonic generation in a self-suspended LN photonic 

crystal cavity is presented.  

To interact efficiently with the PhC structure, the light needs to be confined to the plane of the PhC. This is 

realized by patterning of the PhC lattice of holes in a thin self-suspended LN membrane forming a planar 

waveguide. A suitable substrate for these structures is lithium niobate on insulator (LNOI) which consists of a 

few hundred nanometer thin LN layer and a several micrometer thick silica layer on a LN wafer. The 

fabrication starts with planar dry etching of the top z-cut LN layer down to the designed membrane thickness 

of ~370 nm[1]. The following micro structuring is done by focused ion beam (FIB) milling of the holes 

through the full membrane thickness. Subsequently, the silica layer is selectively removed by wet etching 

through the holes until the PhC area is completely underetched. The PhC resonator is a L3 cavity that consists 

of a line of three missing holes in the ΓK direction of an hexagonal lattice of holes with radii of 150 nm and a 

lattice period of 530 nm. The holes at both line defect extremities are shifted away from the defect and their 

radii are shrunk to achieve a higher Q factor than the unmodified cavity [2]. A total of sixteen holes with 

enlarged radii have been placed around the defect with twice the period. These holes modify the field 

distribution of the fundamental cavity mode to radiate vertically rather than at grazing angles [3][4][5]. This 

modification allows to efficiently exciting the fundamental TE-polarized mode from the far-field at normal 

incidence during the following experimental study of the linear and nonlinear optical properties of this cavity 

with a modified confocal microscope. The resulting linear spectrum shows a resonance at 1356.0 nm 

corresponding to a cavity mode with a Q factor of 678, which is approximately confirmed by 3D-FDTD 

simulations: 1362.8 nm and a Q factor of 1550[6]. The simultaneously measured second harmonic spectrum 

shows an enhancement with a Q factor of 640 at 678 nm, corresponding to twice the linear resonance 

frequency. The generated second harmonic furthermore shows the expected quadratic dependence on the 

incident fundamental harmonic power.  

These findings prove that the second harmonic enhancement is due to the strong field confinement inside the 

cavity mode. Photonic crystal (PhC) cavities in LN allow for the confinement of light to a very small volume 

which makes them efficient building blocks for photonic integrated circuits with high integration density for 

applications in nonlinear optics.  
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The self-organization is based on the balance of antagonistic effects, with nonlinearity-induced self-

contraction arresting diffraction and/or dispersion in order to generate stable localized nonlinear optical 

structures called solitons [1]. Spatial Kerr solitons correspond to the compensation of diffraction by a cubic 

Kerr nonlinearity. However, in two- and three-dimensional systems, the laser beam or pulse undergo a 

catastrophic collapse unless a saturating nonlinearity is also present, as it was established using synergy of 

variational method and numerical simulations [2-5]. Such Kerr solitons are hard to obtain experimentally 

especially in solid state systems. The generation of 2D optical solitons has been recently demonstrated only in 

liquid carbon disulfide [6]. 

 

We present here the experimental, theoretical, and numerical investigations of Kerr solitons generated by self-

organization in black and yellow high quality bismuth germanium oxide (BGO) single crystals. A laser beam 

of increasing power induces competing cubic and quintic nonlinearities. The numerical evolution of 2D 

complex cubic-quintic nonlinear Schrödinger equation with measured values of nonlinearities shows the 

compensation of diffraction by competing cubic and quintic nonlinearities of opposite sign, i.e., the self-

generation of stable solitons. Experiments as well as numerical simulations show higher nonlinearity in the 

black BGO than in the more transparent yellow one. Experimentally obtained solitons are in good agreement 

with numerical results. 
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The experimental [1] and theoretical [2, 3] investigation of the diffraction of attosecond pulses describe one 

unexpected parabolic deformation of their intensity profile at few diffraction lengths. This deformation was 

called form the authors in [1] “
3  diffraction”. In [2, 3] it was shown that this phenomenon can be solved 

analytically in the frame of linear non-paraxial evolution equation of the amplitude of the electrical field. 

Investigating the evolution of phase-modulated femtosecond pulses (20-30 fs), authors in [4] demonstrated that 

broad-band ( 0kk z  ) pulses also diffract in
3  regime. Shortly, Fresnel’s law does not work for broad-band 

laser pulses and their diffraction is similar to attosecond ones.  

 

On the other hand, by using diffraction grating or other optical dispersion elements the spectrum of the 

femtosecond pulse can be not only extended, but also the sign of the chirp parameter can be changed. In the 

present work, it is studied more precisely the influence of this sign of the chirp parameter on the linear and 

nonlinear evolution of phase-modulated femtosecond pulses.  

 

For negative chirp in linear regime of propagation, the diffraction is also of 
3  type, but with the parabolic 

deformation of the intensity profile inverted with respect to the axis Oz. Thus, by properly used chirp 

parameters this process can be managed. In nonlinear regime of propagation, depending on the sign of chirp 

parameter, it is observed different types of nonlinear X-waves. 
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For the first time, collinear frequency conversion in a nonlinear crystal ZnGeP2 was realized using a compact 

Q-switched cryogenic slab RF discharge CO laser. All previous studies of sum-frequency generation (SFG) of 

a multi-line CO laser radiation in nonlinear crystals were made with low- pressure DC discharge CO lasers 

operating in Q-switch mode (see for example [1]). However, slab RF discharge lasers are more compact and 

have some advantages over DC discharge lasers such as a possibility to provide pulse-periodic pumping, 

relatively low voltage, higher efficiency, a feasibility of igniting a large active volume at gas pressure of 

several tens of Torr without external ionizing sources. One of such CO lasers operating under cryogenic 

cooling was recently launched in Q-switch mode by a rotating mirror [2]. The laser design and its operation in 

Q-switch mode is described in detail in [2, 3]. 

The laser active volume in our experiments was 400x16x5 mm. Gas mixture CO:O2:He = 1:0.3:10 at gas 

pressure of 37 Torr was used. RF power pulse duration T equaled 350 μs, and its peak power was 800 W. 

Pulse repetition frequency was 100 Hz, the delay time between beginning of RF power pulse and Q-switching 

time was 500 μs. The laser pulse duration was 0.7 μs (FWHM). We obtained high laser peak power (~3 kW), 

large number of spectral lines (~90) and wide spectral range of lasing (4.956.6 μm). In the experiments laser 

radiation was focused onto a ZnGeP2 crystal using CaF2 lenses with the focal lengths F=300 and 200 mm.  

Dependences of external conversion efficiency (ECE) on distance between the front face of the crystal and the 

focusing lens, and dependences of ECE on the laser radiation incidence angle with the crystal were measured. 

The maximum value of ECE for F=300 mm was ~0.44%, and taking into account the Fresnel reflection from 

the crystal faces, corresponded to internal conversion efficiency of ~0.83%. For F=200 mm ECE was 4.4%, 

which corresponded to internal conversion efficiency of ~8.2%. This value does exceed one obtained in [1]. 

The experimental SFG spectrum obtained at the maximum conversion efficiency contained ~200 spectral lines 

in the range from 2.5 to 3.2 μm. It should be noted that the maximum peak power of SFG spectrum 

corresponded to a wavelength near 2.8 μm that corresponded to pump wavelength of 5.6 μm, whereas the CO 

laser spectrum had the strongest lines near 5.1 μm (phase-matching angle is 48
o
 in ZnGeP2 crystal). Such a 

difference is associated with the specificity of CO laser multiline radiation conversion, which is not critical for 

the phase-matching angle [1]. Wavelength 5.1 μm falls on the declining part of the phase-matching angle 

dependence upon a wavelength. Multiline conversion efficiency in this case is lower than that for the case 

when phase-matching angle corresponds to the minimum of phase-matching angle versus a pump wavelength 

(46
o
 at wavelength 5.8 μm). Therefore, this conversion is most effective at a phase-matching angle lying in 

the range 46-48
o
 depending on pump radiation spectrum and focusing condition [4]. In our case most effective 

multiline SFG corresponded to the phase-matching angle of 47
o
. 

This research was supported by the Russian Science Foundation, Grant #16-19-10619. 
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Over the years, non-diffracting wave configurations have drawn considerable attention, particularly in the 

areas of optics, atom physics, biophysics, as well as optical tweezing [1], and nonlinear optics [2, 3]. The 

interest in such optical waves is due to the fact that, their transverse intensity distributions propagate 

unchanged for hundreds of diffraction lengths. The potential of non-diffracting structures is of significant 
importance for advances in discrete and nonlinear modern photonics [4, 5]. One prominent class of non-

diffracting waves is given by Mathieu beams, which appear as translationally invariant solution of the 

Helmholtz equation in elliptic cylindrical coordinates. 

Synthesizing two or more non-diffracting Mathieu-Gauss (MG) beams, we demonstrate a powerful new 

approach for the creation of two-dimensional (2D) aperiodic photonic lattices, in a single writing process in 

parallel. Depending on the beam configurations of coherently superimposed MG beams, their mutual 

distances, angles of rotation or phase relations we are able to realize transverse invariant propagating intensity 

distributions capable to optically induce corresponding refractive index lattices in photosensitive media. Our 

approach features the fabrication of versatile aperiodic lattices with controllable properties as well as quasi 

one-dimensional structures. Our results and methods enable further investigations of light propagating in such 

aperiodic photonic lattices, and could find applications in modern optical information processing. 
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Ultrashort UV pulses with high critical power have a lot of applications, such as triggering and guiding of 

high-voltage electric discharges and lightning protection [1], formation of the waveguides for microwave 

radiation [2], environmental monitoring [3]. The most common way to obtain powerful ultrashort UV pulse is 

to amplify seed UV ultrashort pulse in a gas laser amplifier. During amplification a pulse passes through the 

windows of gas chambers, and due to the dispersion in pass-through optics it undergoes temporal elongation 

and phase modulation. Thus, the parameters of amplified pulse differ from seed emission’s ones. Interaction 

pulse parameters are very important for the interpretation of experimental results and the comparison with 

numerical simulations. Hence the aim of the present work was the determination of amplified pulse duration, 

critical power for self-focusing and transversal distribution measurement. We used obtained data for 

processing the results of experimental investigation of regularized filamentation of sub-TW sub-ps UV pulse 

with central wavelength of 248 nm. This pulses were generated on hybrid Ti:sapphire- KrF laser facility [4]. 

Usually the duration of ultrashort pulses is measured with autocorrelators based on second harmonic 

generation phenomenon. Unfortunately, second harmonic of far UV pulses (such as 248 nm) is difficult to deal 

with, that is why we used single-shot autocorrelator on the gas mixture of Xe, F2(in He) and Ar suggested in 

[5]. Obtained pulse duration was approximately 900 fs. To detect wide-aperture UV pulse transversal energy 

density distribution we used an optical glass as a screen which luminescence was collected to the CCD camera 

by the objective lens. Thus we were able to have qualitative vision of transversal distribution, but to measure 

such characteristics as typical size of “hot spots” in a beam, we needed to calibrate luminescence of the screen. 

For this purpose we experimentally found the dependence of energy density from glass luminescence that is a 

calibration function. While investigating multiple filamentation the critical power for self-focusing is essential 

to be known. Critical power can decrease with stretching of a pulse (and beam phase modulation in pass-

through optics), so we measured it directly. Energy of UV light quantum is about 5 eV, and focused laser 

beam can ionize air in the waist even if it’s peak power is less then critical one. However, in this case formed 

plasma channel is symmetrical relatively to focal plane. When laser power exceeds critical power the channel 

becomes asymmetrical. Thus measuring plasma distribution along the channel with different laser pulse 

energies, we were able to determine the energy which corresponds to critical power for self-focusing. 

We applied these methods in the experiment on regularization of UV beam filamentation via amplitude mask. 

The array of approximately hundred of filaments was observed. We calibrated luminescence distribution that 

leads to enhancement of contrast between intensive filament and weak energy reservoir. From calibrated 

energy density distributions we calculated filament radius, energy in one hole of the mask and compared it 

with critical power. This work was supported by RFBR (grants 15-32-20966 and 17-02-00722). 
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It is well-known that single-mode optical fibers support two polarization modes (Ax and Ay). As result of that, 

natural basis for investigating the evolution of optical pulses in such kind of waveguides are vector two 

coupled nonlinear equations describing nonlinear interaction between laser pulses of the two polarization 

states. These equations admit soliton solutions in negative dispersion region and their  interaction, due to cross 

phase modulation, was studied by authors in [1,2]. Soon after that in [3] was shown that the critical power for 

observation of a linearly polarized fundamental soliton is 2/3 times smaller than that needed for formation of 

circularly polarized soliton. The investigation of optical pulses with polarization different form circular and 

linear (elliptical) was done in approximation when the amplitude of one of the waves is much smaller than the 

other. It was observed a rotation of the minor and major axes of the ellipse. Generally, the problem with 

arbitrary elliptical polarization with same amplitudes and initial phase difference between the 

components in the frames of has not been studied in detail in the literature. On the other hand, in [4] 

was reported on the experimental and numerical evidence of energy exchange between the 

components of vector solitons due to processes of degenerated four wave mixing.   

 

In present work is being reviewed the periodic exchange of energy between components of the 

elliptically polarized vector solitons. Its amplitude and phase essentially depend on the rate of 

polarization ellipticity of the initial pulses. In quasi-CW regime, when time derivatives can be set to 

zero, the system of equations is analytically solved. The obtained solutions, in the form of Jacobi 

elliptic functions, describe the intensities of the components of vector solitons. 
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Multidimensional spatiotemporal optical solitons (light bullets) [1] are nondiffracting and nondispersing 

wavepackets localized both in time and space. Most concerns in this field are related to the problem of pulse 

stability in various nonlinear optical media [2]. 

In present report we consider specific kind of parametric solitons related to difference frequency generation. It 

was predicted [3] that optical rectification (OR) phenomena provides a mechanism of two-component soliton 

formation for strong enough pump light pulses and extensive nonlinear media with negligible absorption. In 

result a coupled state of envelope optical pulse and a unipolar terahertz pulse is expected. The phase matching 

condition for such interaction is the equality of optical group velocity to terahertz phase velocity. Such soliton 

phenomena is well known in plasmas (Zakharov-Benney resonance) and in molecular systems (Davydov 

solitons), but is still poorly recognized in nonlinear optics. 

Here we have formulated a generalized theoretical model for OR including both the responce of anisotropic 

nonresonant bulk medium and the impact of two-level resonant impurities, which could be dispersed or 

layered inside a base nonlinear medium. Previously, we demonstrated [4] that resonant interaction can be used 

to fit the phase matching condition due to nonlinear slowing down of light pulse propagating in the self-

induced transparency (SIT) regime. Also, nonsymmetric resonant impurities, such as the artificial low-

dimension structures (quantum dots, wells, wires) and polar molecules, have been shown to be very promising 

material for highly efficient frequency conversion and generation of solitons [5-8]. In our study we considered 

real GaAs-based low-dimension structures, for which SIT was observed [9].  

Study of light bullets was conducted by analytic variational methods and by numerical simulations. Both 

resonant and nonresonat modes of interaction with impurities were analyzed. In the case of resonance SIT 

pulse experiences transverse filamentation and divides on several filaments, which further form an array of 

light bullets coupled with unipolar terahertz pulses. The stability of these bullets is provided by the resonant 

optical component, which is in agreement with related research on SIT solitons [10]. Terahertz component is 

localized much stronger in space and time than optical one. In nonresonant case such solitons also can exist 

with the exception of several restrictions regarding their stability. The group velocity dispersion must be 

negative and the intensity of terahertz counterpart must exceed a threshold value. The influence of artificial 

impurities helps to meet those requirements. Unlike the resonance case, the stability is determined by the 

terahertz component. 
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We consider the collective behavior and stability of topologically nontrivial patterns in laser beams 

propagating through a photorefractive crystal by analytical and numerical means. The photorefractive medium 

leads to the self-focusing of the beam, giving rise to complex stationary patterns for some choices of initial 

conditions. When two beams with winding phase (vortices) propagate from the opposite ends of the crystal, 

their interaction mimics the planar Heisenberg antiferromagnets and can be described by a phase diagram 

obtained from renormalization group analysis. Different phases are visually recognizable and can be identifed 

in numerical simulations. If the crystal has defects (holes), the long-range order is lost but individual vortices 

can still be stable in a pattern akin to a spin glass.  
 
We then consider a deeper question: can such topological configurations behave as optical solitons, i.e. 

propagate through each other without interacting? With the counterpropagating vortex system  considered 

above, this is obviously not the case as they interact and show collective behavior. The question is considered 

in the framework of the Lax pair formalism and the answer seems to be non-universal, depending strongly on 

the details of the propagation geometry and the properties of the crystal. The construction of such solutions 

remains attractive if elusive, because of the robustness of optical solitons to perturbations which are inevitable 

in experiment. 
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Ever since solitons have been experimentally realized in Bose-Einstein condensates [1] there has been a great 

interest in finding exact solutions to the Gross-Pitaevskii equation which describes such systems [2]. Of 

particular interest due to practical concerns is to trap the Bose-Einstein condensate in a cylindrical potential, 

i.e. a potential which confines the condensate in the radial direction, but not the axial direction. Such potentials 

would allow the formation of 1D solitons which are expected to be stable [1].  

 

In our previous work [3,4] we used the Jacobi Elliptic Function (JEF) expansion technique to find solutions to 

the (3+1)-D Grosss-Pitaevskii equation with distributed coefficients and in a sphericaal potential. We obtained 

stable solutions under the regime of dispersion management, i.e. sinusoidally varying the diffraction 

coefficient and the nonlinearity coefficient [4,5]. In our paper we modify the methods presented in [3,4] to 

obtain solutions for the cylindrical case, for which the three transverse dimensions are no longer symmetric. 

The solutions end up combining the features of the solutions for the spherical potential and the solutions of the 

ordinary Nonlinear Schrödinger equation described in [6]. We also examine the case of the planar potential 

where confinement happens in only one transverse dimention. 
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Nonlinear Fourier transform (NFT), also known as the inverse scattering transform in mathematical literature 

[1], is the method that can be used to identify and single out coherent (solitonic) and incoherent (dispersive 

radiation) components of a pulse. NFT has been implemented in fibre optics to overcome the nonlinear 

distortions due to its capability to effectively linearise the nonlinear Schrödinger equation (NLSE) [2]. The 

latter is often used as a master model describing the light propagation down single-mode fibres [2]. NFT can 

also be effectively utilised to study the properties of the electric field evolution both in passive fibres [3] and 

in fibre lasers [4]: due to its explicitly decomposing our signal into solitonic and dispersive parts, the NFT is 

an ideal tool to identify the contribution of coherent structures and their dynamics. The necessary condition for 

the use of NFT is that the nonlinear system under study needs to be integrable, meaning associated to a set of 

ordinary linear differential equation with invariant spectral parameter. 

Mode-locked lasers can be generally described through the nonlinear dynamical models that usually involve 

the so-called cubic/quintic complex Ginzburg-Landau equation (CQGLE) [5]. However, this equation does not 

exactly match the requirements for the application of the NFT formalism, i.e. integrability; this requirement 

actually means that the system under investigation should be very close to the pure cubic NLSE. Although a 

rigorous reduction of the CQGLE to an integrable NLSE model is an open question, the existence of solitons 

in such lasers as solutions of the CQGLE encouraged us to implement the NFT in order to analyse the 

peculiarities of pulses dynamics, similar to the ideas of [3]. In this regard, we have used NFT merely as a 

monitoring tool providing a representation of the signal in the NFT domain. We have identified different 

coherent structures considering the features of the NFT spectrum transformation associated with the electric 

field evolution. 

First we performed the numerical simulations of a mode-locked laser where the formation of pulses is induced 

by the nonlinear polarization rotation that acts as an effective saturable absorber. After that we calculated the 

nonlinear spectrum of the field cross-sections to analyse the behaviour of the electric field analysing, 

specifically, the dynamics and interactions of coherent structures. This dynamics can be retrieved by studying 

the evolution to specific discrete eigenvalues (complex analogues of frequencies) emerging from the NFT 

pulse decomposition. 

We have shown that emergence and disappearance of coherent structures can indeed be predicted by looking 

at the evolution of NFT spectrum. The NFT, hence, can be reckoned as a promising tool for understanding and 

controlling laser dynamics. 
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Characterization of nonlinear optical materials is a key step in order to choose the most adequate material for a 

given nonlinear optical process. The value of index of nonlinear refraction (NLR) n2 and nonlinear absorption 

(NLA) is interesting for high-intensity applications. In the case of some often used nonlinear optical 

materials, like LiNbO3 (LN), photorefraction (PR) is also present as a nonlinear effect, providing a significant 

extra contribution to NLR and nonlinear scattering (NLS) [1].  

 

It has been established that the wide-angle polarization-isotropic photoinduced light scattering (PILS) gives 

the significant contribution to transmission modulation observed by the open-aperture Z-scan technique in 

photorefractive LiNbO3 crystals. This kind of nonlinear scattering, i.e. PILS, was studied in undoped and 

zirconium-doped LiNbO3 crystals ([Zr] is ranged from 0.5 to 2.5 mol%). Open-aperture Z-scan studies of 

these crystals show that nonlinear scattering (NLS) is dominating over NLA caused by the two-photon 

absorption in Zr-doped crystals at [Zr]  0.88 mol% even at low light intensities, while in undoped crystals the 

NLS gives a marked transmission attenuation only at moderate and high light intensities (> 20 W/cm
2
).  

 

A modified Z-scan experimental setup is used to separate contributions of NLA and NLS in the Z-position 

dependent attenuation of transmittance. Both the NLA and NLS coefficients are estimated by theoretical fit of 

the open-aperture Z-scan curves. The relation between the NLS coefficient and gain factor   [2], which is 

describing the efficiency of the direct coupling between the pump and scattered waves, has been derived by us 

together with initial (seed) scattering ratio m0. The actual value of the gain factor have been found to be 

nonmonotonously dependent on Zr concentrations with maximum values,  = 20.7 cm
-1

, at 0.88  [Zr]  1.0 

mol%.  

 

According to recent finding [1,3], such a strong NLS should lead to good limiting characteristics. The study of 

optical limiting characteristics was made with the set-up used forZ-scan measurement, but at fixed crystal 

position. Thus, optical limiting threshold in the moderately and strongly Zr-doped ([Zr]  0.88 mol%) crystals 

is in 1032 times (depending on [Zr]) lower than in undoped LiNbO3. According to these results, the 

appropriate Zr-doping could be regarded as a good advice to improve the congruent lithium niobate for some 

specific photorefractive applications, e.g. optical limiting [3]. 

 

REFERENCES 

[1] F.Z. Henari, K. Cazzini, F.E. Akkari, W.J.Blau, Appl. Phys. Lett. 78, 1373 (1995). 

[2] M. Goulkov, M. Imlau, Th. Woike, Phys. Rev. B 77, 235110 (2008). 

[3] G. Cook, J.P. Duignan, D.C. Jones,Optics Commun.19, 393 (2001). 

 

 

 

 

 

http://profiles.spiedigitallibrary.org.sci-hub.org/summary.aspx?DOI=10.1117%2f12.408518&Name=Gary+Cook
http://profiles.spiedigitallibrary.org.sci-hub.org/summary.aspx?DOI=10.1117%2f12.408518&Name=Gary+Cook
http://profiles.spiedigitallibrary.org.sci-hub.org/summary.aspx?DOI=10.1117%2f12.408518&Name=David+C.+Jones


Photonica 2017   2. Nonlinear optics 

 

78 
 

Gain analysis for fiber optical parametric amplifier in presence of attenuation 

and dispersion fluctuations 

 

M. S. Kovacevic
1
, Lj. Kuzmanovic

1
, and A. Djordjevich

 

1
Faculty of Science, University of Kragujevac, Serbia 

2
Department of Mechanical and Biomedical Engineering, City University of Hong Kong, Hong Kong, China 

e-mail: kovac@kg.ac.rs 

 

 

In this work, the gain of the fiber optical parametric amplifier (FOPA) has been investigated. The analysis is 

based on the four-wave mixing using numerical simulations. It is assumed that the pump and signal waves 

undergo attenuation with random perturbations of the zero-dispersion wavelength (ZDWL). Also the impact of 

fiber attenuation is included for both dual-pump and single-pump FOPA with special attention on the 

wavelength dependence of attenuation. In order to study the impact of random fluctuation of ZDWL on gain, 

the fiber is segmented with random fluctuation of ZDWL that is assumed to follow Gaussian distributions. The 

fiber attenuation results in reduction of signal gain and the fluctuations of ZDWL lead to variation of gain 

spectrum. 
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 We investigate the analytical and dynamical generation of higher-order solitons and breathers of the 

extended nonlinear Schrödinger equation equation (NLSE) on different backgrounds. We included the 

operators up to the fifth-order dispersion, called Hirota, Lakshmanan-Porsezian-Daniel (LPD), and quintic 

operator [1,2]. 

 The Darboux transformation (DT) is used to construct proper initial conditions for dynamical 

generation of high-intensity solitons and breathers of different order on a uniform background [3,4]. We 

provide expressions for the Lax pair generating functions and the procedure for calculating higher-order 

solutions when Jacobi elliptic functions are the background seed solutions of extended NLSE. It is shown that 

the peak height of each soliton or breather in the nonlinear Darboux superposition adds linearly, to form the 

intensity maximum of the final solution. We also show that breather-to-soliton conversion can be used to 

produce solitons of higher amplitude and that the periodicity of Akhmediev breathers can be utilized for 

dynamical generation of rogue waves. 

 The dynamical evolution of higher-order solitons and breathers is important in the situations when the 

existence of such solutions is questionable in the presence of modulation instability. Namely, the DT might 

provide analytical higher-order solutions that might not exist, owing to modulation instability, which usually 

exists in these solutions. 
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We demonstrate enhanced electrical conductivity of self-assembled transparent large area graphene films by 

UV/ozone treatment. Graphene as a material with high optical transparency and conductivity is an excellent 

choice for transparent electrodes in various optoelectronic devices [1]. Langmuir-Blodgett (LB) and 

Langmuir-Shaefer (LS) assembly are methods for simple, large-scale and cost-effective production of thin 

graphene films [2]. However, uncontrollable monolayer assembly into thin films and large defect density often 

leads to reduced LB and LS film conductivity. There is much effort to decrease sheet resistance of these films 

with annealing, chemical doping and functionalization [3, 4]. Here, we examine the effects of exposure to 

ultraviolet radiation and ozone (UVO) on LB/LS self-assembled graphene thin films by UV/VIS 

spectrophotometry, resistance measurements and Raman spectroscopy. We observe that the intensity of the D 

peak in Raman spectra of our graphene films decreases after UVO exposure, indicating a lower defect density. 

Also, sheet resistance decreased by an order of magnitude without loss in film transparency. We conclude that 

in contrast to the degrading effects it has on mechanically exfoliated and CVD-grown single layer graphene [5, 

6], UVO treatment on LB/LS self-assembled graphene thin films leads to local defect patching which 

enhances the film conductivity while retaining the high optical transparency. We propose that our approach is 

suitable for various materials with a multitude of active edges and a large area of reactive surface making the 

solution-processed thin films usablein practical optoelectronics applications. 
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 There is a great technological interest in synthesis of lanthanide doped upconverting nanoparticles 

with specific morphological characteristics and efficient luminescence response suitable for biomedical use 

[1]. A conventional approach for generation of such particles comprises decomposition of organometallic 

compoundsin an oxygen-free environment and additional ligand exchange [2,3]. The biocompatible and water 

soluble NaYF4:Yb,Er@Chitosane particles used in this study were synthesized through facile one-pot 

hydrothermal synthesis and were characterized using X-ray powder diffraction (XRPD), Fourier-transform 

infrared (FTIR) spectroscopy, field emission scanning and transmission electron microscopy (FESEM and 

TEM) and photoluminesce measurement (PL). Due to the presence of the amino groups at their surface these 

particles exhibit excellent hydrophilic properties and low cytotoxicity against human gingival fibroblasts 

(HGF), which was proven by MTT assay. Furthermore, upon 980 nm laser irradiation the as-prepared particles 

were successfully used for in-vitro visualization of the primary cell cultures of head and neck squamous 

carcinoma cells (HNSCC). In a NaYF4:Yb,Er phase upconversion is enabled by the sequential absorption of 

two or more near-infrared photons by Yb
3+

 and subsequent energy transfer to the long-lived metastable 

electron states of Er
3+

 which produces luminescence emission at visible spectra after relaxation. 
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This paper presents experimental results of aluminum test plate using infraread video thermography in pulsed 

defectoscopy, by comparing noise reduction with conventional and Wiener filtering method [1,2]. Extraction 

of a meaningful signal from pulse thermography is subject to both intrinsic limitations imposed by thermal 

diffusion, and extrinsic factors including camera sensitivity, noise, input energy and reflected background 

radiation. Presented here are given comparative results of temperature contrast filtering on test plate surface: 

basic harmonic, mean valve and Wiener filter of infraread pixels along the central line. 
 

A special sample was prepared for the experiment, where on one side of an aluminum plate equally spaced 

groves were produced, making a periodic defect structure with certain space frequency and certain depth [3]. 

The other side of the plate was illuminated by short light pulses and the temperature distribution on the same 

side was analyzed by pulse infrared thermography. Temperature distribution on the plate surface was also 

periodic, showing maximal above the groves, i. e. defects, and  minimal where there were no defects. 
 

Experimental results were obtained by a standard thermal imaging camera. Infraread camera FLIR SC620 

generates a thermal image of observed test samples, converts it to a visible image and transmits that image to 

the display unit. The time history of the surface temperature after the absorption of a short light pulse is used 

to obtain information about the subsurface structure and the thermo-physical properties of the material. 
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Enabling light emission in silicon has potential applications, including in the 1.5 m region for optical 

communications. The 2 m region is also of considerable interest because of medical applications, and also 

gas sensing and free space optics. Silicon is not an efficient light emitting material and several approaches 

have been attempted to overcome this problem, including the incorporation of rare earth (RE) elements into Si 

substrates. Here we report and compare the luminescence in the near-IR of a wide range of REs (Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb) doped silicon light emitting devices. The REs are introduced using 

ion implantation into standard n-type silicon wafers pre-implanted with boron to form both the p-n junction 

and an engineered dislocation loop array. The dislocation engineering approach [1], based on the controlled 

introduction of dislocation loops into the silicon lattice, is needed to reduce or suppress the thermal quenching 

and to obtain efficient luminescence. 

 

We see sharp emissions, corresponding to the REs internal transitions, in samples doped with Dy, Ho, Er and 

Tm. Considering the extensive spectral range of rare earth internal transitions, ranging from the UV to the IR, 

this technology opens up many applications for silicon as an emissive material. In particular, room 

temperature light emission at 1.5 m and in the 2.0 m eye-safe spectral region have been obtained from 

dislocation engineered structures co-doped with Er and Tm, respectively. 

 

The REs Eu, Yb and Ce have their lowest energy internal transitions above the silicon bandgap and therefore 

emission due to these REs should not occur in silicon. Remarkably, we see the first and surprising occurrence 

of red shifted Eu, Yb and Ce emission in silicon and demonstrated IR LEDs operating under conventional 

forward bias. This has been attributed to the direct intercession of the silicon providing a primary state 

replacing the usual intrinsic excited Eu
3+

, Yb
3+

 and Ce
3+

 states, 
5
D0,

7
F5/2, and the 5d

1
 levels respectively. This 

assumption is corroborated by crystal field analysis [2], which shows that the observed emission lines 

originate from the implanted REs.The direct involvement of the bulk band states and the absence of the normal 

“third party” energy transfer lead to much greater effective optical emission, as evidenced here by up to a 900 

fold enhancement of EL intensity at the key 1.3 to 1.5 m optical communication wavelength compared to 

classical RE devices. These results alter previous thinking on the behaviour of REs with semiconductors. 
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We describe a new phenomenon - band edge modification (BEM) of rare earth (RE) transitions in materials 

[1]. BEM refutes previous asumptions on the interaction of REs with semiconductors and other hosts.  The 

application here is in the commercially most important semiconductor – silicon.  This new technology extends 

silicon photodetection to the mid-IR.  

 

Silicon detectors and cameras currently completely dominate the ultra violet, visible and very near-IR regions 

- however they do not work well beyond 1.1 m. We have used ion implantation to introduce europium, 

ytterbium and cerium into silicon photodiodes; also formed by ion implantation. We show that BEM enables 

efficient silicon detectivity to be extended from 1.1 m, at the silicon band gap, out to the important mid-IR 

region. 

 

Intrinsic RE transitions are internal to the RE manifolds and so not able to contribute directly to carrier 

conduction by charge transfer to the energy bands of the host. Consequently, this makes them of little use for 

optical detectors.  In contrast, band edge modified RE levels interact directly here with the silicon bands 

giving extended photovoltaic detection in otherwise conventional silicon photodiodes. The wavelengths 

detected using Eu, Yb and Ce range from the near-IR at 1.1 m, the band gap of silicon, out to the mid-IR.  

 

The responsivites and detectivities of these new silicon detectors offer a real challenge to existing detector 

materials and devices in the 2 to 6 m range - currently dominated by more challenging, and expensive 

materials such as mercury cadmium telluride, indium antimonide and the arsenides. Replacing these materials 

with silicon would offer enormous benefits in cost, reliability and also integration with the silicon 

microelectronics for detection and imaging.  An additional benefit is using much less toxic materials and 

production processes – a major concern with current technologies.  

 

Low leakage currents achievable in silicon based photodiodes mean that further development of this new mid-

infrared silicon (MIRSIL™) technology could lead to thermoelectrically cooled or even room temperature 

detectors. Current commercial detectors in this area have to be cooled to liquid nitrogen temperatures (77 K) to 

achieve the performance needed for most applications. Higher operating temperature (HOT) detectors are an 

industry aim and, particularly if implemented in silicon, would be a major breakthrough. 
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Selection of polymers in lens design is based on knowledge of their optical and material properties. They have 

already successfully replaced glasses not only in consumer but in high quality optics. In addition to sufficient 

clarity and transparency, polymers provide more degrees of freedom in optical design and production. 

Injection moulding technologies offer a low-cost alternative to glass with some additional advantages as 

reduced weight, high impact resistance, greater range of configuration possibilities and ability to integrate 

proper optical and mechanical features.  

 

Different measuring techniques were applied to obtain precise refractometric data of various types of polymer 

materials at 22 wavelengths between 406 and 1320 nm. Bulk polymer samples as well as thin films have been 

studied [1, 2]. We have investigated optical and some material properties of principal polymers as polymethyl 

methacrylate, polystyrene and polycarbonate, copolymers styrene acrylonitrile and methyl methacrylate 

styrene, many trade-marks as CTE-Richardson, Zeonex, Optorez, NAS 21 Novacor, Bayer, and some 

development materials, produced by the USA Eastman Chemical Company. Dispersion analysis in the visible 

and in the near infrared spectrum has been accomplished.Important characteristics in lens design as principal 

and partial dispersions, Abbe numbers, relative partial and first order dispersions, reflection coefficients of 

polymer surfaces have been estimated.  

 

A drawback of polymer materials is their much higher temperature sensitivity in comparison to glasses. 

Variation of refractive index and dispersion with temperature is evaluated on base of measured refractive data 

and the determined thermo-optical coefficients in the range 10  50 °C [3]. Thermal linear and volume 

expansion coefficients, thermal “glass” and thermo-optical constants of studied plastics have been derived to 

evaluate alteration of optical and material constructive parameters and the temperature induced aberrations of 

polymer components. Reducing of thermal effects is possible in hybrid glass-plastic optical systems and 

proper choice of the housing materials.   

 

Selection of appropriate optical polymers in lens design is illustrated on base of examples of all-plastic and 

hybrid glass-plastic objectives. Computing of geometrical and wave aberrations is accomplished to ensure 

image quality of the designed optical systems.  
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In this paper we present photoluminescence measurements of CdSe nanoparticles embeded in 

transparent glass. Sample is prepared using an original technique, which combines both heat 

treatment, below glass crystalization temperature, and ultraviolet laser irradiation at 244 nm. 

Photoluminescence spectra were excited by several lines of Ar-laser line (514.5 nm, 501.7 nm, 

496.5 nm, 488 nm) measured using a Jobin Yvon model U-1000 monochromator, with a 

conventional photocounting system.  

 

Photoluminescence spectra displayed one main emission band at 2.14 eV. We identify this bands 

energy as basic interband transition in CdSe nanoparticle. We calculated energy of basic (1sh-1se) 

transition in spherical CdSe quantum dot (QD), within infinite potential barrier, in effective-mass 

approximation (EMA). Parameters of CdSe, electron and hole effective masses, energy gap and 

dielectric permittivity are transferred from literature [1]. On the basis of this model, average radius of 

synthesized CdSe QDs is about 3 nm. 
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Today, biodegradable films have known as significant eco-friendly food packaging materials to reduce of 

plastic wastes [1]. Biodegradable films were mainly made from some biopolymers such as polysaccharides 

[2], and proteins [3]. Among them, gelatin [4] considered to be the most ideal candidate. 

The thermal and mechanical properties of tot’hema-gelatin films were investigated to determine their 

suitability as eco-friendly films. The influence of different tot’hema concentrations on the physicochemical 

properties of gelatin films, and consequently on mechanical, and thermal properties was analyzed. A series of 

tot’hema-gelatin films were made by the gravity settling method. Results showed that prepared films were 

plasticized by tot’hema adding, and their mechanical properties (tensile strength, elastic modulus, elongation 

at break) were significantly improved.With the increase of tot’hema content, thickness and tensile strength 

(TS) of gelatin films increased, and the elongation at break (EB) decreased. Gelatin films containing 30% 

tot’hema had limit values of the thickness. In addition, thermal properties characterized by differential 

scanning calorimetry (DSC) showed that the thermal stability of films was better.In the thermograms of gelatin 

modified films, four endothermic peak can be observed. Briefly, the films prepared from gelatin and tot’hema 

showed great potential for packaging applications. 
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In the last couple of years, 2D materials have gained a leading role in material science and have been attracting 

a great attention due to their unique physical and chemical properties. Intercalation is one of the powerful tools 

for making 2D materials even more exciting by providing an additional doping and tunable properties. 

Graphene, a two-dimensional honeycomb lattice of carbon atoms, possess various fascinating physical, 

structural and electronic properties, which make it an excellent candidate for applications in electronics and 

photonics. Structures based on intercalated graphite have been extensively studied, showing many new 

properties and exotic physics [1,2]. This inspired many to investigate a single or few-layer intercalated 

graphene. 

Intercalated graphene has many extraordinary properties that are not present in pristine graphene [3-6]. It is 

also different compared to bulk intercalated graphite materials and has great spectra of characteristics induced 

by various intercalants, usually alkali or alkaline earth metals. This opens new possibilities for further research 

and a wide range of applications. Although some of those structures have even been realised experimentally 

[7,8], there are many more to come, with a great potential for both theoretical and experimental investigations. 

Based on the first principle calculations, such are Density Functional Theory (DFT) and Density Functional 

Perturbation Theory (DFPT), it is possible to calculate various electronic and optical properties as well as to 

simulate some of the most used spectroscopic techniques (like IR and Raman spectroscopy). Those methods 

enable a comparison with existing experimental data, as well as for getting directions for a new research and 

experiments. 

In this paper, we present the results of a DFT study on electronic and vibrational properties of the graphene 

intercalated with Sr and Yb, taking into account that their corresponding bulk compounds have been mostly 

investigated so far. The calculations were performed in Quantum Espresso software package [9]. 
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MeF2 crystals (Me = Ca, Ba and Sr) find applications as a transmitting window over a wide wavelength 

range, as a fast scintillator involving emission at 195 nm and 220 nm and doped with rare-earth (RE) ions as 

laser material. The trivalent RE-ions usually occupy a cation substitutional position in MeF2 lattice and charge 

compensation is required in order to maintain the electrical neutrality of the system. The extra positive charge 

is compensated by an interstitial fluorine ion. This indeed leads to a complex site structure including so-called 

isolated centers, pairs (or dimers) of adjacent rare-earth ions, clusters, etc., depending on the nature of the 

substituted cation, of the RE dopant and of the dopant concentration. In order to understand the optical 

properties of the crystals it is important to know the type of the charge compensating defects that are format. 

On the other hand the RE ions can be stabilized in the divalent state in MeF2 lattice, besides the trivalent state, 

with which can coexist. It is known that certain fraction of Yb
3+

 ions can be reduced to divalent state by 

various methods or directly in the as-grown crystals using high deoxidization growth conditions. 

Local compensation by pairing of Yb
3+ 

ions with interstitial F
–
 ions create electric dipoles whose 

relaxation are observed as dielectric relaxation. Temperature and frequency dependence of the complex 

dielectric constant (the dielectric spectrum) gives information about the impurity-defect aggregates [1, 2]. 

The optical absorption (OA) spectra of MeF2 crystals reveal various color centers after x-ray irradiation. 

The obtained color centers depend on the crystal quality, on the impurity in the crystals, and on the photons 

energy.The color of the irradiated crystals is due to their absorption bands in the visible spectral region 

The goal of this work is to study the dielectric spectra of the YbF3-doped (Ba/Ca)F2 crystals in order to 

obtain information about the influence of x-ray irradiation on the impurity-defect formation in these crystals. 

Various concentrations YbF3 -doped (Ba/Ca) F2 crystals have been grown using the conventional 

Bridgman method. Transparent colorless crystals of about 10 mm in diameter over 5-6 cm long were obtained 

in graphite crucible in vacuum (~ 10
-1

 Pa) using a shaped graphite furnace [3], the pulling rate was 4mm/h. 

The optical absorption spectra reveal the existence of both Yb
2+

 and Yb
3+

 ions.  

The dielectric measurements were performed using a RLC Meter ZM 2355, over the temperature range 

150–300 K, at nine audio-frequencies 1–100 kHz. The real part of the dielectric constant, ε1, has been 

calculated from the measured capacitance. The ε2 has been then calculated from D= ε2/ ε1 (D = tan δ is the 

dielectric loss). The relaxation parameters (the activation energy for dipole reorientation and relaxation time 

constant) have been calculated in order to characterize the observed relaxations. We assign the observed 

relaxation to trigonal type (C3v) centers in BaF2 host and C4v centers in CaF2 . The number of the dipoles, ND , 

that contribute to the dielectric relaxation have been determined from the dielectric spectra; the correlation 

between ND and the optical spectra has been also discussed. A comparison of dielectric spectra of CaF2:YbF3 

and BaF2:YbF3 crystals is also given. 
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Reflection volume hologram gratings, fabricated using a single-beam method, usually have only one Bragg 

peak in the spectrum. Z. Wang et al. [1]noted the appearance of multiple peaks in the spectrum of volume 

diffraction grating recorded in dichromated gelatin, phenomenon that looks like bifurcation within the Bragg 

plateau. We also observed bifurcation phenomenain the spectrum of diffraction gratings recorded in 

dichromated pullulan (DCP), which is a polysaccharide doped with chromium. Compared to dichromated 

gelatin, the DCP material is simpler to prepare and process, it is insensitive to humidity, thusretaining high 

resolution and diffraction efficiency [2]. The typical number of appeared peaks in the spectrum is two, three, 

or four. It was found that a multi-peak phenomenon isaccompanied by wider band gap.  

 

In order to understand multi-peak structure of band gaps, experimental results were compared with 

theoretically predicted results. The theoretical model investigates effects of several important parameters: 

absorption of radiation within the photosensitive layer, non-uniform thickness of the layer, refractive index 

modulation and non-uniform spatial period of the grating. Numerical reflection spectra of volume Bragg 

gratings have been calculated by the method of characteristic matrix [3]. Our model suggests that multi peak 

structures are produced by uneven modulation of Bragg layersinside the volume hologram. The results of 

calculation are in agreement with experimental results.  
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Recent research in nano-optical engineering and in nanomedicine as well, seek for methods of construction 

various type of nano-markers, nano-carriers and ways to deliver drugs in exactly determined regions of body 

[1,2]. In this process it is important to find methods of recognition certain type of molecules. It is obvious that 

optical recognition would be the easiest and most effective way to do it.  

 

Our research presents a model of molecular ultrathin crystalline film and inside it generated exciton system 

and corresponding methodology of analysis of theirs optical characteristics. Properties of these spatially very 

restricted structures are very sensitive to their surrounding surfaces.  Using the two-time Green's functions, 

adapted for crystalline structures with break symmetry [3,4], and graphical-numerical software, we have 

calculated energy spectra and possible exciton states [5].  

 

We have showed that the appearance and the presence of localized states in the surfaces and in the boundary 

layers of the film depend on the thickness of the film and the film surrounding, presented trough the 

perturbation parameters on surfaces.  

 

Optical properties in these structures demonstrate discrete and very selective resonant absorption spectra, 

depending on their perturbation on their surfaces. 
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Transparent Conductive Oxide (TCO) films play an important role in optoelectronic devices such as thin film 

solar cells and light emitting diodes (LEDs). Among various materials under development for TCO 

applications, Al-doped ZnO (AZO) film is a particularly attractive material because of its excellent properties, 

such as higher thermal stability, good resistance against damage by hydrogen plasma and low cost of 

fabrication, compared to indium tin oxide. The Al doping of ZnO is substitutional as Al
3+

 ions replace 

Zn
2+

ions in ZnO lattice. Each ionized Al atom contributes one extra valence electron as amobile charge carrier, 

so Al doping improves the electrical conductivity of the materialconsiderably. While doping ZnO with a 

suitable amount of Al can increase its materialproperties notably, excessive doping could adversely affect 

carrier mobility dueto ionised impurity scattering [1]. Therefore, on prime importance is todetermine the 

optimal doping concentration of AZO. Films of Aluminum-doped Zinc Oxide are observed to be transparent 

and electrically conductive. They have high transmission in the visible region as well as transmission to IR 

wavelengths up to 12 µm.  

Atomic Layer Deposition (ALD) is a self-limiting deposition method that is characterized by 

alternating exposure of the growing film to chemical precursors, resulting in the sequential deposition of mono 

layers over the exposed sample surface. The self-limiting nature of the vapor-solid reactions ensures pinhole 

free coatings with a precise thickness controlled at the atomic scale and a superb conformality onto large scale 

substrates with complex topologies [2].  

Thin films of Al-doped ZnO are prepared by ALD on Si and quartz glass substrates at temperature of 

200 C. The influence of Al content on the structure, optical, and electrical properties of AZO films is 

investigated. The optical properties and sheet resistance of the films with different Aluminum doping are 

measured and calculated. Refractive index (n), extinction coefficient (k), absorption coefficient α and 

thickness (d) of the films are determined simultaneously from transmittance and reflectance measurements at 

normal light incidence of films deposited simultaneously on two types of substrates – transparent (optical glass 

or fused silica) and opaque (Si-wafer). It is found that n and k decrease with wavelength. Using both the data 

for refractive index and Brugemann effective medium approximation the volume fractions of Al2O3 and ZnO 

are calculated by optical means. Optical band gap is determined using the obtained values of the absorption 

coefficient α and Tauc plots.It is observed that the full range of sheet resistance, from 50 Ω/sq to M Ω/sq, can 

be obtained with AZO by varying film thickness and deposition parameters. The obtained parameters are an 

indication that AZO is appropriate low cost replacement transparent conducting oxide (TCO) of Indium Tin 

Oxide (ITO) for all photonics applications. 

Finally, applications of AZO layers as transparent conductive electrodes in Liquid Crystal display 

devices are demonstrated.  
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In nanophysics, notion “semi-Dirac dispersion” denotes an electronic dispersion which is Dirac-like along 

certain direction in two-dimensional Brillouin zone (BZ) and quadratic along the orthogonal direction. Semi-

Dirac materials are in the focus of research lately due to their intriguing physical properties. These include 

anisotropic Klein tunneling, characteristic response to magnetic field and peculiar photoresponse to circularly 

polarized light. To help search for new materials with the semi-Dirac cones, we have recently formulated a set 

of group-theoretical conditions that allow such dispersion and have provided the list of symmetry groups 

satisfying them [1]. In present contribution we have considered a tight-binding model on a structure that 

belongs to diperiodic (layer) group p11b (Dg5). This group belongs to our list [1] and should host the semi-

Dirac cones in the vicinity of A and B points in the BZ. We have calculated electronic dispersion in the 

vicinity of these points. Obtained dispersion is of a semi-Dirac type thus confirming our theory. Here we also 

discuss other possible candidates for two-dimensional semi-Dirac materials by search Materials project 

database with particular attention to layered structures published in [2]. 
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MoS2 and WS2 are part of the family of transition metal dichalcogenide crystals (TMDC). TMDCs have 

emerged as a new class of semiconductors that display distinctive properties at a thickness of one and few 

layers [1-3]. They have also attracted much interest for applications in optoelectronics as detectors, 

photovoltaic devices and light emitters [4-8].  

Spectroscopic techniques are among the most important methods for research in the field of nanoscience and 

nanotechnologies. Parallel with the development of experimental methods, computational science becomes a 

very valuable tool in pursuit for new low-dimensional materials and their characterization. Employing high-

end modeling codes, it is possible to simulate from first principles more than a few spectroscopic techniques. 

Using approaches based on density functional theory (DFT), including density functional perturbation theory, 

time-dependent DFT and many-body perturbation theory, implemented in the Quantum Espresso software 

package [9], we study optical properties of low-dimensional materials, MoS2 and WS2.  

We calculate the dielectric function within the framework of the random-phase approximation (RPA) [10] 

based on DFT ground-state calculations, starting from eigenvectors and eigenvalues all calculated with 

Quantum Espresso. The final goal of our theoretical work is a comparison to corresponding experimental data.  

We compare our computational results with optical measurements on MoS2 and WS2nanoflakes.  MoS2 and 

WS2 were exfoliated by ultrasonic treatment in low-boiling point organic solvent [11-15] and characterized 

using UV/VIS spectrophotometry. We use our results for analysis of optical properties of liquid phase 

exfoliated MoS2 and WS2 nanoflakes, as a proven method for analysis of basic optical properties of 2D 

materials [11]. 
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Recently the development of new multifunctional materials based on gold nanocrystals (Au NCs) has been of 

great interest due to their unique properties. Film structures based on Au NCs are widely used in 

optoelectronics, medicine, catalysis, and surface enhanced Raman spectroscopy (SERS) for determining the 

trace amounts of substances. Films based on nonspherical Au NCs are promising candidates for using in SERS 

due to the possibility of adjusting the plasmon resonance to a certain frequency. Due to the nonspherical 

morphology of Au NCs, which are elements of the film structure, namely the presence of sharp ends, on which 

there is a significant electric field strength increasing caused by the excitation of delocalized valence electrons 

(surface plasmons) of Au NCs by the electromagnetic wave, films based on nonspherical Au NCs can be used 

as SERS-substrates for registration of intermolecular interactions of individual molecules. In this connection 

preparation of stable film materials based on Au NCs with precisely controlled NC size and morphology is an 

important task. 

The aim of the work was to develop methods for producing nanostructured films based on Au NCs of 

different morphology and size for creating effective SERS-substrates, study their properties, establish the 

relationship between Au NC morphology and their properties. 

One of the effective methods of film producing is template synthesis, which allows controlling the 

filling density of the substrate by Au NCs and provides a high uniformity of their sizes. Stable monolayer film 

structures based on Au nanospheres, nanoellipses and nanostars with an average NC size in the range of 20-80 

nm and 20% size dispersion were obtained. 

Characterization of the obtaining films (structure, composition, size, optical properties) was carried 

out by high resolution scanning and transmission electron microscopy, X-ray photoelectron spectroscopy and 

optical spectroscopy. 

It was shown that the Au NC morphology significantly influences on the optical properties of the 

produced film structures. The surface plasmon resonance (SPR) maximum of monolayer structures based on 

Au nanospheres (the average NC size is 50 nm) is observed in the region of 540 nm. In the case of monolayer 

structures based on Au nanoellipses (the average transverse NC size is 22 nm, longitudinal – 30 nm), the 

transverse SPR is in the region of 535 nm, longitudinal SPR is in the region of 650 nm, for the Au nanostar 

based films (the average NC size is 70 nm) the SPR peak is in the region of 620 nm. 

It was shown that nanostructured films based on Au nanostars are the most promising SERS-

substrates: the enhancement factor of Rhodamine 6G Raman signal using films based on nanostars reaches 

10
6
, dye concentration is 10

-5
 M. 
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Single electron in spherical shell in infinite potential barrier is investigated. Schrödinger equation in effective 

mass approximation (EMA) for this spherical heterosystem is solved to get eigenenergies and corresponding 

wave functions. In case of infinite potential barrier the ground state energy depends only on the shell width. 

Self-polarization potential is obtained by solving Poisson equation in three concentric spherical regions: core, 

shell and surrounding medium. Shell self-polarization energy depends on geometry (core and shell radius) and 

the dielectric mismatch at the QD boundaries. Self-polarization energy is used as perturbation. One electron 

ground state energy results are presented in this paper.  

 

CdSe is placed in the shell. Surrounding medium is dielectric of smaller permittivity (vacuum or water), that is 

the most realistic case. The dielectric permittivity core influences to energy of ground state is analyzed. 

 

The self-polarization changes of ground state energy for different compositions, i.e. core and shell radius, are 

presented. For smaller core radius and the same shell thickness (which imply the same unperturbed ground 

state energy) bigger is the energy correction, i.e. perturbed energy state, for one value of the core dielectric 

permittivity. Increase of core dielectric permittivity produces decrease of energy correction. 
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The most important issues in the development of materials for nonvolatile Phase-change Random Access 

Memories (PCEAM) are the speed of reversible transformation between amorphous and crystalline states, the 

sensitivity of the phase change material especially in point of view of the reset current and the stability of both 

amorphous and crystalline phase [1]. Doped Sb – based phase change materials possess growth dominated 

crystallization, the crystallization speed being increased with scalability. Pure antimony films show explosive 

crystallization at room temperature. Alloying with other elements can increase the amorphous stability. 

Especially the addition of Ge or Ga to the Sb film enhances the amorphous state stability, as a result of large 

activation energy for crystallization, and leads to large increase in the crystallization temperature. Sb – based 

materials combine high crystallization rates with excellent amorphous phase stability. These materials possess 

higher crystallization speed and improved amorphous state stability in comparison to GST materials [2]. The 

recrystallization time (crystallization of an amorphous volume in crystalline background) is for example as 

follows: Ge15Sb85 – 15 ns, In15Sb85 – 6 ns and Ga15Sb85 – 31 ns. The basic concept of the GeSb based phase-

change materials engineering is starting with the GeSb alloy or InSb alloy near to the eutectic composition as 

main component and addition of various third components doping in low percentage. High – crystallization 

speed combined with higher glass-transition (crystallization) temperature and lower melting temperatures are 

expected with these phase-change materials.  The key challenge in the research of Sb based materials for 

PCRAM application are the possibility to obtain a threshold (electronic) switching behavior and the magnitude 

(contrast) of the resistance changes between amorphous and crystalline states of the Sb-based alloys. Sb based 

materials as thin films were prepared by co-sputtering from two or three targets. Alloy targets with 

compositions Ge15Sb85, In20Sb80 as well as single element targets as Sn and Zn were used.  Some of the 

experiments are performed on mixed dielectric material/ Sb-based alloy samples. ZnS-SiO2 is used as 

dielectric material or nitrogen alternatively was introduced into the phase-change alloy compositions by 

reactive sputtering in mixed Ar/N2 atmosphere.  Electrical resistance is measured in thin film samples 

deposited onto SiN coated Si coupons. Resistance experiments are performed at heating rates of 5, 10, 20 and 

40 C/min in Ar gas. These measurements further are used for crystallization activation energies observation 

by following the crystallization temperatures change during heating with different heating rates. Activation 

energies (Ea) of 5.71eV and 5.07eV for GeInSbZn and GeInSbSn respectively are calculated from the data. 

DSC/DTA and XRD/XPS measurements are performed as well. It is found that GeInSb and GeSb based 

materials possess improved crystallization speed and amorphous state stability in comparison to GST 

materials. Single phase crystallization is observed in ternary GeInSb and quaternary GeInSb alloys with 

appropriate Zn and Sn doping. The limit of the doping concentration of Zn and Sn to the GeInSb for single 

phase crystallization is found to be ≤ 7 at.% of Zn and  up to 18 at.% of Sn. Two order of magnitude change in 

electrical resistance is measured during the phase transformation in these alloys. Melting temperature below 

500 C and crystallization temperatures around 200 C are characteristic for these alloys furthermore making 

them attractive for the practical application implementation.  

 

Acknowledgement:The financial supports by the Bulgarian Science Fund under the project FNI-T-02/26 is 

gratefully acknowledged. 

 

REFERENCES 

[1] S. Raoux, Annu. Rev. Mater. Res., 39, 25–48 (2009). 

[2] M. Wuttig, S. Raoux, Z. Anorg. Allg. Chem., 638(15), 2455–2465 (2012). 

 



Photonica 2017                                                                                                                       3. Optical materials 

 

98 
 

Electronic and optical properties of square HgTe quantum dots 
 

D. B. Topalović1,2, V. V. Arsoski1, N. A. Čukarić1, M. Ž. Tadić1and F. M. Peeters3 
1School of Electrical Engineering, University of Belgrade, Serbia 

2Vinča Institute of Nuclear Sciences, University of Belgrade, Serbia 
3Department of Physics, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium 

e-mail:dusan.topalovic@vin.bg.ac.rs 

 

 

After decades of applications for photovoltaic devices, HgTe has recently gained popularity due to its unique 

topological properties. As a matter of fact, HgTe quantum wells host the gapless edge states, which are 

protected by time reversal symmetry. Those states were predicted by comprehensive theory  [1], which was 

then confirmed by experiment [2]. In addition to HgTe quantum wells, HgTe quantum dots have been recently 

explored. Quantum confined states in HgTe colloidal quantum dots [3] were demonstrated to allow for fine 

tuning of the energy spectra from close to near infrared region [4-6].  

 

We investigate the electronic and optical properties of square shaped HgTe quantum dots. The electronic 

structure is calculated by means of the nearest neighbour tight binding (TB) method in a sp
3
d

5
s*basis where 

spin-orbit coupling is included [7]. A large number of hopping parameters is taken into account with the aim 

to accurately describe invertedband structure. The exciton states are modelled as the first-order corrections of 

the single particle spectra due to the Coulomb and exchange interactions [8]. The dipole moment is determined 

by including only the intraorbital terms, which was previously demonstrated to be a reasonable approximation 

for graphene, silicene, and phosphorene quantum dots [9,10]. And the appearance of trivial edge states is 

avoided by removing the dangling bonds from the quantum dot. 

 

The result of this study is that the peculiar edge states exist in square HgTe quantum dots. Furthermore, 

influence of in-plane electric field and perpendicular magnetic field on the optical absorption spectra is 

investigated. The edge and bulk states are found to behave differently in external fields, and those differences 

are explored and analyzed in detail.  
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Azopolymers are one of the most efficient materials able to record the polarization state of light. As a result, 

they have numerous applications in the field of polarization holography, such as data storage and diffractive 

optical elements with unique properties [1-3]. An essential parameter for each diffractive element, in particular 

a diffraction grating, is its diffraction efficiency η i.e. the ratio between the intensity of the diffracted light and 

the intensity of light incident to the grating. 

In order to optimize the recording conditions and obtain high-efficient polarization holographic gratings, in the 

present work we study the dependence of the diffraction efficiency on the recording angle and thickness of a 

series of azopolymer layers. 

Thin film samples with thicknesses 470, 850 and 2400 nm are prepared by spin-coating of a water soluble 

azopolymer PAZO (poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium 

salt) [4]. An interference pattern is recorded in these samples, formed by two plain waves with left and right 

circular polarization (LCP and RCP) from a He-Cd gas laser (λrec = 442 nm). The diffraction efficiency of the 

gratings is probed in real time during the recording with a right hand circularly polarized (RCP) probe laser 

with wavelength λprobe = 635 nm. Three recording angles are used – 2θ = 10°, 20° and 30°, where 2θ is the 

angle between the two recording beams. 

The kinetics of diffraction efficiency η(t) in the +1 diffraction order are presented and compared, depending on 

the film thickness and recording angle. Our experimental results indicate that highest diffraction efficiency 

(more than 40%) is obtained for the sample with thickness 2400 nm and for recording angle 2θ = 10°. As the 

holographic recording in azopolymers is usually accompanied by formation of surface relief gratings [5,6], the 

surface topography of the recorded samples is also investigated by atomic force microscopy and the AFM 

scans are presented. 
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In this work, we have investigated the Faraday rotation and Verdet constant of potassium doped nickel oxide 

thin films [1]. The effective mass of nickel electrons presented as a function of frequency for all investigated 

thin films. The frequencies of longitudinal and transverse phonons are also determined. The damping ratio is 

calculated in the spectral region 330 – 610 nm. The concentration and the drift velocity of free charge carriers 

are presented as a function of wave length. The effective mass of NiO:K (1%) has the largest values in the 

spectral region between 320 nm and 460 nm. This conclusion can be useful when these thin films are applied as 

light-emitting diodes. 

For all potassium doped thin films the damping ratio has large values. This result is very important for their 

application as solar cells. 
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Thermographic phosphors are materials that are synthesized in such a way that their structural stability 

regarding various parameters including the temperature, pressure, magnetic field, electromagnetic radiation 

could be obtained. They typically consist of a ceramic host and rare-earth dopant. These materials are widely 

used in many applications [1-9]. The temperature dependency of their luminescence is used for temperature 

sensing.  

 

In this study we investigate temperature dependence of  luminescence spectra of nanopowder samples of 

Gd2Zr2O7:Eu
3+

. Europium doped Gd2Zr2O7 nanopowders were prepared by Solution Combustion Synthesis 

(SCS) method [10]. The structural characteristics of obtained material were confirmed by SEM images and 

XRD analysis [10]. The identification and time resolved analysis of fast decayed (from 
5
D1 state) and slow 

decayed (from 
5
D0 state) europium lines in this host were performed using TR-LIF (Time resolved Laser 

induced Fluorescence) spectroscopy experimental setup. The setup consist of tunable OPO (Optical Parametric 

Oscillator) laser and streak camera, explained in more detail in [11]. 

 

The photoluminescence spectra used for analysis of Gd2Zr2O7:Eu
3+

 nano phosphor optical emission 

temperature dependence were acquired using continuous laser diode excitation at 405 nm and Ocean Optics 

spectrometer USB2000. We plotted the temperature sensing calibration curves based on various combinations 

of ratio of intensities of two europium optical emission lines. It seems that any combination of one slow 

decayed and one fast decayed line could be an optimal choice for temperature measurements. Finally, we 

concluded that the intensity ratio of spectral lines at 613 nm and 539 nm seems to be a good choice for 

temperature measurements. Our results show that the synthesized material can be efficiently used as 

thermographic phosphor up to 700 K. 
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Analyzing the blood flow waveform can be obtained very useful information for medical diagnostics. The 

blood flow waveform can be measured using the optical properties of blood. Red blood cells contain 

hemoglobin which transports the oxygen to the cells. Absorption spectra for oxyhemoglobin and 

deoxyhemoglobin are differ. The oxyhemoglobin has significantly lower absorption of the 660 nm wavelength 

than deoxyhemoglobin, while at 940 nm its absorption is slightly higher.  

 

Using absorption spectra of oxyhemoglobin we development of optical sensor for non-invasive measurements 

of arterial blood flow waveform. The sensor is based on a physical principle of reflective 

photoplethysmography (PPG) [1,2]. As the light source we used serially connected infrared diodes 

(wavelength 890 nm) whereas NPN silicon phototransistors were used as light detectors. The electronic 

components were molded into square package and poured with silicone. Such preparation produced an elastic 

superficies that allowed excellent attachment of the sensor on the skin's surface. Moreover, a serial connection 

of infrared diodes and phototransistors completely eliminated signal artifacts caused by minor muscle 

contractions. The sensor can be used to measure the blood flow waveform for the arteries that are located close 

to the skin surface, such as the carotid, radial and femoral artery.  

 

The presented sensor design is suitable for clinical measurement of arterial blood flow where further analysis 

of the waveform is required. This is especially important for the blood flow analysis in patients with different 

forms of arrhythmia, in patients with epilepsy, in patients suffering from different forms of a sleep disorder 

where severe disorders in the arterial blood flow could be present causing consequentially thrombosis. Our 

new sensor design may also find application in analysis of heart rate adaptation during and after physical 

activity and for different medical treatment monitoring.   
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We developed home-builtnonlinear laser scanning microscopy [1] which was used for the investigation of 

amyloid β(A) peptide aggregation process in the presence of metal ions. Acascade aggregation process is 

one of the most studied hypothesis about causes of Alzheimer’s disease (AD). AD is a progressive brain 

disorder that is the most prevalent cause of dementia in the elderly population and the third leading cause of 

death in developed countries. Factors that are believed to affect Aβ fibrillizationin vivo include metal ions such 

as Cu(II) and Zn(II)[2]. 

 

Main technique in this research is most well known variation of nonlinear microscopy, two-photon excitation 

fluorescence microscopy (TPEF). Samples are originated from blood serums 4
th
 to 12

th
 months old AD mouse 

model system. Autofluorescence signal was obtained for the determination of Aβ level byTPEFmicroscopy. 

Absolute concentration of Cu(II) and Zn(II) ionswas measured by mass spectrometry. From this data we will 

be able to determine correlation level between Aβ level and metal ions concentration. Another approach to 

study relationship between Aβ development into mature fibrils and metal ionsconcentration was on ex vivo AD 

mousebrain slices. During defined time stages of Aβdevelopment each brain slicewastreated whit Cu(II) and 

Zn(II) ions and imaged via TPEF microscopy.  

 

Accurate results on blood serums have potential to include this AD biomarker in standard diagnostic 

procedures. In general, our findings can be of the importance for novel treatments whit metal ions in AD.  
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Fluorescence of hemoglobin, the main intracellular component of erythrocytes, upon excitation by 

ultra-short pulses in red and near infrared region [1-3], allows two-photon excited fluorescence (TPEF) 

microscopy to be used as a tool for label-free imaging of these cells, even in vivo [4]. Despite wide 

applicability of erythrocytes in diagnostic tests, and distribution of hemoglobin as a marker of their functional 

status under physiological or pathological conditions [5], data on spatial distribution of hemoglobin at the 

single cell level are scarce.  

Based on findings reported by Zheng and co-workers [1], we have utilized TPEF microscopy to map 

the spatial distribution of hemoglobin in porcine erythrocytes ex vivo. Porcine erythrocytes were used as 

extremely susceptible cells to stress and thus represent a good model system to study influence of different 

factors (heat, humidity, malnutrition, infections…) on erythrocyte morphology and hemoglobin distribution. 

The custom made experimental set up for NLSM utilized the train of the femtosecond pulses from Ti:Sapphire 

laser (Coherent, Mira 900-F) at 730 nm. The repetition rate was 76MHz, and pulse duration was 160fs.  

The results demonstrate that the resolution of the TPEF microscopy is good enough for the analysis of 

erythrocytes at single cell level. Two different morphological types of porcine erythrocytes, normocytes and 

echinocytes, collected during mild autumn and extremely hot summer, respectively, were clearly differed by 

TPEF microscopy. Besides, erythrocytes having intermediate morphology i.e. having some characteristics of 

both abovementioned morphological extremes were also found. The distribution of hemoglobin in 

erythrocytes noticeably followed the cells’ shape, where erythrocytes with altered morphology demonstrated 

significant accumulation of hemoglobin in cells’ protrusions. During TPEF microscopy experiments 

fluorescence emission from the exposed cells increased, but longer exposure led to irreversible change of 

erythrocytes, as already shown in literature [3]. Since functional status of erythrocytes in vivo (both in 

physiological or pathological states) and ex vivo (e.g. transfusion bag) [3] is accompanied with change of 

morphology and consequently altered distribution and functionality of hemoglobin, result of this study even 

though obtained on animal cell model, confirmed strong potential of TPEF microscopy for such application in 

biomedical research. However, in vivo tests by TPEF microscopy merit further experimental optimization.  
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Standard cancer diagnostics, based on examination of tissue biopsy samples, include multiple steps of time 

consuming preparation of tissue slides that includes formalin fixation, paraffin embedding, sectioning and 

staining (most frequently with hematoxylin and eosin (H&E)). Every step of this procedure alters the natural 

characteristics of the tissue that could be diagnostically valuable and multiplies the risk of formation of 

artifacts in the samples, which could lead to mistakes in the diagnosis. [1] 

The application of nonlinear microscopy techniques, such as two-photon excitation fluorescence (TPEF) and 

second harmonic generation microscopy (SHG) and confocal fluorescence microscopy (CFM), has proven to 

be useful for observation of peculiarities and patterns in ex vivo tissue samples for differentiation between 

neoplasia and healthy tissue.[2,3] Implementation of these microscopy techniques in cancer research and 

pathology would benefit from investigation of different protocols for processing of the samples and how they 

affect the quality of the images and their diagnostic value. 

This study is dedicated to the comparison of images from hematoxylin and eosin (H&E) stained, unstained 

paraffin embedded, as well deparaffinized and rehydrated biopsy tissue sections with two-photon excitation 

fluorescence, second harmonic generation and confocal fluorescence microscopy.  

Routinely processed and stained with H&E samples are characterized mainly by the fluorescence of the eosin 

itself that deposits in structural proteins. The images obtained from unstained paraffin embedded sections are 

diagnostically unusable to the paraffin interfering with the signal from the tissue samples. Hence 

deparaffinization of the samples was carried on, also rehydration was performed for further restoration of the 

tissue sections to a physiological state [4]. For mounting of the rehydrated tissue samples Apathy’s mounting 

media was used, since it is aqueous based, suitable for longer storage, has a refractive index close to the one of 

the used coverslips, but most importantly was deemed non fluorescent and applicable for fluorescent 

microscopy. However, high level of the noise in the acquired images was observed that we considered to arise 

exactly from the mounting media. The images obtained by unstained samples, where the signal originates 

solely from endogenous sources, were comparable with the ones obtained by H&E stained sections. 

The results could be beneficial for translational cancer studies, obtaining additional information from paraffin-

embedded archived samples for retrospective studies or to gain more knowledge from and for rare samples. 
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The ion channels on the membrane of filamentous fungi remain uninvestigated to this day due to their 

inaccessibility to patch-clamp pipette, brought about by sturdy cell wall. Small number of described channels 

is from very specific types of cells (wall less mutants or sporangiophore aerial cell membrane). The enzymatic 

approaches of cell wall removal, albeit successful on plant cells, failed when applied to fungi. In order to 

obtain clean “patchable” membrane from any type of filamentous fungal cell we undertook a task of finding 

the conditions for cut of the small part of the hyphal wall by laser surgery on the model filamentous fungus 

organism, Phycomyces blakesleeanus. The successful wall surgery should result in exposure of large enough 

portion of cell membrane with a minimal damage to the protoplast. Therefore, we performed series of 

experiments with cell plasmolisys in hypoosmotic media and subsequent deplasmolisys, to determine the 

conditions for reliable retraction of cytoplasm that could be reversed. Next, hyphae, grown on glass coverslips 

coated with collagen, were plasmolysed and mounted on the stage of the homemade nonlinear laser scanning 

microscope for imaging and cell surgery [1]. The Ti:Sapphire laser (Coherent, Mira 900-F) has been used as a 

light source in the microscope. It has operated at 730nm. This wavelength enables two photon excitation of 

auto-fluorescence in cytoplasm, as well as dye (Calcofluor white), visualizing fungi wall. We have used Carl 

Zeiss, EC Plan-NEOFLUAR, 40×1.3 oil immersion objective for focusing of the laser beam and collection of 

fluorescence. A visible interference filter (415nm - 685 nm) in front of detector has been used to remove 

scattered laser light. The successful cutting of cell wall could be achieved within the range of laser intensities 

and cutting speeds (dwell times). Throughout the experiment, fungi were kept in azide or Brefeldin A in order 

to block the process of depositing the new wall material. Afterwards, hyphae were slowly deplasmolysed to 

induce exit of a portion of the protoplast through the laser-cut hole in the cell wall. However, in some 

instances, the part of the protoplast bulged through the hole immediately after cell surgery, while the cell was 

still in hypertonic solution. In other instances, the cytoplasm remained away from the cut hyphal apex even 

through series of slow incrementing hypotonic solutions. Finally, when laser cutting was applied on the side of 

the cell only, as to cut a small hole, the successful exit of a portion of protoplast through the hole during 

deplasmolisys could be reliably achieved. 
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A single-sided optical (cw-laser irradiation-based) detection of characteristic inhomogeneities (inclusions, e.g., 

ill places in tissues) in highly-scattering homogeneous host media (e.g. healthy tissues) is performed by 

evaluating the difference between the backscattered-light intensity distributions over the entrance/exit plane of 

the medium in the presence and absence of inclusions. According to the conventional wisdom, the 

information-carrying signal obtained in such a way should be positive and stronger at a higher turbidity of the 

inclusion compared to the host medium; and vice versa, in the opposite case. This is so indeed when the 

inhomogeneity of interest is located at a relatively large depth (e.g., over 1 cm in front of the sensing laser 

beam) in the host medium. An inverse effect is observable, however, at smaller depths of the inclusions. Then, 

the “positive inclusions” may produce “negative signals”, and vice versa. Thus, the main purpose of the 

present work is to clarify, explain and illustrate theoretically and experimentally this inverse effect and 

estimate its potential for applications. 

 

The analysis of the effect is based on results obtained by us theoretically and proved experimentally 

concerning the features of the intensity distribution of laser light backscattered from liquid tissue-like 

phantoms of different turbidity. The tissue-mimicking phantoms employed in the experiments were Intralipid 

(IL)–20% dilutions of different concentrations in distilled water. The inhomogeneities, infused into test tubes 

perpendicular to the laser beam, were made of the same material as the host medium, but having different IL 

concentration. The optical receivers, whose aperture size is considerably smaller than the test tube diameter 

and the width of the intensity distribution measured, were scanned normally to the laser beam and at some 

distance (~ several millimeters) away from its axis. 

 

According to the theoretical expectations, the experimental results show that the inverse effect is present at 

small depths of the inhomogeneities when they are not entirely enveloped by the scattering-widened laser 

beam. In addition, the IL concentration in both the host medium and the ingredient should exceed 0.7%. In the 

opposite case, or when one of the concentrations is below 0.7% and the other one is over this value, the 

inverse effects arisen have more complicated appearance. At larger depths, where the inclusion is entirely 

enveloped by the laser light beam, the inverse effect does not appear. 

 

The results obtained in the work would allow one to develop approaches for determining the depth, size and 

contrast of characteristic inhomogeneities in turbid media. This, in turn, would help solving the so-called 

(lesion) specificity problem in the optical diagnostics and tomography. The knowledge acquired would also 

assist in achieving a more profound understanding of the process of formation of the backward light fluxes in 

laser sensing of vast-scale highly scattering objects in the atmosphere and space. 
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For over half a century, laser technology has undergone a technological revolution. These technologies, 

particularly semiconductor lasers, are employed in a myriad of fields. Optical medical diagnostics, one of the 

emerging areas of laser application, are on the forefront of application around the world. Optical methods of 

non- or minimally invasive bio-tissue investigation offer significant advantages over alternative methods, 

including rapid real-time measurement, non-invasiveness and high resolution (guaranteeing the safety of a 

patient) [1,2]. These advantages demonstrate the growing success of such techniques.  

 

We will outline the recent status of laser technology applied in the biomedical field, focusing on the various 

available approaches. We will further consider the advancement and integration of several complimentary 

biophotonic techniques into single multimodal devices, the potential impact of such devices and their future 

applications [3]. Based on our own studies, we will also cover the simultaneous collection of physiological 

data with the aid a multifunctional diagnostics system, concentrating on the optimisation of the new 

technology towards a clinical application [4-11]. Such data is invaluable for developing algorithms capable of 

delivering consistent, reliable and meaningful diagnostic information, which can ultimately be employed for 

the early diagnosis of disease conditions in individuals from around the world.   
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Among major acute complications of diabetes are ketoacidosis and hyperglycemic hyperosmolar state. 

Diabetic ketoacidosis (DKA) appears due to the insulin deficiency, which causes hyperglycemia and increased 

lipolysis, and, as a result, increased level of ketone bodies in blood and urine. This reduces pH value of blood, 

leading to metabolic acidosis. Hyperglycemic hyperosmolar state (HHS) is characterized by extremely high 

serum glucose level and hyperosmolality without significant ketone bodies production. However, some 

overlapping between the characteristics of DKA and HHS may exist. Precise diagnosis, as well as clinical and 

biochemical hour-by-hour monitoring, is crucial for the adequate treatment of these severe and life-threatening 

conditions.  

Raman spectroscopy, a non-invasive method which is based on the effect of inelastic light scattering and can 

be used for molecular fingerprinting of various biomaterials [1], was applied in order to try to discern between 

DKA and HHS conditions in a label-free and time efficient manner. Raman spectra of blood serum and plasma 

of patients diagnosed with diabetes type 2 with/without acute complications of ketoacidosis and HHS were 

obtained. Spectra were acquired in the range 350-3700 cm
-1

 using excitation line of 532 nm and afterwards 

background corrected with polynomial function of 5th order. Dominant features of the majority of spectra are 

positioned at 1003 cm
-1

, 1155 cm
-1

, 1515 cm
-1

 and belong to phenylalanine and beta carotene (resonantly 

enhanced) vibrations. Amide (protein) and lipid related bands were registered in the intervals (1200 -1380) cm
-

1
 and (1450-1700) cm

-1
. 

Potential of Raman spectroscopy for differentiation between the two acute complications of diabetes is 

analyzed by use of principal component analysis (PCA). PCA was performed using different spectral intervals 

in order to classify spectra of serum and plasma from different patients according to the inter-spectra 

variations in these intervals. Most pronounced differences between the spectra of serum of patients with 

ketoacidosis compared to the spectra of serum of HHS patients were expressed in the high-wavenumber region 

containing C-H and O-H vibrations.  
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder targeting lower and upper motor 

neurons of the central nervous system. Although a number of pathological processes have been described in 

ALS, the exact mechanisms leading to the selective motor neuron vulnerability are still not known. However, 

the interplay between motor neurons and astrocytes is considered crucial in the outcome of the disease. 

Mutations causing a toxic gain of function in the Cu,Zn superoxide dismutase (SOD1) are abudant in familial 

cases of ALS.  The expression of mutant SOD1 has also a substantial impact on astrocytes, contributing 

through non-cell autonomous mechanisms to motor neuron pathology and disease spread. 

Our study was set to answer the following questions in the pathophysiology of ALS by working with the 

hSOD1 G93A rat model and by using the hard X-ray fluorescence microscopy as well as the soft X-ray 

tomography:  

i) In which stage could we identify “hotspots” of trace metals and protein aggregates accumulated at 

the subcellular level by using cryo-preserved cell cultures of astrocytes? 

ii)  Which is the structural organization and cellular localization of SOD1 protein aggregates in the 

ALS model astrocytes? 

iii)  What is the ultra-structural organization of mitochondria in the ALS model in comparison to non-

transgenic astrocytes?  

Here we combined two different synchrotron light based microcopies: the soft X-ray microscopy and 

tomography in carbon absorption contrast in the so-called “water window” energy range in order to examine 

structural changes in astrocytes, to investigate intracellular protein aggregates and their relations with changes 

in mitochondrial ultra-structure, and hard X-ray fluorescence at 10keV in order to study the cellular 

distribition of trace metals, which play a pivotal role in ALS as well as in other neurodegenerative 

proteinopathies [1].  

For the X-ray microscopies we used the whole intact astrocytes, close to their natural state, without any 

staining or chemical embedding or mechanical (cutting) change, i.e. cryo- preserved cells by vitrification [2]. 

The soft X-ray microscope helped to elucidate protein aggregates in situ, as well as the mitochondrial ultra-

structural changes. We present here the data on structural changes at the sub-cellular level, where we localized 

the centres of intracellular protein aggregation in astrocytes, combined with detailed trace metals maps in 

intact astrocytes.  

It is very important to understand the initial process of the formation of these biomolecular disease markers 

and the development of their structure-function relationship. This may finally offer therapeutic time windows 

and solutions for overcoming mutant SOD1 cytotoxicity as well as proteinopathies with aggregations in 

general.  
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Approximately 13 million of new cancer cases are diagnosed every year, and the mortality rate is projected to 

rise, with an estimation of 13.1 million deaths in 2030 [1]. The conventional cancer treatments such as 

chemotherapy, radiotherapy and surgery suffer from serious drawbacks that hamper patients’ healing and 

recovery: radiation therapy is limited by the cumulative radiation dose,chemotherapy is frequently associated 

with systemic side-effects, while rather high recurrence rate is associated with surgical resection of tumors. 

 

Photodynamic therapy, which implies combined use of a photosensitising medicament and low-intensity light 

to cause selective damage to the target tissue, is an alternative tumor-ablative, function-sparing and cost-

effective oncologic approach [2]. Usually, medicaments are delivered to diseased tissues by different types of 

nanoparticle (NP) carriers. The light-induced medicament activation is based on the intrinsic optical properties 

of a medicament carrier and a medicament itself. In most cases, a NP-based medicament carrier or a 

medicament itself acts as photosensitizers [PSs], by triggering the free radical reactions in cells leading 

eventually to the cell death. The most PSs are characterized by high lipophilicity, and due to that, different 

encapsulation strategies have been explored to protect the hydrophobic PS from the aqueous environment. 

 

We used TiO2 NPs for medicament carriers because of their availability, non-toxicity, stability and possibility 

of surface modification. On the other hand, Ru(II)(dcbpy)2Cl2 complex, that belongs to the second generation 

of metallodrugs, can be easily attached to the TiO2 surface via carboxyl groups [3], while central metal ion 

remains free for the interaction with biomolecules. Additionally, this system has genotoxic effect on 

melanoma cells [4]. 

 

The aim of the present study was to modify the nanocomposite system (NCS) based on the Ru complex and 

TiO2 NPs in order to increase the cellular uptake and its efficiency against tumor cell lines. We have stabilized 

a colloidal dispersion of TiO2 NPs on pH 7 by surface modification, whereas NCS was formed as described in 

our previous work [4]. NCS was encapsulated in the small unilamellar vesicles made mainly of phosphatidyl-

choline and phosphatidylethanol-amine [5]. Binding of Ru-complex to the surface of the TiO2 NPs was 

confirmed by Fourier transform infrared spectroscopy. The influence of light of various wavelengths and 

intensity on the complex release kinetics from encapsulated and non-encapsulated NCS was investigated, and 

both these systems had shown exceptional light-controllable complex-release ability. 
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Ejection fraction (EF) is the most used parameter for characterisation of  Heart Failure (HF) condition. EF 

is commonly calculated using echocardiography, which is an expensive non–invasive method and not used in 

primary healthcare. Systolic time intervals (STI) represent a non-invasive and inexpensive method for 

determination of EF[1, 2]. 

Heart failure (HF) is the single most expensive diagnosis in medicine. 2–3% of adult population in 

developed countries have HF diagnosis. It is not detectable by ECG test and it is commonly detected in a late 

stage, when the process is irreversible [2-5]. 

In this paper, a multiparametric cardiac measurement system for determination of STI is presented. 

Measurement system consists of sensors for simultaneous acquisition of electrocardiographic (ECG), 

phonocardiographic (PCG), photopletysmographic (PPG) and cardiovascular (CV) pulsation signals. CV 

pulsation signals are measured by long period grating (LPG) fiber-optic sensors[6]. 

Two non-invasive methods for measuring systolic time intervals (STI) were applied on a set of 6 healthy 

volunteers, based on ECG, PCG and CV pulsation signals. CV pulsation signals were measured on carotide 

arthery with PPG and LPG sensors.  

In the first method, EF was calculated from the obtained STI signals, using CV carotide pulsations 

measured with the PPG sensor, giving EF values in the range from 0.60 to 0.68, with maximal standard 

deviation of 0.05. In the second method, EF was obtained using CV carotide pulsations measured with LPG 

sensor, giving EF values in the range from 0.60 to 0.66, with maximal standard deviation 0.06. Calculated 

values of EF with both methods were in the 0.55 to 0.75 range which corresponds to normal EF range in 

healthy individuals. 
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Insects are the most numerous group of animals on the Earth, with more than a million described species and 

the total number of species estimated to be six to ten millions [1]. Insect taxonomists face difficult tasks of 

describing, classifying and identifying vast numbers of entirely new or little-known species. Most common 

classification of insects is based on morphological characteristics of adults. The mouthparts, wing venation, 

surface cuticular structure or even internal organs, such as different glands and reproductive organs could have 

each a high taxonomic value. These structures can be seen in most cases only under high-resolution 

microscope.  

 

Fluorescence of chitin, as the most abundant component of insect integument, makes nonlinear microscopy 

(NLM) useful imaging technique in entomology. This is a novel technique [2, 3], with several advantages 

compared to classical or confocal microscopy. Namely, there is no need for staining or tissue clearing, 

penetration depth is large and photo-damage reduced [3]. Here we present a part of our morphological study of 

several insect species, inhabiting Serbia. Detailed images of the mouthparts, head, abdominal segments and 

genitalia were recorded by NLM using two-photon excited fluorescence (TPEF). All important taxonomic 

characters, such as number and position of certain setae, sub-micron structure of cuticle, shape of copulatory 

organs can be analyzed, performed measurements calculated quantitatively and further used in morphometrics, 

thus helping in taxa identification and taxonomy.  
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Little is known about cellular, molecular and physiological properties which underlie early neural electrical 

activity in the human fetal brain during in utero development. It was suggested that connexins, a family of 

transmembrane proteins forming gap junctions (which allow exchange of molecules between two cells) or 

hemichannels (which allow passage of ionic currents and molecules between extracellular and intracellular 

space), play an important role in the generation of electrical activity in the developing human fetal cortex [1]. 

The main goals of our study was to determine, by means of immunofluorescence and confocal microscopy, the 

connexin isoforms that are present in the human fetal cortex during the second trimester of gestation and to 

develop the best method for quantitative analysis of their distribution in different human cell types. To detect 

connexin molecules, we performed immunohistochemistry on cryotome microsections harvested from 

postmortem human fetal brain tissue samples. We used polyclonal antibodies against: 1) neuronal marker 

NeuN: 2) connexin isoforms Cx26, Cx36, Cx45: and the cell nucleus marker ToPro. Image acquisition was 

obtained on a confocal laser scanning microscope LSM 510 in multitrack configuration, with two objective 

lenses Plan-Apochromat 63X oil and Plan-Neofluar 20X; An Argon laser (spectral lines 457 nm, 488 nm and 

514 nm) was used with secondary antibody Alexa Fluor 488 with emission max at 617 nm and ToPro with 

emission max at 660 nm, in addition, a dichroic mirror 488/543/633, with band pass filter 505-530 and two 

long pass filters 585 and 650 nm were used. The analysis of obtained images was done using the ImageJ 

program [2]. Our approach consisted of detecting and counting neuronal and non-neuronal (putative neuron 

progenitors and glial) cells that express different connexin isoforms. The overall number of cells positive for 

the nuclear stain (ToPro), were tested for the expression of signal for NeuN and a graphic mask was created 

from cells that also show connexin stainings in their membranes. This mask, formed by ROI manager in 

ImageJ program, was used to characterize connexin-expressing neurons in different gestational weeks and 

different cortical zones (e.g. cortical plate, subplate and subventricular zone). Preliminary results showed that 

in the second trimester of gestation, neurons are the main cell population that contains connexins in their 

membrane. Thus, we concluded that connexin isoforms Cx26, Cx36 and Cx45 were significantly expressed 

during the second trimester of gestation in the postmitotic neurons of the human fetal cortex. 

 

 

 

REFERENCES 

[1] A.R. Moore,W.L. Zhou, C.L. Sirois, G.S. Belinsky, N. Zecevic and  S.D. Antic, PNAS 16;111(37): E3919 

– E3928 (2014). 

[2] E.C. Jensen, Anat rec: 296: 378-381 (2013). 

 

 

 

 



Photonica 2017                                                                                                                             4. Biophotonics 

 

115 
 

Combined photoacoustic and optical microscopy for the detailed description of 

ciliary body anatomy 
 

George J. Tserevelakis
1
, Stella Avtzi

1
, Miltiadis K. Tsilimbaris

2
, and Giannis Zacharakis

1 

1
Foundation for Research and Technology Hellas, Institute of Electronic Structure and Laser, N. Plastira 100, Heraklion, 

Crete, Greece, GR-70013 
2
University of Crete, School of Medicine, Laboratory of Vision and Optics, Voutes Campus, Heraklion, Crete, Greece, 

GR-71003 

e-mail: tserevel@iesl.forth.gr 

 
The ciliary body constitutes an ocular structure of high importance for both ophthalmologists and vision 

scientists due to its significant role in the secretion of aqueous humor in the anterior chamber by the 

epithelium cells, as well as, the accommodation of the eye through the dynamic change of the crystalline lens 

optical power [1]. During the previous decades, several studies have attempted to delineate the anatomy and 

the physiological function of the ciliary body using scanning electron microscopy (SEM) [2], to acquire high 

resolution superficial observations of ex vivo specimens. On the contrary, the application of optical based 

microscopy techniques for similar investigations has only been reported in a small number of cases, and with 

the presence of several limitations including the extremely small field of view and the lack of imaging contrast 

specificity. In this work, we present the application of a prototype hybrid microscope incorporating 

photoacoustic and optical imaging modalities [3], [4] for the detailed three-dimensional imaging of the whole 

ciliary body in rabbit eyes. 

The system is developed around a modified inverted optical microscope serving as a platform for the hybrid 

imaging apparatus. For the photoacoustic signal excitation, the microscope employs a variable repetition rate 

diode pumped ns laser (energy per pulse: 29.4 μJ, pulse width: 10 ns, selected repetition rate: 6.8 kHz) 

emitting infrared radiation at 1064 nm and 532nm after frequency doubling. Regarding fluorescence 

excitation, a continuous wave (CW) diode laser (power: 4.5 mW) emitting at 450 nm is employed, whereas a 

flip mount mirror switches between the two modalities. The sample is sequentially raster scanned using a sub- 

μm precision set of motorized stages and the generated photoacoustic and fluorescence signals are detected by 

employing a piezoelectric ultrasonic transducer (transmission mode) and a high sensitivity photomultiplier 

tube (reflection mode) respectively. 

It was observed that the acquired photoacoustic and glutaraldehyde induced autofluorescence images were 

spatially complementary, each of them offering unique anatomical information regarding the examined 

specimens such as the pars plana and pars plicata ciliary body portions, the iris, as well as, the attached zonule 

fiber strands.  

We anticipate that this novel and powerful diagnostic approach will have the potential to be used in 

biomedical research involving ocular accommodation, ageing effects (e.g. presbyopia), or several ciliary body 

abnormalities, shedding more light, in this manner, on the physiological function and pathology of the human 

eye. 
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Human dentin is an organized hard, mineralized tissue of a tooth, composed of 70 wt% calcified tissue 

(hydroxyapatite), 20 wt% the organic phase (mostly composed of collagen type 1 and the other fibrils, 

glycosaminoglycans and proteoglycans), and 10 wt% water [1]. Dentin has a specific tubular structure 

containing tubules, peritubular and intertubular parts, biologically arranged to meet the specificmechanical, 

nutritional, sensory and reparative needs of a tooth [2]. 

The aim of this study was to analyze the microstructure of human dentin with the advanced microscopy tools, 

in order to get better insight into the architecture of healthy dentin. 

The healthy premolar teeth were extracted for the orthodontic reasons, and collected in accordance with the 

ethical requirements for ex-vivo investigations, which was approved by the Ethical Committee of the Clinic of 

Dentistry of Vojvodina. The teeth were cleaned, and kept in 0.5 % Chloramine solution until the examination. 

The slices of teeth were prepared using a hard tissues microtome. The images of dentinal microstructures were 

obtained by the homemade nonlinear microscopy setup [3]. Ti-sapphire laser, adjusted at 730 nm wavelength, 

was used as an excitation source for two-photon excitation fluorescence (TPEF), while 840 nm excitation was 

used for the second harmonic generation (SHG). 

The dentinal tubular, peritubular and intertubular structures were clearly presented. Natural human dentin 

enables the label-free and fixation-free visualization of its architectural content by the TPEF microscopy, 

owing to its intrinsic autofluorescence. The SHG can be detected due to the presence of collagen type I in 

dentin, which is a triple helical molecule, assembled in organized, non-centrosymmetric directional fibrils [4]. 

Images of healthy dentin could serve as a reference point for comparison and investigation of internal 

structural changes in dentin, affected by caries or non-caries lesions, or changed after the use of various 

restorative materials and procedures. 
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The aim of our study was to investigate the organization of collagen fibers utilizing second harmonic 

generation (SHG) microscopy in the lamina propria of the rectal mucosa in the remote surrounding of the 

malignant tumor. We demonstrated the structural alterations (reduced cellularity, alterations of Liberkühn 

crypts and tissue edema) of the lamina propria of the mucosa 10 cm and 20 cm away from the rectal 

adenocarcinoma. Our study also provided indications that the collagen fibers in the rectal lamina propria could 

be affected 1. 

Tissue samples were endoscopically collected from 30 patients with adenocarcionoma located in the sigmoid 

colon. The biopsies were taken 10 cm and 20 cm away from the malignant tumor in the caudal direction. The 

samples of rectal mucosa collected at the same institution from 30 healthy persons with a family history of 

intestinal malignancy, were used as control. 

Masson trichrome staining on formalin-fixed, paraffin-ebbedded tissue was used to visualize collagen fibers. 

Also, to exclude the possibility that the observed changes could be due to methodology used (fixation or 

staining), an original labframe nonlinear laser scanning microscope (NLM) 2 was used for SHG imaging of 

collagen distribution on fixation- and label-free colon tissue samples. The incoming infrared femtosecond 

pulses from the tunable mode-locked Ti:Sapphire laser (Coherent, Mira 900) were directed onto the sample by 

a dichroic mirror through the Zeiss EC Plan- Neofluar40x/1.3 NA oil imersion objective. The laser wavelenght 

was 840nm, and the SHG was selected by narrow bandpass filter at 420 nm (Thorlabs FB420-10, FWHM 

10nm). The average laser power on the sample was 30 mW with pulse duration of 160fs and repetition rate of 

76MHz which produced 2.5 kW of peak power. 

On Masson trichrome stained tissue, the collagen fibers in the lamina propria of healthy persons were massive, 

intimately appositioned and orderly organized. At the distance 10 cm away from the tumor the collagen fibers 

were feeble and loosely arranged. The enlarged spaces were notable between the collagen fibers, indicating the 

presence of tissue edema. Similar alterations of collagen fibers, but less prominent, were observed 20 cm away 

from the tumor. 

SHG images on fresh, label-free tissue completely confirmed the aforementioned findings. The profound 

remodeling of collagen fibers is even more clearly noticeable on 3D reconstruction model obtained from SHG 

images. In the lamina propria 10 cm away from the tumor collagen fibers became fragile, increasingly 

disordered and the crypts architecture appeared disturbed. 

We documented the profound alterations of collagen fibers in the rectal lamina propria 10 cm and 20 cm away 

from the malignant tumor. 
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Thin dendritic branches of cortical pyramidal neurons receive and process information from other neurons in 

the form of electrical signals. The integration of electrical signals from a large number of synapses onto a 

single neuron is a complex process, underlying information processing in the mammalian brain, sensory 

perception, cognition and motor output. In order to understand information processing in individual cortical 

neurons, it is necessary to understand dendritic membrane properties and rules of dendritic integration 

(summation of synaptic inputs). The gap in the understanding of these mechanisms and processes is caused by 

technical limitations related to studying the physiology of thin dendrites by physiological recordings. Thin 

dendrites, such as basal, oblique and apical tuft branches of cortical pyramidal cell, do not tolerate standard 

microelectrode recordings. To overcome this problem here we utilize optical imaging of voltage transients 

occurring in distal dendrites. Layer 5 pyramidal cells in brain slices were patched (whole-cell) injected with 

voltage-sensitive dye JPW-3028, and the dye was allowed to diffuse into the dendritic tree for at least 60 min. 

Fluorescent images of dendritic contours were then projected onto the fast CCD camera and sampled at 1,000 

– 2,000 frames per second. Brief pulses of depolarizing current were injected into the cell body to evoke action 

potentials. Backpropagating action potentials were recorded optically in basal dendrites. Synaptic stimulations 

were used to evoke excitatory postsynaptic potentials (EPSP) and dendritic NMDA spikes, while recording 

optically at the site of input, in basal dendrites. Our goal is to characterize both voltage waveforms underlying 

local dendritic voltage transients (bAPs, EPSPs and NMDA spikes) and correlate them with the somatic 

voltage transients recorded via standard patch microelectrode. We plan to deduct dendritic membrane 

properties and the overall functional organization of the basilar dendritic tree by comparing the 

aforementioned voltage waveforms in subsequent sweeps; each sweep under different stimulation paradigm or 

in the presence of drugs that block specific membrane channels. 
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Plasmonic nanoparticles (NPs) have been actively studied as a minimally invasive approach for treating 

cancer. The use of gold NPs in cancer diagnosis and therapy takes a new turn with the recent synergistic 

approaches which combine multiple therapeutic (e.g. chemotherapy, immunotherapy, photothermal and 

photodynamic therapy) and imaging techniques (NP-assisted optical/thermal imaging) on the same 

nanoparticle platform [1]. Unlike a standalone functionality which requires the maximization of a particular 

parameter (for instance the optical absorption of the NP for conventional photothermal therapy – PTT [2]) this 

new approach necessitates a weighted optimization of NP properties (e.g. absorption & scattering cross 

sections, induced local electric fields) towards multiple tasks, while taking the in-vivo constraints into account.  

The most prominent constraint imposed by the biological environment is the light penetration problem into the 

human body. Transmitting light deep into the tissue to activate plasmonic NPs is achieved by utilizing specific 

wavelength bands where human body is most transparent. These wavelength bands (biological transparency 

windows) are located in near-infrared (NIR) region of the spectrum. So far, NP-assisted cancer treatments are 

demonstrated in NIR-I (700−950 nm) and NIR-II (1000− 1350 nm). Recently, new transparency windows at 

longer wavelengths are discovered: NIR-III (1600−1870 nm) and NIR-IV (2100−2300 nm). These 

transparency windows provide significantly better light penetration, and thus have great potential for 

prospective cancer diagnosis and therapeutics [3]. 

The biological environment also imposes a constraint on the size and shape of NPs for their internalization 

into the cancer cells. The relation between the NP size and the cellular uptake is still vague, and varies 

significantly with the cell type and the NP shape. The internalization of gold NPs smaller than 100 nm 

(resonant in in NIR-I and –II) is documented by a number of studies [4]. However, there is need for further 

experimental evidence to support cellular uptake of the gold NPs (300−500 nm) utilized in NIR-III and -IV. 

We proposed self-assembling NPs as an alternative solution to bypass the size limitation. These nanostructures 

are based on elements smaller than 100 nm which can first be transferred individually through the cell 

membrane and then assembled into a chain. The self-assembly of NPs via DNA or protein assistance is well 

documented and was recently demonstrated in intracellular scale [5]. These nanoparticles are lithographically 

fabricatable; and also easily adaptable to low-cost chemical growth methods for mass production. 

The present work is motivated with this background to explore new venues in NP-assisted cancer theranostics 

with a focus on 3 issues: (i) the potential advantages of NIR-III and -IV in multi-modal cancer therapeutics 

compared to the currently used NIR-I and –II, (ii) the performance of self-assembling NPs compared to their 

monolithic counterparts, (iii) the complexities of designing multi-functional NPs in comparison to stand-alone 

strategies. We conclude by projecting these outcomes into the search for an optimum NP design; and suggest a 

versatile approach for designing both monolithic and self-assembling multi-functional NPs that carry 

therapeutic and diagnostic modalities.  
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Most conventional cancer detection methods are based on the histopathology or tumor markers [1]. In the 

histopathology, stained tissue samples are visually inspected for various morphological changes under the 

microscope. Despite the software aids developed for picture analysis the method still remains heavily 

dependent on subjective, empirical expertise of specialists whose judgments were used to establish threshold 

levels of variables used in cancer detection. The immunohistochemistry as the most common of cancer marker 

methods uses the presence or over-expression of certain marker molecules to detect cancerous tissues. The 

drawback of this method is its limitation to those molecules, i.e., cancer markers it is designed for. In the last 

two decades, the vibrational spectroscopy applied to tissues emerged as a “molecular pathology” method for 

cancer detection [2]. The method provides spectral signature of all cellular components present in a sample; 

therefore, it probes the entire genome, proteome and metabolome of cells and tissues [3]. Consequently, it is 

sensitive to any changes in the biomolecular compositions and as such offers information that cannot be 

obtained by any of the conventional methods for cancer detection.  

 

The biomedical samples for spectroscopic analysis are usually prepared by cutting several micrometer thin 

layers from a formalin-fixed paraffin-embedded tissue or from a frozen tissue [1, 2]. The cuts are then 

mounted on a suitable substrate, for example zinc selenium, calcium fluoride, barium fluoride. Additionally 

the samples may undergo deparaffinization or drying. Our samples were prepared in three steps. First, after 

surgical resection, the tissue specimens were opened, abundantly rinsed with sterile saline solution, dried on a 

sterile cloth, placed in a liquid nitrogen tank, and transported to the Pathophysiology laboratory of the School 

of Medicine where all sample tubes were transferred to a –80C freezer where they were kept until further 

processing. In the second phase of sample preparation procedure the tissues were chopped at room temperature 

and homogenized. Homogenates were placed on a microscope slide and then dried in a sterilizator at 60C for 

1 h to remove bulk water. After drying, the samples were scratched from the slide and transferred to eppendorf 

tubes. In the final sample preparation stage the obtained tissue and dried KBr powder were mixed in the 

standard as well as in the three times larger ratio and the mixtures were pressed into tablets. Optionally, after 

24 h the tablets were grounded and pressed again into tablets. The infrared spectra of the samples obtained 

using four different preparation procedures were compared. It was shown that larger tissue content as well as 

additional grounding improves infrared spectra quality. 
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Monitoring of fetal activity has been used to check wellbeing of fetus both clinically and in homecare. 

Clinically, fetal movements are monitored by an ultrasound transducer [1], simultaneously with the fetal heart 

rate and the uterine contractions measured by a tococardiograph (CTG) [2]. The absence of correlation 

between the fetal activity and the changes in its heart rate signals potential problems, the heaviest being the 

stillbirth [3]. In homecare, fetal movement is monitored by pregnant women directly, detection fully relying on 

mother's perception. It has been shown that mother's perception agrees with the fetal movement registered by 

an ultrasound actometer in 79% of cases in 34-40 weeks gestation period and in 72% of cases in 31-34 weeks 

gestation period [4]. The partial reliability of such a measurement indicates that a more accurate, objective and 

convenient monitoring method is needed in homecare. To further take a load off mother, who is supposed to 

perform measurements several times a day, the new sensor should be wearable and the readout of fetal 

movements automatic.     

 

We propose a fetal actometer based on optical fibre grating sensors that can satisfy the above requirements. 

Long-period gratings are sensitive to changes in pressure, tension and curvature, hence to external changes of 

mother's abdomen caused by fetal movement. Detection was performed by monochromatic lateral filtering 

technique that relies on the transmitted power measurement at a specified wavelength [5]. An additional 

reference sensor was used to register mother's perception. To extract the useful information and produce a 

user-friendly output, an algorithm for counting fetal movements and their demarcation in the signal was 

developed. Traces of the maternal heart beat and breathing as well as fetal hiccups were eliminated by spectral 

filtering. The signal processing software is sensor independent and can be used with other actographs. 

 

Results of the study performed on healthy women in the third trimester of pregnancy show 75% agreement 

between the number of movements registered by the LPG sensors and mothers. A systematic difference 

between the signals came from the movements that the sensors registered but mothers did not perceive. The 

number of false positives, however, can be established only in comparison with the ultrasound detection. The 

good agreement with the maternal perception and the absence of cross-talk with the fetal heart rate 

measurement, along with the sensors' light weight, robustness and wearability, indicates their potential for use 

in hospitals and homecare and encourages further clinical studies.  
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The greater celandine (Chelidonium majus L.) is a medicinal plant of the poppy family. It grows mainly in 

Europe and Asia. This herb is a rich source of biologically active substances used for the treatment of various 

diseases. It has been demonstrated that both alkaloid extracts and purified alkaloids from that plant exhibit 

distinct anti-inflammatory, spasmolytic, anti-microbial, and anti-tumour activities [1–4]. The most important 

alkaloid components of this plant are protopine, chelidonine, coptisine, sanguinarine, allocryptopine, 

chelerythrine. Identification and quantitative analysis of these individual alkaloids is important in developing 

and utilizing resources of greater celandine. Moreover, this analysis provides better insight into the mechanism 

of the biological action of specific alkaloids. 

 

In this study we analyze optical characteristics of greater celandine solution extracts. The samples of 

Chelidonium majus L. were collected from courtyard of our institute. Solutions were extracted with ethanol 

from plant samples and their time resolved optical characteristics were analyzed using our TR-LIF (Time 

resolved Laser induced Fluorescence) spectroscopy experimental setup. The setup consist of tunable OPO 

(Optical Parametric Oscillator) laser and streak camera. It was used previously for analysis of solution samples 

of biological interest and it is described in more detail in our earlier publications [5-7]. 

 

Results of our analysis reveal two distinct optical emission bands with different excitation characteristics. 

Time resolved analysis of luminescent spectra show that lifetimes of both bands are in nanosecond domain. 
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Fluorescence Correlation Spectroscopy (FCS) and its dual-color variant Fluorescence Cross-Correlation 

Spectroscopy (FCCS) are unique analytical methods with single-molecule sensitivity that enable us to 

quantitatively characterize the concentration, motility and interactions between molecules of interest in 

solution and in live cells [1-4]. FCS relies on the use of specific arrangement of optical elements in a confocal 

microscope to generate in the sample a minute observation volume element (OVE) and analyzes the time 

course of spontaneous fluctuations in fluorescence intensity in this sub-femtoliter-sized OVE to extract 

information about the average number of molecules and their dynamic behavior. FCCS takes advantage of the 

cross-correlation between two spectrally distinct signals simultaneously recorded in separate detectors for 

analyzing molecular interactions between different species. 

 

We have used dual-color FCCS to quantitatively characterize in live PC12 and HEK293 cells interactions 

between the mu-opioid receptor tagged with the enhanced Green Fluorescent Protein (MOP-eGFP) and the 

serotonin 5-HT1A receptor tagged with a spectrally distinct variant of the Red Fluorescent Protein (5-HT1A-

Tomato) and assess the effect of selected agonists (morphine and serotonin) on these interactions [5]. 

 

Our study shows that prolonged (18 h) treatment with 750 nM morphine facilitates MOP hetero-dimerization 

with 5-HT1A. Combined treatment with equimolar concentrations of MOP and 5-HT1A agonists abolishes 

hetero-dimerization. 
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As one of the techniques of optical biopsy category, time resolved fluorescence spectroscopy and imaging are 

from promising methods in detection and diagnosis, specially in discriminating healthy and cancerous tissues 

[1]. As a non invasive method, this technique earns data form lifetime and intensity of fluorescence signal. 

Even though intensity based techniques are easily implemented and data extractions are less complicated, 

according to some uncontrollable ambiguities, the accuracy of the method is uncertain.   

Comparing with traditional fluorescent tags, Quantum dot are from powerful potential candidates for 

substitution in this method considering their brightness, higher signal to noise ratio, higher quantum 

efficiency, absorption/emission spectrum and life time. Their longer lifetime is more desirable in this 

technique. Engineering size and composition of quantum dots will be resulted in tunable properties which are 

required for different application.  

We have studied effect of size and distribution of quantum dots in different tissue structures, in performance 

and efficiency of time resolved fluorescence spectroscopy. The spectrum of different quantum dots are 

calculated considering their size and composition and are incorporated in our Monte Carlo code for modeling 

of light transport inside the tissue accordingly [2]. Considering the modeling results, performance of detection 

between normal and cancerous tissue has been calculated accordingly.  
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An optical fiber based biosensor has been designed and optimized exploiting surface plasmon resonance 

(SPR). The main application of the sensor is for measurement of urine specific gravity (USG). Since USG 

indicates the ability of the renal tubules to concentrate or dilute glomerular filtrate, it has been considered as a 

vital factor for human’s health. The number of various molecules, molecular weight and their size in urine 

effect on USG therefore it estimates solute concentration which is dependent on the refractive index 

accordingly.  

 

Based on the sensitivity of SPR to the local variation of refractive index, and based on the simplicity of optical 

fiber compared to prism based method, the structure has been selected accordingly [1]. The advantage of fiber 

based structures including flexibility, low cost, compact size and make them suitable for in vivo applications. 

Considering complexity of wavelength based system, the intensity based measurement has been proposed. 

Even though the intensity based techniques are more uncomplicated, but the sensitivity and accuracy of 

measurement is of great concern. 

 

In this regard, we have proposed a novel method for intensity based SPR fiber sensors. The method is based 

on exploiting measurement of absorption using two distinct wavelengths. In order to have the maximum of 

sensitivity, selectivity and independency, the structure and thickness of the metallic thin film should be 

optimized. Based on theoretical analysis using transfer matrix method, we have calculated the optimized 

condition for the sensor operation considering two distinct wavelengths of 650 nm and 780 nm [2]. Based on 

the results of analysis, the structure has been fabricated and tested accordingly and the experimental results 

were in accordance with the theoretical analysis. 
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Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive memory loss and 

dementia. Pathologically, the disease is recognized by the presence of senile plaques (deposition of beta 

amyloid (Aβ) peptides), neurofibrillary tangles, and neuronal loss. Clustering of microglial cells at sites of Aβ 

deposition in the brain is also an important pathological feature of AD. At present, there is no effective 

treatment for AD.  

 

To investigate the influence of fish oil (FO) supplementation, like potential treatment, we used transgenic 

5xFAD mice which rapidly recapitulate major hallmarks of AD amyloid pathology. Three-month old female 

5xFAD mice received FO (100μl/animal/day) via oral gavage during 3 weeks period. Histological analysis 

was used to detect changes in pathological features of AD in parietal cortex in 5xFAD mice.ThioflavinS and 

AmiloGlo were used to visualize plaques, soluble Aβ peptide was detect by Aβ42 antibody, SMI31 antibody 

was used for neuritic dystrophy and Iba-1 antibody for microglial cells. Immunostaining was observed by 

confocal microscopy. Quantification was done by Image J program. 

 

We showed that short-term FO supplementation is capable of inducing significant decreased of number of 

plaques, total Aβ levels, and preventing the emergence of neuritic dystrophy in parietal cortex of 5xFAD mice. 

Also, FO supplementation led to increase in overall microglial number, and enhanced clustering of microglial 

cells around amyloid plaques. We confirmed and extended previous findings suggesting that FO has a typical 

pleiotropic effect and we believe that FO in combination with others drugs could be good approach for long-

term treatment in AD suppression. 
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Faithful parallel transfer of bits of information between computer components is a necessary condition for fast 

classical and quantum computation. Moreover, it has recently been suggested that the stability of quantum 

computation may be increased by using qudits and their representations as multiple qubits [1]. Transfer of an 

n-qudit and n qubits require number of channels that scale linearly and exponentially with n, respectively. This 

puts strict demands on dense packaging and scalability of interconnects. However, the transfer through densely 

packed optical interconnects is impeded by cross-talk between them. Proposed solutions to this problem entail 

high index-contrast waveguides [2], wavelength multiplexing [3], multimode waveguides [4] and supermodes 

[5]. 

We propose a new method and the hardware for the parallel transfer of bits, qubits and qudit states. The 

method is based on the full state revivals in linearly coupled commensurate waveguide arrays (WGAs). 

Commensurability of eigenvalues enforces periodicity of light dynamics and hence, full phase and amplitude 

revivals of the initial state. An n-element array can faithfully transfer an n-bit classical state and a quantum 

state encoded in an n-dimensional basis. The latter enables transfer of log2n qubits and an n-qudit. However, 

while the arrays with n<4 waveguides are always commensurate, the eigenvalues of longer arrays are 

commensurate only for certain ratios of their coupling coefficients. The key challenge in engineering of 

commensurate arrays is to find these ratios by solving the non-trivial inverse eigenvalue problem. Such 

problems are analytically solvable in a small number of cases and are, in general, of polynomial complexity. 

Analytical solutions have been reported for mirror-symmetric arrays composed of 4 or 5 optical waveguides 

[6]. Here, we present analytical solutions for arrays with up to 9 waveguides and use them to design 

commensurate WGAs that are accessible to modern fabrication techniques, such as direct laser writing [7]. 
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Foil – like materials became almost unavoidable in industrial technology. Their applications are numerous, 

starting from protective and adhesive layers, chemical filters to electronic or optoelectronic components. 

Graphene oxide paper, as one of the most recent foil – like materials is made by assembly of individual 

graphene – oxide sheets. Its properties are superior compared to other materials when it comes to strength, 

stiffness and its macroscopic flexibility [1] which make it potentially a good candidate as a new material for 

vibrating membranes which are primary elements of every condenser microphone, loudspeaker and many 

other acoustic devices. 

 

Here we report vibrating acoustic membranesmade of graphene oxide paper. We use digital holography in a 

quasi – Fourier configuration and time averaging to study the modal structures of the membranes [2, 3]. For 

comparison, we performed the same holographic measurements on membranes made of Mylar, aluminum, 

parafilm and different kinds of filter paper. We have found resonance frequencies and shapes of the vibrating 

modes for every tested material. We also calculated fundamental frequencies for every given material. 

Graphene oxide paper shows the richest modal behavior of all tested materials with multiple interesting and 

complex modes at frequencies between 20 Hz and 5 kHz. 

 

This work is supported by the Serbian MPNTR through Projects OI 171005. We thank the EU and Republic of 

Serbia for financing through the Science – Industry Collaboration Program administered by the Innovation 

Fund. 
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Reflection from waves in the sea will appear as glints that can affect observation in marine environment. The 

variations in the sea water reflection glints occur faster than the eye can distinguish and are optical phenomena 

that cause light source to appear sparkled. Position and timing of these glints are determined by many 

variables. 

 

Considering observation and detection systems at maritime environment, glints may inflict significant 

saturation in some areas of photography. Saturation impose great difficulties for the observers, producing 

blinding glares and increasing fatigue. In addition, glints give rise to marine target detection challenges. At 

times, certain objects can "hide behind" these glints making it very difficult to sense. 

 

The aim of the study was reduction of glints in the Red-Sea using an approach based on the degree and angle 

of polarization. We have studied the quantitative relationship between the flashes and the background at 

maritime environment. 

 

Experiments using a dedicated setup, carried out an analysis in a qualitative and quantitative manner, using 

image processing and comparing with theory. A survey with observers was performed to examine 

effectiveness of the solution.  
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Passive mode-locking or Q-switching regimes are difficult to realize in Mid-IR QCLs because their gain 

recovery times are much faster than the cavity roundtrip times. As a result, the gain does not provide a 

“memory effect” that can sustain low-frequency periodic regimes. Experimental observations [1] have shown 

that some QCLs operating at low excess above lasing threshold exhibit features of multimode Risken-

Nummedal-Graham-Haken (RNGH) instability [2,3]. This instability is related to excitation of coherent Rabi 

oscillations in the gain medium and therefore QCL might exhibit self-pulsations (SP). In our recent theoretical 

works [4-6] we attribute significant lowering of the RNGH instability threshold in Fabry-Pérot cavity QCLs to 

the interaction of standing cavity modes on induced gratings of population inversion and coherences. The 

difficulties for practical use of RNGH SP in free-standing QCLs originate from the quasiperiodic chaotic 

behavior of the pulse train when the coherence length is smaller than the length of the sample or from a very 

high oscillation frequency when the sample length is on a 100 µm scale [5].  

In this communication we propose to use external-cavity (EC) QCLs in order to obtain regular RNGH 

self-pulsations with a reduced repetition frequency. Firstly, the propagation time in the EC (the pulse delay 

time) serves to provide a memory effect and thus improves coherence time of the QCL pulse train. Secondly, 

the EC reduces the pulse repetition rate. In our model system the front facet of the QCL chip facing the EC 

reflector is anti-reflection (AR) coated, which is very different from a QCL subjected to the optical feedback 

[7].Using a semiclassical travelling wave rate equation model [8] adapted for the case of short (100 µm long) 

QCL chips [4-6] we demonstrate possibility of (i) bi-stable operation, (ii) lowering of the pulse repetition rate 

in ~ 1 mm long EC and (iii) suppression of SP in ~1 cm long EC.  
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Optical microresonators represent a subject of tremendous significance in modern photonics. The interest in 

micro cavities able to confine a light field has been growing rapidly in many domains of modern optics, from 

classical to quantum phenomena, from the linear to the nonlinear regime, from technologies and materials to 

applications in a variety of different fields [1]. The silicon on insulator (SOI) technology is currently the 

technology of choice for fabricating microring resonators by using the commercially available SOI wafers. 

These wafers consist of three layers: The Si-substrate, followed by a silica (SiO2) buffer layer (usually about 

1µm thick) and a crystalline Si-layer on top. An important feature of the SOI technology is the high refractive 

index (n) contrast of the different materials silicon (nSi = 3.476), silica (nSiO2=1.444), and air (nair=1). This high 

index contrast allows designing small, wavelength-scale nanophotonic structures. SOI photonic structures can 

be fabricated with complementary metal oxide semiconductor (CMOS) standard processes. CMOS technology 

is a mature technology that is suited for inexpensive mass-fabrication and that allows high integration 

capabilities, and high reproducibility. Also, it opens the perspective of combining microelectronic and 

photonic elements in a single silicon chip. 

 

When several resonators are coupled, the frequency and time domain behavior, as well as the design 

flexibility, are further enriched comparing to a single cavity, leading to complex and flexible systems that open 

unmatched opportunities in both the investigation of physical phenomena and their applications. Systems 

consisting of a few coupled resonators, say 1<N<5, have been proposed for optical filtering and modulation. 

Microring resonators can operate as either a four-port (add/drop filter) or a two-port (all-pass filter) device. 

The most common configuration has two bus waveguides and four ports, that is ideally suited for the 

telecommunication wavelength-filtering applications [2]. 

 

In this paper we compare results of the eigenmode analysis of the four-port system consisting of three serially 

coupled microring and two side access waveguides (third-order add/drop filter) with the transfer functions (S-

parameters) calculated  in wide spectral range covering telecommunication C band. It is well known that when 

single microring is coupled to access waveguides or another rings, the resonance frequency will deviate from 

its original isolated resonator value. This effect, known as coupling-induced resonance frequency shift (CIFS), 

causes resonance frequency mismatches between individual resonators and thus significantly impacts eigen 

spectra, as well as transfer characteristics, of the coupled-resonator systems. Both type of calculations are 

performed using 2D finite elements (FEM) method. The computational domain is closed using standard 

perfectly matched layer (PML) method. The obtained results show excelent agreement between the two 

approaches, and they extend results of our previous paper [3], where finite length microring resonator arrays 

without access waveguides are analysed. 
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We consider a planar electromagnetic wave (light beam) encountering a dielectric structure consisting out of 

two barriers (two separated dielectric slabs). The medium that surrounds the barriers, and through which the 

wave travels, is assumed to be linear, however, the barrier slabs are made out of an anisotropic material, i.e. a 

material whose permittivity is represented with a tensor and has a value which depends on the spatial direction 

of interest [1]. Furthermore, we will consider the slab medium to possess a non-vanishing imaginary part in 

general case. We will base the barrier medium parameters on realistic and commonly used semiconductor 

materials e.g. InGaAs [2]. Analytical expressions for the transmission, reflection and absorption probabilities 

for the analyzed structure will be obtained, and an investigation of their values as a function of the parameter 

of the material and wavelength of the incident wave will be conducted. Additionally, terms for the relevant 

tunneling times (group delay, dwell time and self-interference time) will be acquired with similar analysis 

carried out as in the case of transmission parameters.  
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Microring resonators are a rapidly-developing area of research in photonic devices with a wide range  of 

applications including signal processing, filters, sensors, lasers, modulators, switches, memory and slow-light 

elements [1]. Generally speaking, microring resonators represent frequency selective elements that can 

perform a variety of functions such as add-drop filtering, switching, and modulating in wavelength-division 

systems. In coupled-resonator structures, one of the most critical issues is the precise control of the resonance 

frequency, which depends on both the resonator and cladding material and the resonator geometric parameters 

(radius, width, height). Also, it has been shown that when single microring is coupled to access waveguides or 

another rings, the resonance frequency will deviate from its original isolated resonator value. This effect, 

known as coupling-induced resonance frequency shift (CIFS), which is recently investigated more 

systematically in [2], causes resonance frequency mismatches between individual resonators and thus 

significantly impacts the performance of the coupled-resonator systems. By the nature of the problem this 

effect is most obviously manifested in system eigenspectra, although it is shown [2], [3], that CIFS can be 

related to the phase responses of the coupling region in the resonator coupling structure. 

 

Several methods are used for calculating the response of a microring resonator such as the prominent FDTD or 

modeling in terms of semi-analytic coupled-mode theory, usually in two space dimensions (2D) and rarely in 

3D. Although 2D calculations are sufficient to explain some concepts and phenomena, the rigorous 3D 

simulations are necessary to determine the parameters of the devices intended to be used in real WDM 

systems, especially when the dimensions of the system are comparable with the light wavelength. For many 

reasons, finite element method (FEM) is the method of choice for accurate and fast simulations of photonic 

systems. It enables rigorous treatment of full Maxwell's equations in complicated geometries and 

inhomogeneous domains. Arbitrary high-order methods for faster convergence and the error control through 

automatic adaptive mesh refinement are available in many commercial and academic FEM packages. 

 
In our previos paper [4] we analysed eigenspectra and CIFS in finite length microring resonator arrays 

(systems without access waveguides) using 2D FEM method. Here we present a detailed investigation of CIFS 

effects in coupled microring resonators system configured as the high order serial filter based on eigenspectra 

analysis using full 3D vectorial FEM method. Such calculations are computationaly much more demanding, 

and require careful devising of adaptive mesh refinement strategy, in order to make it feasible, even on  the 

most powerful workstation. 
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Waveguides or transmission lines coupled with various types of localized resonators constitute basic building 

block of many structures, notably many types of filters and metamaterials. Most of such structures published 

in the literature are symmetrical, by what we consider that they possess mirror-symmetry in respect to the 

plane that cuts through the middle of the unit cell. Consequently, their scattering parameters will be 

symmetrical, i.e. reflection will be equal on both sides. However, it has been demonstrated that, by breaking 

the symmetry, it is possible to excite additional sharp resonant modes, which may lead to interesting effects 

such as classical analog of electromagnetically induced transparency (EIT) [1]. 

 

In this work we have studied structures which consist of a microstrip transmission line, side coupled with two 

split-ring resonators (SRRs). The gaps of the SRRs are oriented in such a way that the structure is symmetrical 

under 180° rotation around the central point. These structures have two resonant modes, which can be used to 

obtain higher-order filters or classical analog of EIT. 
 

 

Typical way to model and analyze such structures is using equivalent electrical circuit models, however, they 

have some drawbacks, e.g. they are inherently low-pass and calculating analytical form of scattering 

parameters may be very difficult. Instead, coupled-mode theory can be used to derive simple approximate 

expressions for scattering [2]. We will apply the coupled-mode theory to structures under study and derive 

constraints, which stem from the specific symmetry of the system. Obtained approximate expressions for 

transmission and reflection will be fitted, and comparison between fitting results and simulated data will be 

shown. 
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Photonic integration aims at keeping the pace of the ever increasing demand of the telecommunication and 

sensing sectors. The COBRA generic integration platform developed by the Eindhoven University of 

Technology proposes the integration of complex circuits on a single chip by combining building blocks 

together. This way many circuits can be made out of the same technology, satisfying a very broad spectrum of 

applications [1]. In this scope the use of the selective area growth (SAG), developed at the 3-5 Lab, will enable 

the integration of novel components in the COBRA platform, such as electro-absorption modulators, while 

keeping only three epitaxial steps. Unlike the COBRA technology, this technique is used with Aluminum-

quaternary (Al-Q) materials for its improved electron confinement and hole density uniformity [2]. 

For the first time Al-Q materials have been used in the COBRA generic platform in order to pave the way to 

the integration of the SAG. The butt-joint integration used in the platform makes such a change of material 

delicate, and requires a careful validation. The measurement of Fabry-Pérot lasers fabricated using this new 

material allow to investigate the structural quality of the integration. 

This work presents the measurement of lasers consisting of a ridge waveguide with a middle active section 

surrounded by two passive sections with a butt-joint interface between them. The total cavity length is 4.6 mm 

as it is the standard on the COBRA platform, and the cleaved facets of the chip provide 30% reflectors on each 

side. 

The measurement of the optical power output of one facet versus the injected current showed a threshold 

current about 25mA and a slope efficiency near threshold of 0.12 W/A, which is close to the usual 

performances of such devices in the COBRA platform. 

The investigation of the electrical characteristic of the device shows a current flow at small bias, which stands 

for a non-radiative recombination phenomenon. At high bias, the differential resistance slightly drops, and 

after the chip has been cleaved leaving only an active section, this differential resistance drop disappeared. In 

this way a leakage path with the presence of the active-passive transition and the passive waveguide has been 

revealed. 

The parasitic effects described in this work are minor disruptions to the laser performances. Although an 

optimization has to be made, the results showed in this work are promising to obtain good performances using 

the SAG technique with Al-containing quaternary materials. 
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Guided-mode resonances (GMR) manifest as narrow-linewidth transmission or reflection bands when waves 

diffracted from a grating couple to propagating modes in an adjacent dielectric substrate [1]. Recently, such 

structures were proposed for the design of narrowband filters operating at terahertz (THz) frequencies, suitable 

for applications in telecommunications, radar science, or imaging [2]. 

 

Here, we investigate both theoretically and experimentally the properties of GMR in terahertz filters based on 

metallic frequency-selective surfaces (FSS), which are patterned via photolithography on thin films of the low-

loss cyclo-olefin polymer Zeonor. Filters with very high quality factors are designed and their spectral 

response is studied under different conditions, such as oblique incidence, rotation of the polarization plane, 

and bent configurations. Contrary to the filtering response of standard free-standing FSS-THz filters, we 

observe extensive tunability of the GMR frequencies by means of mechanically rotation, as well their 

suppression by bending the flexible substrate [3, 4].  
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IC aircraft signature has been studied for many reasons. Some of them are related to quality monitoring during 

the technological development, the other one to the possibility of tracking of the aircraft in real time, the third 

in the formation of the appropriate standard target and so forth. This work is related to the methodology for 

forming standard target aircraft, taking into account the sizes of some parts and the dimensions of the craft, 

simplified geometry which corresponds to the spatial frequency rate of the model for the representative type of 

the craft and the effective temperature difference between the total infrared signature of an aircraft, for a 

chosen geometry, in relation to the cold background of the sky. 
 

The heated area of the aircraft and its exhaust gases during the flight were thoroughly studied, to form, define 

and adopt standard target aircraft in MWIR part of the EM spectrum. The geometry of the plane [1-2] , the 

Quench Stop Temperature [2], the signature of hot products of combustion from the nozzles [2-4], the 

distribution of the airborne radiation during the flight [5-6] as well as special mechanical thrust vectoring 

research projects [4 ] were analyzed. The results of simultaneous, comparative tracking (monitoring) of two 

types of aircrafts were processed. 
 

Evaluation of the parameter valuesfor the standard target model of the aircraft [2] is carried out for the sake of 

analysis and model forming for spatial and temporal filtering of IR image [7]. Varying these parameters is 

important for the input vectors data during the forming of algorithm for simultaneous tracking of multiple 

targets in the air. 
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Vibrating diaphragms have become an important component of acoustics technology, with nearly all 

commercial microphones and speakers of the past half a century relying on diaphragm vibration. Although few 

select materials (such as nickel and boPET) are predominantly used because of their favorable properties such 

as small mass density and large tensile strength, the rise of new materials with superior properties such as 

graphene demands an assessment of their potential use in acoustic diaphragms. 

 

Here we evaluate various forms of graphene as an acoustic diaphragm material. We fabricate diaphragms from 

graphene paper and multilayer (~60 layers) CVD graphene and measure their response to acoustic stimuli 

either in capacitance mode, which most closely resembles actual use in electrostatic condenser microphones, 

or with digital holography, which allows for physical studies of diaphragm vibration modes [1]. We find that 

multilayer graphene diaphragms outperform traditional nickel membranes in terms of responsivity, up to 12 

dB at audio frequencies [2]. For large-diameter (25 mm) diaphragms that can be made from graphene paper, 

we detect a rich array of acoustic vibration modes that point to the diaphragms’ potential use in pressure 

sensing or for detection of weak acoustic signals in quiet environments. 

 

Our findings are supported with numerical COMSOL calculations that also reveal that a thicker multilayer 

diaphragm made of 300 layers of CVD graphene would in theory sustain tension forces that allow ultrasonic 

reach. Hence we conclude that graphene diaphragms hold potential for miniature low-cost ultrasonic 

transducers that compete with current piezoelectric technology. 

 

This work is supported by the Serbian MPNTR through project OI 171005. We thank the EU and the Republic 

of Serbia for financing through the Science – Industry Collaboration Program administered by the Innovation 

Fund. 
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Liquid-crystal displays (LCDs)are electronically modulated optical devices that use the light-

modulating ability of the liquid crystals to control the phase and intensity of light [1]. Presently they play an 

essential role in modern display technology and continue to occupy the largest global market.Despite of the 

worldwide use the requirements concerning the response time, power consumption, viewing angles, contrast 

ratio and easy production stay beyond challenging for the next generation devices. Another urgent concern is 

that most of LCDs are developed based onindium tin oxide (ITO)- the most common used conductor in 

photonics technology today. Regardless of high transmittance, low sheet resistance and environmental 

stability, ITO requires high temperature processing, has poor mechanical flexibility and is restricted due to the 

indium scarcity in nature. Moreover, ITO limits the transmittance at near infrared spectral range which is 

critically important for biomedical diagnostics, remote sensing and near infrared image processing [2].  

Recently, new transparent conductive layer attracts enormous attention due to the potential they hold 

related to very high conductivity, low sheet resistance and excellent transparency in a broad spectral range. For 

example, graphene is regarded as an excellent candidate to replace ITO because of its outstanding properties 

as high electronic mobility, exceptionally low absorbance and bendabilityon the flexible substrates.  Several 

devices usingalternativeof ITO contacts in solar cells, organic light emitting diodes, field-effect transistors and 

infrared photodetectors has been reported [3,4]. 

We demonstrate fabrication of large scale graphene, related 2D materials and oxide/metal/oxide 

multilayers and their applications as transparent conductors. The quality of the layers, grown by low pressure 

CVD, ALD or magnetron sputtering methods were characterized by several techniques: AFM, SEM,Raman 

spectroscopy, optical and electrical measurements. Following, hybrid organic-inorganic structures based on 

strongly birefringent liquid crystals combined with highly photoconductive inorganicsubstrates using the 

above transparent conductivelayers are prepared and demonstrated. Their modulation characteristics (driving 

voltage, phase modulation, response time) are compared and will be discussed.  

In addition, novel flexible devices, based on graphene or oxide/metal/oxide as electrodesfor displays 

and image processing will be demonstrated.  

 The proposed devices can found applications in liquid crystal display technologies, display 

holography, as phase retarders, optically addressed spatial light modulators, etc. 
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 Recent studies have been focused on the generation of non-diffractive beams such as the bi-

dimensional Airy beam [1], which has direct applications in optical trapping and manipulation [2, 3], and 

light-sheet microscopy [4]. It is generally obtained using a spatial light modulator (SLM) controlled by a 

computer. These devices can only work with low intensities of the incident beam and require additional 

hardware in order to function (various electronic components, power source, data transfer protocol, etc). 

 A SLM is versatile but it is not integrable in low scale optical systems and is not appropriate for high 

power lasers. An alternative for these problems are Diffractive Optical Elements (DOE), which represent thin 

micro-structures used for modifying parameters of an incident wave. Many applications are based on utilizing 

DOE, among which beam shaping is the most common [5 - 7]. A DOE is a passive optical element with 

reduced size and weight that can modulate beams with greater intensity compared to a SLM. These aspects 

increase the functionality of the device as it provides increased flexibility for integration in complex optical 

systems that are reliable, cheap and easy to manufacture. 

 In this paper, the fabrication and testing of a DOE capable of generating bi-dimensional Airy beams is 

presented. Airy beams represent a class of non-diffracting beams that have the intensity profile modulated by 

an Airy function along the propagation direction [8] or the two orthogonal transverse directions [1]. This 

device's design is based on the “Detour-Phase” method [9] of creating a binary equivalent of the multi-level 

CGH which contains the information necessary to generate the desired transverse intensity distribution. The 

fabrication method approached in this case represents laser direct writing (LDW) based on laser ablation of 

thin films. We tested the obtained device using a laser pointer, in air, at room temperature. 
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Based on our previous experience [1-4], we proposed and developed as theory and experimental verification 

new compact composite tunable wedged interference structures and described their competitive application 

area.  Each structure consists of multi-dielectric reflecting layers separated by transparent wedged layers 

(gaps) that are suitably superimposed to form a single sandwich type structure. The theoretical description of 

these structures is based on analysis of the multiple beams interference field formed at reflection and 

transmission. By choosing suitably the apex angles for separation layers and their optical thicknesses, selection 

of a single continuously tunable resonance within narrow-line transmission is obtained along the full length of 

the structure.  The theory and experiment confirmed the expected useful property of such structures to 

combine wide range (~ 10-50 nm and more) linear tuning by simple translation along the wedge arms plane 

and selection of a very narrow single line (~ 0.01 nm or less). The transmission is of order of 30-50 %.  Such 

structures allow also for working in the reflection mode [2,3], producing angular dispersion at increased 

efficiency (~ 50-70 %) and tuning at noted above parameters similarly to a diffraction grating but at 

substantially higher dispersion. We considered also some technological aspects of practical implementation of 

such structures. The developed structures, realized by superimposed micrometer thickness layers on glass or 

sapphire plate represent  compact thin plane-list-like elements with dimensions of the order of 1 cm x 4 cm x 

0.2 cm are of interest for applications in spectroscopy as a highly-dispersive and compact component for 

spectrum analysis of large size beams, in optical communications  as a wavelength division multiplexing 

devices, permitting independent tuning of each selected  output/input by translation of the structure in its 

plane, in laser technology for cavity spectral control especially for multi-wavelength operation with 

independent  tuning of each selected narrow line and for continuously tunable single mode operation.  
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The ruby R-line luminescence is commonly used as a manometer in diamond‐anvil cell experiments [1]. It is 

also among the earliest of materials for which the fluorescence lifetime properties were proposed for 

thermometric applications. The actual use of ruby as the sensor element in a fiber optic fluorescence lifetime 

thermometer was perhaps first reported by Grattan [2]. In this thermometer system, a LED was used as the 

excitation light source and a silicon PIN diode was used for the detection of the fluorescence signal. Using that 

system, temperature measurement was achieved over the region from room temperature to 1700 C. We found 

a lot of papers about ruby R-line luminescence in function of temperature. In those papers, they measured 

lifetime [3], line shift [4] and wavelength difference [5] of R1 and R2 emission lines but we did not find 

measurements of the intensity ratio of R1 and R2 ruby fluorescence line to our best knowledge. We would like 

to devise this technique for development of the compact and low-cost system for measuring temperature in the 

range 200–800 K. To apply the ruby thermometer method, no additional effort is needed beyond that already 

incurred in the standard ruby pressure measurement. 

The luminescent properties, such as the positions and widths of the luminescence peaks, the intensities of the 

luminescence lines and decay lifetimes of luminescence, change with temperature. The fluorescence intensity 

ratio (FIR) method is based on the intensity ratio between two emission lines or areas in the photoluminescent 

spectrum and estimation of temperature based on the ratio of their intensities. This technique is flexible and 

successful in measuring temperatures where conventional methods employing pyrometer, thermocouples or 

thermistors, may prove to be unsuitable. The intensity ratio of the detected emission is used to determine the 

temperature of a surface. This approach is very precise, simple, non-intrusive with a wide temperature range 

(from 10 K to 2000 K). Two lines are considered appropriate for intensity ratio method if they both have 

strong emission intensity in the whole temperature range, and if their intensity ratio gives high temperature 

resolution. This approach eliminates a number of errors coming from fluctuations of the excitation light 

source, temperature changes of excitation bands and non-uniform dopant’s concentrations. A special case of 

the FIR measurement technique involves using the fluorescence intensities from two closely spaced, 

“thermally coupled” energy levels which relative population follows a Boltzmann type population distribution 

and is dependent on the temperature and the energy gap.  

Here we used ideal case, where the intensity of one of the emission lines is independent of temperature; in this 

way a calibration between the ratios of emissions is indicative of temperature. With the increasing 

temperature, the upper level becomes more populated and therefore the fluorescence from this level gradually 

increases at the expense of the lower level population. We measured luminescence in function of temperature. 

We fitted ratio of R1/R2 with the function of temperature. We can see that we can apply this technique in the 

temperature range from 300 K to 600 K. 
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Photonic integrated circuits (PICs) have shown to be a promising solution for telecommunication transmitter 

devices in need of small footprint and low power consumption. The technology of integrating many different 

functionalities on a single chip allows us to design various circuits [1] [2]. However, in order to have a circuit 

which can be easily integrated in the whole system, we need to pay attention on how the PIC will perform 

once the driving electronic circuit comes into play. Different options have been used, such as wire bonding the 

PIC to the electronic circuit as the most standard way, and flip-chipping the PIC on the electronic circuit [3]. 

Another way of connecting them would be using a stud bump technique [4]. In this work we will concentrate 

on the modulator, namely the electro-absorption modulator (EAM), and its performance when connected in a 

module with the electronic part using the two of the mentioned techniques: wire bond and stud bump. 

The electro-absorption modulator in comparison with the Mach-Zehnder modulator offers smaller footprint, 

lower biasing voltage and therefore lower power consumption. For these reasons, in transmitter circuits with 

many channels, the EAM is a preferred choice. Starting from measurements of S parameters of the modulator 

fabricated in III-V Lab, we obtain electrical equivalent model of the EAM. Together with the simulation of 

transmission lines on the photonic chip, we obtain the performance of the modulator in a setting when 

implemented with the laser. In order to operate the final circuit we need a drive, which operates at 50 Ohm, 

therefore the rest of the circuit should be matched to it in order to avoid the signal reflection. This is one of the 

problems which can occur if the driving signal coming directly to the modulator structure, as the modulator 

usually has quite lower series resistance. Therefore it is usually terminated with a load structure having 50 

Ohms. In order to do this load structure can be placed on chip or off-chip. In the first scenario it can introduce 

extra heat, which increases power consumption. First we look at the case when the load is placed off-chip. For 

this purpose we use the aluminum-oxide (alumina) interposer, which can have different resistance and 

capacitance structures and transmission lines. We investigate three different options for the module (photonic 

chip and the alumina): driving signal comes to the alumina with the load resistance which is further wire-

bonded to the PIC; driving signal comes to the EAM wire-bonded to the alumina with load, placed on top of 

the PIC; and finally, driving signal comes to the EAM connected via stud-bump to the alumina with load on 

top of the PIC. Using the transmission lines on both the PIC and the alumina, we are able to optimize the 

influence of the connecting pads and wire-bonds. This allows us to optimize the whole circuit and the 

performance of the EAM in the module. 
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When there is some kind of pollution in a certain area, fog is very often used as a cleaning agent. This 

work presents the possibility to optimize the cleaning properties of fog. For this purpose, a sensor, which is 

based on the surface photo-charge effect (SPCE), is used to detect the most efficient interaction between fog 

and impurities, i.e. which fog droplets can be used to most effectively clean an impurity from air. A specially 

designed automated system for aerosol generation allows a precise control over the fog parameters and the use 

of fluids with specific concentrations of chemical compounds to be pulverized. The number and the diameter 

distribution of droplets is varied by changing the feeding gas pressure to the nozzle. The experimental results 

showed the parameters of fog, which collects most of the impurity. 
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In this paper, optical systems for scanning by means of a laser, in combination with analog and digital 

measuring devices, are presented. The prototypes are made for 2-dimensional scanning of different kinds of 

surfaces and for detection of different irregularities on them. Their operation is based on the laser induced 

charge effect. Our systems allow various sizes of different kinds of surfaces to be scanned and the results can 

be visualized on a computer. The aim of this work is to describe these two types of systems (analog and 

digital) and to show example results from scanning. These results are obtained in a relation to the development 

of new types of fog sensors, based on the laser radiation-solid interaction. 
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While information and communication security are becoming one of the biggest global security issues, the 

new methodology named quantum key distribution (QKD), that guarantees security by the laws of 

fundamental physics, is introduced. Without proper authentication QKD technology is insecure. In this paper 

more general physical architecture (aimed for the authentication of both BB84 and B92 protocols) is proposed 

and elaborated. In addition, performances of these protocols are evaluated and discussed. These protocols are 

using polarization as a degree of freedom to transmit secret data. Polarization, as a basic property of light, 

must be taken into account in any practical QKD system performance evaluation independently from the 

choice of the degree of freedom. 

 

In our previous work we proposed physical model for authentication of B92 QKD protocol that is based on 

analogy with optical chaotic systems. That model provided improved security in comparison to recently 

proposed models [1]. The proposed scheme guarantees high level provable security, which is currently (along 

with eavesdropper detection), the main merit of quantum cryptography [2]. Also, in that work each relevant 

authentication step is explained and functionality of that system (along with provable security) is confirmed 

via simulation. It is very important to note that the proposed optoelectronics schemes for authentication of B92 

protocol are based on purely optical schemes which are previously introduced and verified as highly provably 

secure [3]. Moreover, these technical schemes can be seen as refinements of physical-optical schemes (that 

integrates quantum cryptographic and chaotic processes in encryption module of QKD communication 

system) on which are based. The main improvement lies in increased ability to perform synchronization, via 

introducing increased number of security parameters, which are possible to control electronically.  

Information security is quantitative issue. Mathematically speaking, the main difference between quantum and 

classical security model is the fact that we need multiple number criteria in order to correctly describe 

quantum security (in classical case, typically, single number criteria may be enough). That fact indicates the 

intuitive idea that, by increasing the number of secret parameters of the proposed optoelectronics scheme, 

provable security level of the complete communication system increases. Comparing to [1], power level has 

been introduced as additional security parameter. Since the mentioned security parameter is easy to control via 

introducing simple additional electronic module, increased non-linearity will not affect significantly total 

functionality of the proposed scheme. The main contribution of this work is the fact that, by achieving high 

level synchronization among Alice and Bob experimental setups, we can determine (with certain probability) 

quantum channel behaviour, providing complete QKD authentication security model (which authenticates 

Alice, classical messages and quantum channel with optical losses) at the same time. Finally, complete 

solution for QKD authentication provides assistant procedure for the lack of ideal quantum detectors.  
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All-optical signal processing is the cornerstone of future optical packet switched networks, which hold the 

promise of a highly reconfigurable, bandwidth-efficient, and flexible optical layer. Among all other logic 

gates, NOR and NAND play a significant role on optical computing, switching, and networking, since these, 

so called “universal gates”, can be used to construct all other gates and thus can serve as the sole building 

blocks of the optical signal processors. The key features for these all-optical logic gates, in addition to the 

operation speed, are their reconfigurability, as well as low energy dissipation. There are several proposed 

schemes to design all-optical gates which can provide reconfigurable NOR/NAND logic. Some of the 

proposed methods are based on nonlinear vertical-cavity semiconductor gates with saturable absorption [1], 

while other approaches exploit Mach–Zehnder interferometers configuration comprising two parallel 

semiconductor optical amplifiers [2] or cross-waveguide geometries including photonic crystal nonlinear 

cavity [3]. However, these solutions exhibit relatively high thermal footprint and/or demand significant signal 

powers. 

In order to provide an energy efficient and physically compact solution, we propose reconfigurable 

NAND/NOR all optical logic gate based on the intermodal dual injection-locked semiconductor laser [4]. So 

far, the injection-locked laser has been used for realization of individual all-optical NOR [5] and NAND gates 

[6]. However, in our approach, NAND and NOR gate are integrated in one reconfigurable device. The 

reconfiguration of the scheme that allows conversion from one gate to the other is achieved simply by 

adjusting the bias current. The bias current shifts the power level needed for suppression of central mode and 

thus, depending on the level of the two injection powers, central mode gets suppressed or not. In this way, the 

bias current variation can provide necessary power differences between the slave laser outputs in different 

regimes of injection-locking, depending on the desired logic. At this point, our proposed NOR logic operates 

at very low bias currents (order of 15 mA), while NAND logic operates at somewhat higher values, however 

still considered to be low bias currents (order of 35 mA). The injection powers necessary to achieve the state 

of logical zero and logical one are fixed in both operation modes (both NAND and NOR), and have values of 

–7 and 7 dBm, respectively. The wavelengths of the two input signals which lead to dual injection of the slave 

laser, can be different, which provides an extra degree of freedom for the proposed device. The range of signal 

wavelength comprises the region around the gain peak, and can be relatively wide.  
At this level, we demonstrate the switching speed of 2 Gb/s for both NOR and NAND mode of operation. The 

extinction ratio for NAND device is around 15 dB, while NOR gate provides better extinction ratio of about 

25 dB. The rise and the fall times of NAND gate are both of the order of 200 ps, while in the case of NOR 

gate, the obtained values for both times are between 50 ps and 100 ps. 
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Limited capacity and high power consumption of electrical interconnects has motivated rising interest and use 

of optical interconnects for short-distance communications, such as inside large data centers, both for on- and 

off-chip interconnects [1]. For a light source in these optical interconnects, the energy consumption per /bit 

(energy/bit) is required to be up to two or three orders of magnitude smaller than the conventional devices. To 

meet this requirement, many innovative laser diode structures have been proposed. In this work, we aim to 

experimentally investigate and demonstrate Si-integrated long-wavelength hybrid vertical-cavity lasers 

(VCLs) that would fit this application [2]. 

 

Hybrid vertical cavity lasers (VCLs) are emerging as a promising light source for silicon (Si) photonics, as 

they can be designed for in-plane light emission into a Si waveguide as well as they have the potential for 

small energy consumption and the potential for ultra-high-speed operation [3]. In the hybrid VCL, the bottom 

mirror is a high contrast grating (HCG) reflector which is formed in the Si layer of a Si-on-insulator (SOI) 

wafer. A III-V compound semiconductor layer including the gain material, is attached to the SOI by using 

wafer bonding techniques. The top mirror can be part of the III-V layer or be deposited subsequently after the 

wafer bonding. The HCG reflector is a key element to achieve the aforementioned properties of hybrid VCLs 

as it has very small field penetration, which allows for significant reduction of modal volume compared to 

traditional VCLs based on distributed Bragg reflectors. This leads to high direct modulation speeds. 

 

To form a HCG, Si grating needs to be surrounded by low index material on both sides. For that purpose, a 

200-nm-thick SiO2 layer is deposited on the III-V layer before wafer bonding. This thin low refractive index 

layer also serves as a dummy cavity. Second mirror is formed by depositing 6 pairs of SiO2/Si DBR layers. 

The III-V epitaxy is grown on an InP substrate and contains InGaAsP quantum wells (QW) and a tunnel 

junction. To transfer the III-V epitaxy to a SOI wafer, adhesive bonding method is used. With this method, 

good bonding strength and yield can be achieved, while requirements on surface flatness and cleanliness are 

less strict and lower temperatures are needed compared to other bonding methods. For maintaining optical 

properties of the cavity and good heat dissipation, the bonding is done by using very thin DVS-BCB 

(divinylsiloxane-bis-benzocyclobutene) polymer [4]. DVS-BCB is diluted with mesitylene in ratio 1:8 to 

achieve layer thickness as thin as 35 nm, and spin-coated on a III-V die. After short precuring to evaporate 

mesitylene, the die is manually contacted at room temperature and loaded into wafer bonding tool. Curing is 

done at low pressure (10
-6

 mbar) at 250°C for one hour while a pressure of 400 kPa is applied to the stack. 

After bonding, the InP substrate is removed by wet etching and the III-V stack is patterned using dry etching. 

Electrical ohmic contacts and a top DBR mirror are then fabricated. As the final step, a current aperture is 

formed. Details of device characterization will be presented in the conference. 
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Today, Passive Optical Network (PON) is one of the most promising access technologies for providing 

broadband services to end-users. PON is a single-channel system with fiber as shared resource, hence better 

fiber utilization can be achieved with implementation of Wavelength Division Multiplexing (WDM) 

technology for multi-channel support. 

 

Architecture of four-channel WDM EPON which fulfills guaranteed Quality of Service (QoS) is presented in 

[1]. Implementation energy saving mechanisms in presented four-channel WDM EPON results with the 

energy efficient WDM EPON presented in [2]. Also, capabilities of energy savings for this access network are 

discussed in [2], while by simulations obtained values of Key Performance Indicators (KPIs) are listed in [3]. 

Required changes in structure of Multi Point Control Protocol (MPCP) messages. 

 

It’s noticed that redefining Dynamic Bandwidth Allocation (DBA) algorithm could improve KPIs and as a 

consequence enable providing better services to end-users. Consequences of improving QoS is decrease of 

energy saving. In [4] is presented how long ONU can sleep when modified DBA is implemented. From [4], it 

is evident that we can still achieve significant energy savings with improved QoS. Main change in new DBA 

algorithm is introducing independent bandwidth allocation for each wavelength, which results in efficient 

bandwidth management and utilization. 

 

This paper presents a new DBA algorithm and changes in the MPCP protocol necessary for its 

implementation. Mathematical model for modified DBA algorithm is described. Improvements in terms of 

packet delay and non-allocated bandwidth for each of the three wavelengths that are used are shown. For the 

most priority services average packet delay is reduced up to 50%, while the application of a new DBA 

algorithm now allocates from 10% to 75% less bandwidth for each class of service (each wavelength) when 

compared to results from [3]. Other QoS parameters, packet delay variation and packet loss, are also 

discussed. 
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Extending the optical link to user premises is one of the main infrastructural advances in optical networks that 

is eagerly expected, both by general public, and by industry. In order to do so, solutions that are low-cost, low-

power-consuming and colorless need to be developed, such that the end-users would not suffer from additional 

expenses during the transition period. Today, one of the main issues on this road is the realization of the 

conceptually simple transmitter, which can support dynamical wavelength allocation and can provide 

sufficiently high traffic throughput [1]. One such solution, that is attracting attention recently, is fiber cavity 

laser (FCL) based on self-seeded reflective semiconductor optical amplifier (RSOA) [2, 3]. 

 

RSOA-FCL may be viewed as an external cavity laser, where the RSOA plays the role of an active mirror – a 

concentrated, gain-providing reflector, whereas the fiber is an external cavity and a combined reflector. The 

distributed feedback is achieved through the mechanism of spontaneous Rayleigh backscattering (SRB), 

whereas the optional, concentrated feedback is realized through the mirror placed at the remote node (RN) 

fiber end. The operating wavelength can be chosen by placing the optical band-pass filter (OBPF) between the 

fiber and RSOA. Majority of the research done so far on RSOA-FCLs, assume that the dominant feedback 

mechanism comes from the existence of the RN mirror, whereas the OBPF is used to achieve lasing by 

suppressing the amplified spontaneous (ASE) noise in the part of the spectrum that is not of interest [2]. In our 

study, we show that neither of the two, RN mirror and OBPF, are essential for the RSOA-FCL operation, 

which significantly simplifies its implementation. 

 

In our work, we numerically demonstrate the RSOA-FCL operation based on SRB and without the OBPF. By 

numerical simulation, we find the lasing threshold current. Our analysis shows that no lasing exists as long as 

the steady-state unsaturated standalone RSOA gain is below the gain threshold, determined by the losses due 

to coupling, fiber attenuation accounting for SRB, and RN mirror reflectivity. In this regime of operation, 

weak ASE noise determines the RSOA-FCL output power. When the unsaturated standalone RSOA gain 

reaches the gain threshold, lasing is established. From this point onward, regardless of increase in bias current, 

the gain of the embedded RSOA remains fixed and equal to the threshold value. Since the increase in bias 

current shifts the whole steady-state gain-versus-input-power characteristic of the standalone RSOA, in the 

lasing regime, the quiescent point of the embedded RSOA shifts towards the saturation region. This, in turn, 

provides a higher power at the embedded RSOA output, and consequently, at the RSOA-FCL output, recorded 

at the RN. 

 

We compare the results for RSOA-FCL with and without the RN mirror, and we determine the differences in 

threshold gain and threshold current. Additionally, we investigate the correlation between the RSOA-FCL 

parameters and the threshold current value, along with the laser P-I characteristics slope. 
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In this paper the effects of photonic crystal fiber’s structure parameters on Rayleigh scattering were 

investigated in detail. Rayleigh scattering loss (RSL) has been estimated by Rayleigh scattering coefficient 

(RSC) and numerically based empirical relations for V  parameter and W  parameter of double clad photonic 

crystal fibers (DC PCFs). We demonstrated the dependence of RSL on the two structural parameters -air hole 

diameter and hole pitch. We have shown that RSL depends on the index profiles because of the different 

optical power confinement factors in every layer. Using these results, the RSL can be optimizedforPCF by 

adjusting the air hole diameter and the hole pitch. 
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Alkali atomic vapors are widely used in many high-resolution atomic physics experiments, of particular 

importance is their applications in vapor cell atomic clocks or stable frequency standards [1]. Because resonant 

frequency of such stable oscillators is determined by the frequency of atomic transition, they provide 

unmatched accuracy and stability. Precisely, clock frequency is the transition between two Zeeman sublevels, 

with mF = 0, of the two hyperfine levels of ground state of alkali atom. These two sublevels do not change, to 

the first order, their energy with magnetic field. In an alkali vapor clock a clock time sequence has three 

separate regions, optical pumping into one of Zeeman sublevels, atom interrogation by the electric field whose 

frequency is tuned to the clock transition, and probing of the population of one of the Zeeman sublevel. Using 
87

Rb vapor, contained in glass cell together with two buffer gases (Ar and N2), we have measured population 

decay time T1 after optical pumping, and decoherence time T2 after two-photon Raman excitations made 

coherent superposition of the two mF = 0 sublevels. These measurements procced other tests of particular 

vapor cell considered to be used in an atomic clock.    

 

In this work we investigate: 1. Rates of population decay after optical pumping, and 2. Decay rates of 

coherences induced between magnetic sublevels during the interrogation time.  For measuring decay of 

population or T1 time we applied Franzen scheme [2], or relaxation in a dark method.  Decay of polarization 

of the hyperfine levels was measured from the linewidth of the electromagnetically induced transition (EIT) 

which is due to coherence between the two ground state sublevels, induced by two-photon in Raman 

resonance to the common excited state. The linewidth of the EIT is a measure of the coherence relaxation time 

[3], but since it is increased by the power broadenings, T2 was determined after extrapolating measured EIT 

linewidths at different laser power, to zero power.      
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New national optical thermometry standard has recently been repaired and maintained in the system for 

calibration of optical pyrometers with black-body and gray-body by non-contact method in Directorate for 

Measures and Precious Metals in Serbia (National home for Units and Measures). New national optical 

thermometry standard – optical pyrometer as a part of calibration system works in two sub-bands whereby the 

first sub-band means the temperature from 550 C to 1000 C and the other 900 C to 1650 C. This standard 

is used to transfer non-contact temperature, from itself to customer`s optical pyrometer. Also, the complete 

system for transferring unit with optical pyrometer as a standard is checked by standard thermocouples 

measurement in the same system, simultaneously [1]. 

 

The output voltage of optical pyrometer and output of standard thermocouples in millivolts have been 

collected on different values of temperature by virtual instrumentation based on LabView software package. 

During the acquisition the temperature and voltaic dependence of optical pyrometer and thermocouples are 

recorded. The paper describes the working principle of the pyrometer and the calibration system for 

transferring unit by non-contact method [2]. 

 

The system has been used to calibrate customer’s optical thermometer with measurement uncertainty level of 

confidence described in paper. 
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Non-destructive detection of physical or biological activity through statistical processing of speckle patterns 

on the surface of diffusely reflecting objects is a perspective branch in optical metrology [1,2]. Technological 

advances in computers and optical sensors made possible pointwise processing of a temporal sequence of 

correlated speckle images. The output is a two-dimensional (2D) spatial contour map of the estimate of a given 

statistical parameter chosen to characterize the time scales of ongoing processes which lead to microscopic 

changes of the tested object surface over time. The map is usually called an activity map as it shows the 

regions of faster or slower laser intensity fluctuations across the object. The pointwise intensity-based 

processing can be applied to 3D objects and is characterized with simple acquisition of the raw data [3,4]. Due 

to these valuable features, dynamic speckle analysis has been applied in a variety of biomedical and food 

quality assessment tasks [1].  

The aim of this work is dynamic speckle analysis of the temporal scales of migration of cosmetic ingredients 

from the skin surface to the lower skin layers. Evaluation of these scales is important for quality assessment of 

cosmetic products. The measurement included acquisition of correlated in time speckle patterns from skin 

sections on the arm or on the wrist of a volunteer. For the purpose, the volunteer hand rested on the vibration-

insulated table on some suitable background. We solved two tasks. The first one was to find the best recording 

conditions for capture of the speckle patterns from the skin surface. More specifically, this included: 1) 

evaluation of diffusely reflected intensity on the skin surface under coherent illumination at different 

wavelengths by photon migration technique in order to choose the background surface and the illumination 

wavelength; 2) evaluation of speckle parameters for the patterns acquired for skin sections with and without 

cosmetic ingredients; 3) selection of the most suitable pointwise algorithms for information retrieval. The 

pointwise processing makes possible simultaneous acquisition of the raw data for treated and non-treated skin 

sections by using a proper mask to cover the skin of the volunteer. The second task was determination of the 

temporal scales of penetration of cosmetic ingredients into the skin.    
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According to generally accepted insights of modern cosmology, only 5% of the Universe’s energy consists of 

the ‘ordinary’ matter that stars, planets and we, ourselves are made of. A substantially larger part is attributed 

to dark energy and dark matter, a yet unknown form of matter that does neither absorb, nor emit, nor scatter 

light and is not explained within the Standard model of physics. 

 

The Global Network of Optical Magnetometers (GNOME [1]) is a project searching for dark matter by 

looking for atomic spin perturbations induced by the Earth’s motion through the cosmic background. 

 

The GNOME collaboration network consists of a set of optical magnetometer stations distributed over the 

globe streaming time-stamped local magnetic field readings to a common server, which processes data for 

website display [2] and for off-line data analysis. The detection of space-time correlated signals of the 

individual magnetometer nodes of the network would be a signature of transient dark-matter structure 

composed of exotic fields predicted by a class of dark-matter theories. A distributed multi-station detector 

network will not only discriminate real sought-for transient events from local magnetic perturbations (false 

positives), but will furthermore yield directional and temporal information on possible dark-matter interaction 

events. 

 

One prominent science case for GNOME are so-called axions, proposed dark-matter candidates that may form 

spatial domain structures, thus giving rise to axion density gradients which may be detected via their coupling 

to atomic spins. 

 

Currently, GNOME consists of six operational magnetometer nodes and efforts to extend the network by 

additional stations are on-going. Very recently the network has started its first long-term data-taking run that is 

expected to set new constrains on hypothetical axion properties. We will report on the status of the project 

with an emphasis on the Fribourg(Switzerland)-based GNOME node and discuss preliminary findings from 

the first coordinated long-term run. 
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Compact and high-performance Rubidium (Rb) vapor-cell clocks are based on the hyperfine splitting frequency 
of the ground state of the 

87
Rb atom. To extract this frequency, we combine optical and microwave 

spectroscopy in a vapor cell. The light is used to polarize and interrogate the Rb atoms population in the 
hyperfine ground-states, through optical pumping. While the microwave generated from a quartz oscillator, is 
used to extract the hyperfine splitting frequency through Ramsey interferometry [1]. This frequency is finally 
used to frequency stabilize the quartz oscillator. Nowadays, high performance compact atomic clocks achieve 
fractional short-term (1-100 s) stabilities of the order of few 10

-13 
(equivalent to or better than the short-term 

fractional frequency stability of Hydrogen masers). However, the medium to long-term (10
2
-10

5 
s) frequency 

stabilities below 10
-14 

are still challenging to obtain. Various parameters can generate medium-to-long-term 
instabilities. We quantify the impact of such perturbation via two quantities: a sensitivity coefficient, or shift 
coefficient, defined as the variation of the clock frequency with respect to the perturbing physical parameter 

(e.g. a power variation p), Δνclock / Δp, and the amplitude of the fluctuation of the perturbing physical 

parameter itself at various time scales, p().  

In this study, we focus on one of the most significant perturbations to the clock frequency when using a laser as 
optical source: the AC-Stark shift effect, or more commonly the “Light Shift” (LS) [2]. Both the laser intensity 
(IL), and laser frequency (fL), fluctuations perturb the clock frequency. The sensitivity coefficients are described 
by the intensity- (resp. frequency-) LS coefficients, defined as α = Δνclock / ΔIL for a fixed laser frequency, and β 
= Δνclock / ΔfL for a fixed laser intensity IL. We evaluate the impact of the laser source instabilities on the 
medium to long term stability of a pulsed optically pumped (POP) Rb clock. Such interrogation has the 
particularity to separate in time the light and the microwave interactions, and thus to reduce significantly the LS 
coefficients. However, a recent study has shown that a residual light-shift of the order of 10

-14
 can still be 

present [3].  In this previous study, LS coefficients were investigated by varying globally the laser intensities 
during the whole POP interrogation pulse cycle. In the present study, we present a more detailed picture of the 
light-shift coefficients coming from each phase of the POP interrogation cycle, separating it into contributions 
arising separately during the pump phase, the detection phase, or the free evolution phase (Ramsey time). We 
demonstrate that in addition to the AC Stark shift, another light shift effect limits significantly the performances 
of our clock. We discuss on the combination of these coefficients, deduced for each phase of the interrogation 
cycle, into a global coefficient and compare it with previous reported results.  

Finally, we will present the impact of the light shift on the clock frequency stability, especially at integration 
time of τ = 10

4
 s. We measured global LS coefficients of α = 3.2·10

-13
 /% and β = - 1.6·10

-15
 /MHz when the 

laser is stabilized to the 5S1/2, F = 2 ↔ 5S1/2, F = 3transition. The main contribution to the α-coefficient is 
coming from the detection phase with αdetection = 3·10

-13
 /% while the pump phase contribution is lower with 

αpump = 4·10
-14

 /%. It results in an estimated clock stability limitation coming from the light-shift of 6·10
-14

 at 
integration time of τ = 10

4
 s. These estimations are in good agreement with our preliminary measured frequency 

stability reaching 6·10
-14 
at τ = 10

4
 s of integration time. 
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A precise control of the applied     T magnetic field    is required for the ongoing search [1] for a 

permanent neutron electric dipole moment (nEDM) at the Paul Scherrer Institute (Switzerland). Signature of a 

possible nEDM is sought in terms of a change of the spin precession frequency of ultracold neutrons (UCN) 

induced by a static electric field applied either parallel or anti-parallel to the applied magnetic field. Ramsey’s 

method of time - ∼100 s - separated    -pulses is used to measure the neutron precession frequency. As a 

contribution to the experiment our group delivered an array of 16 scalar Cs magnetometers mounted both 

above the high-voltage electrode and below the ground electrode used to apply the electric field to the 

neutrons. These magnetometers monitor temporal and spatial changes of the    field. Despite their high 

sensitivity (            ), when operated in the Mx-mode, our magnetometers have an accuracy in the 

upper pT range due to unavoidable phase setting errors in the deployed phase-feedback method. 

 

Our recent investigation of a Cs magnetometer based on free spin precession (FSP), in which spin orientation 

(vector polarization) is produced by amplitude-modulated circularly-polarized light [2] showed that  despite 

satisfactory sensitivity and improved accuracy with respect to the Mxmagnetometer  the FSP magnetometer 

suffers from an (as yet not explained) systematic heading error limiting its accuracy. 

 

Here we present the principle of operation of a magnetometer based on free alignment precession (FAP). 

Atomic alignment (tensor polarization) is produced by linearly-polarized amplitude-modulated light. After 

pumping, the FAP signal is detected in a readout phase by the same light beam, set to a constant (low) 

intensity. When the field of interest is perpendicular to the light polarization, an oscillation at     is imprinted 

onto the transmitted light power. The photocurrent is amplified and digitized and an off-line analysis is used to 

infer the magnetic field magnitude       , where        Hz/nT. We will present our current progress, 

results and prospects of the FAP magnetometer. 
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Rare earth ions (RE
3+

) are highly sensitive to local symmetry. Any change in the symmetry is observable in 

their luminescence spectra [1]. In this work we investigated the photoluminescence properties of cubic and 

monoclinic Y2O3 matrix, doped with either Eu
3+

or Sm
3+

 ions, under high pressure. Photoluminescence 

emission measurements for cubic Y2O3were recorded in the pressure range from 0 to 20 GPa for Y2O3:Sm
3+

, 

and from 0 to 15 GPa for Y2O3:Eu
3+

. Measurements for the monoclinic matrix were recorded from 0 to 8 GPa 

for Y2O3:Eu
3+

. 

With varying pressure the intensity ratio of 
4
G5/2 → 

6
H7/2 and 

4
F3/2 → 

6
H7/2Sm

3+
 emission lines has three 

distinct regions. In the pressure range from 9.2 GPa to 13.1 GPa it has a steep pressure dependence and could 

be used for detecting a pressure induced phase transition in the Y2O3 matrix from cubic to monoclinic crystal 

structure. Furthermore, the intensity ratio of 
5
D0 → 

7
F1 and 

5
D0 → 

7
F2Eu

3+
 emission lines in the cubic matrix 

has a similar pressure dependence to the intensity ratio of these Sm
3+

 emission lines. It matches the behavior of 

the pressure sensitive Sm
3+

 dependence in the range from 9.1 GPa to 11.6 GPa, and is proven to contain a 

phase transition around 11 GPa [2].  

The monoclinic Y2O3:Eu
3+

 also has a pressure-sensitive intensity ratio of 
5
D0→

7
F1 and 

5
D0→

7
F2 emission 

lines. The dependence is unambiguous, without phase transitions in the measured region. The definitive nature 

and high sensitivity suggests that this dependence can be used as an efficient high pressure sensor. 
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Potassium vapor contained in coated optical cells has been used for very effective preparation of sub-natural 

width coherent resonances on the first resonance line [1-3]. 

 

In this communication, we present experimental study of the fluorescence profiles of the second resonance line 

of potassium (4s
2
S1/2→ 5p

2
P3/2), with a wavelength of 404.4 nm, and their dependence on the atomic density. 

Excitation by violet tunable single frequency laser light leads not only to 404.4 nm fluorescence decay to the 

ground state, but also to a partial transfer of the 5p
2
P3/2 atomic population to the excited 4p

2
P1/2 and 4p

2
P3/2 

states of the first resonance line, due to cascade transitions. The second type of population transfer is 

evidenced by registration of the fluorescence profiles at the 770nm infrared 4s
2
S1/2 →4p

2
P1/2 transition. 

 

The experiment is performed by exciting pure potassium vapor by means of a single-frequency laser light at 

404.4 nm. The fluorescence profiles of the atomic fluorescence at 404.4 nm and 770 nm are registered 

separately. For this, two appropriate filters are used for discrimination and measurements are taken for the 

violet (404.4 nm) or infrared (770.1 nm) fluorescence. The cells are shielded against stray magnetic fields. 

Increasing the potassium source temperature, the violet fluorescence profile starts to exhibit a well expressed 

self-absorption dip, while such behavior is not observed for the infrared fluorescence profile. In addition, the 

infrared fluorescence registration demonstrates a significantly higher signal-to-noise ratio. In order to analyze 

the observed differences, simple modeling describing the atomic population transfer between the relevant 

potassium levels will be presented. 

 

Further development is foreseen related to magneto optical resonances registration using the reported 

experimental approach. 

 

The authors would like to acknowledge the support of the National Science Fund of Bulgaria (Contract N_DN 

08-19 /14.12.2016). 
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Measurements and analysis of broadened profiles of the H-alpha line following laser-induced optical 

breakdown are presented. A primary goal of this work is to weigh the feasibility of pulsed CO2 laser to 

produce analytically useful plasma in aqueous aerosol at open atmosphere. 
Transversally Excited Atmospheric pressure (TEA) CO2 laser lasing at 10.6 µm was used to generate 

atmospheric pressure breakdown plasma. Plasma was created by striking the laser pulses over the solid metal 

interface through which aqueous aerosol drifts carried by a current of argon [1]. Laser pulse duration was 

about 100 ns and energy of 160 mJ. Emission spectra were recorded by time-integrated space-resolved 

measurement technique using a 2-m spectrograph equipped with a CCD camera. The applied experimental 

setup gives the spectral resolution of 0.0086 nm/pix and instrumental line width of 0.02 nm.  

H-alpha line was recorded at successive distances from the surface of the metal interface. H-alpha line profiles 

were analyzed using Full-widths at half-maximum (FWHM) parameter. 

The pseudo-Voight function consisting of a weighted sum of a Gaussian function and a Lorenzian function has 

been found to fit the H-alpha line profile successfully [2, 3]. On the very surface of the interface the Lorenz 

width was found to be 1.5 nm and gradually increases to about 1.8 nm at distances of 3-5 mm above the 

surface. This corresponds to the electron density range 1.5-2×10
23

 m
-3

. Thereafter, the line profile width 

steeply declines to distances of 7 mm that is the diameter of the stream of the aerosol. The Gauss width has 

more complex spatial shape. In the range of 0 mm to 3 mm from the surface the Gauss width was about 0.25 

nm and then reaches maxima of about 0.4 nm at distances 4-5 mm from the surface.  

The appropriate red shift of the H-alpha line was also recorded. Maximum shift of about 0.06 nm was recorded 

at distances of 4-5 mm from the surface. The spatial position of the maximal red shift corresponds to the 

position of the maximal Gauss width meaning the maximal gas temperature, i.e. speed of the plasma.  
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We have developed several frequency-stabilized optical sources that are based on frequency-doubling 

of commercial laser diodes emitting in the telecommunication C-band (1560 nm) in view of their use in 

Rubidium (Rb) vapor-cell based atomic clocks. In such clock, the laser light at 780 nm serves, first, to create a 

population polarization in the two hyperfine levels, 5S1/2, F=1 and 5S1/2, F=2, of Rb through the optical 

pumping process. And also, it is used to optically detect the clock signal whose frequency corresponds to the 

hyperfine energy level difference and strongly depends on the laser’s frequency and intensity due to the light-

shift (LS) effects [1]. To reduce the impact of the LS on the Rb atomic clock’s stability, optical sources with 

high frequency (< 10
-11

) and intensity (< 10
-3

) stability are required. Here, we present a compact and modular 

four-laser system to evaluate such optical sources. The modular aspect of our four-laser scheme allows not 

only identifying the stability limits at all timescales for each system, but also determining the contribution of 

individual components to the system’s overall instability. In addition, we evaluate the impact of the lasers’ 

frequency and optical power fluctuations on our pulsed optically pumped (POP) Rb atomic clock [2] stability. 

Our experimental setup is composed of two largely identical arms based on fiber-optics, and of two 

free-space and compact laser heads [3] used as optical frequency reference sources. Each of the two fibered 

arms consists of a fiber-pigtailed laser diode emitting at 1560 nm, one is a DFB laser (Emcore) and the other 

one an external cavity laser (Rio) with linewidths of the order of 2 MHz and of 2 kHz, respectively. The output 

light of the lasers is frequency-doubled by second harmonic generation (SHG) in a periodically poled lithium 

niobate waveguide. Finally, the laser frequency is stabilized to one of the 
87

Rb D2 transition line using a 

frequency reference unit of 0.81 dm
3
 volume, which consists of a Rb vapor cell (< 2 cm

3
) in Doppler-free 

spectroscopy scheme and two photodetectors with their pre-amplification electronics. 

The frequency stabilities of the fibered laser sources are measured via two simultaneous heterodyne 

beat-notes established at 780 nm with the reference laser heads and at 1560 nm before the SHG with each 

other. The frequency-doubled lasers are stabilized to the cross-over (CO) signal 5S1/2, F=2 ↔ 5P3/2, F=1, 3 

andthe reference laser heads to CO 5S1/2, F=2 ↔ 5P3/2, F=2, 3. For all the lasers, the frequency stability in 

terms of overlapping Allan deviation, is better than 4∙10
-12

 at 1 s and < 10
-11

 up to 10
4
 s. The measured 

frequency stability for the Rio laser is currently limited by the instability of the reference laser head. The 

relative optical power stability at 780 nm is slightly better than 10
-2

 up to 10
4
 s for the frequency-doubled fiber 

lasers. This currently presents a serious limitation for their use in high-performance Rb atomic clocks. The 

contribution of the frequency and optical power instabilities of the frequency-stabilized lasers is estimated 

using the LS coefficients determined on our POP Rb clock. The estimated total contribution to the clock 

instability is less than 1.5∙10
-15

 for the laser heads, < 10
-13 

for the frequency-doubled Emcore laser and < 5∙10
-14

 

for Rio laser. Both frequency-doubled lasers provide a compact optical source at two different wavelengths, 

780 nm and 1560 nm, with high frequency stability < 10
-11

 up to 10
4
 s. Concerning their implementation in our 

POP clock, an active optical power stabilization of the frequency-doubled lasers could further reduce the 

impact of the laser intensity fluctuations on the Rb atomic clock stability. 
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Precise determination of dispersion and absorption properties of medium, notably on far wings of 

atomicresonance remains a challenge. We report on direct retrieval of the group refractive index in the spectral 

region of~30 GHz covering hyperfine structure of Rb D2 line, exploiting reflection spectrum from the optical 

cell whererubidium atoms are buffered by a high-density cesium vapor [1]. 

 

In our experiment we use a vapor cell with non-parallel windows, which does not exhibit interference effects 

associated with multiply reflected light from cell’s boundaries outside the resonance. Nevertheless, in the 

vicinity of resonance line the vapor cell behaves as a low-finesse Fabry–Perot cavity. We attribute this 

behavior to fiber-type radiation channeling built up because of buffer gas-imprisonment of resonant atoms 

inside the laser beam. Group refractive index across the studied spectral region was determined from the 

frequency positions of interference oscillations of the reflected beam intensity. 

 

The experimental results were compared with theoretical calculations based on the model presented in [2]. In 

this theory we consider one-dimensional problem with parallel boundaries, considering multiple reflection 

regime. The obtained results are fully consistent with experimental reflection spectra taken at different 

temperature conditions. 

 

The presented technique can be used for dispersion measurements in dense buffered gases, quantitative studies 

of transition from dipole-dipole binary to multiparticle collisional regime, as well as for realization of optical 

effects in coherently driven hot atomic gases [3]. 
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In this paper we describe a new acquisition system in National Metrology Institute of Republic of Serbia 

which is used to calibrate optical thermometers in the temperature range from 250 ° C to 1 650 ° C. The 

system is based on a virtual instrument made using the LabView software package. By measuring the voltage 

from the standard thermocouples and optical thermometers, through high-precision digital multimeters, we 

connect the temperature and the optical radiation of the body. It is possible to determine the calibration of the 

optical thermometer based on data obtained using Planck's law (the range above the temperatures of fixed 

points of silver, gold or copper based on ITS-90) or based on the Sakuma-Hattori equation for temperatures 

below the mentioned fixed point’s temperatures.  

 

The acquisition process of the signal from thermocouples and optical pyrometer (which is standardized), 

statistic processing, recording and storage of data are carried out automatically. By using a virtual instrument, 

the calibration process of thermometer is significantly faster and simpler, while the use of real-time graphic 

display provides better control over the process.  

 

As a result of the optimization process and the usage of the acquisition system, the precision and accuracy of 

the measurement are increased and also the significant decrease in measurement of uncertainty type A have 

been noted, as well as the total measurement uncertainty in the process of optical thermometer calibration.  
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Second order, i.e. intensity, optical autocorrelation is well established and commonly used technique for 

ultrashort laser pulse duration measurements [1]. More advanced technique that combines autocorrealtion and 

spectral mesurements provides even exact temporal shape of the pulse [2]. We report on development of an 

intesity autocorrelator for measuring femtosecond pulses duration using a nonlinear crystal. Autocorrelator 

setup is based on Michelson interferometer with BBO (β Barium Borate) crystal in the detection arm for 

second harmonic generation. Corner cube prism on a motorised stage provides variable delay line. Photodiode 

with spectral filter was used for signal detection. Data acqusition, the stage driving and the autocorrelation 

traces display is performed by comupter, acqusition card and specialy developed software. The software 

performs simple data processing: filtering and calculation of the pulse duration as Full Width at Half 

Maximum (FWHM) of autocorrelation curve. Autocorrelator was used to measure duration of ultrashort pulses 

from a modelocked lasers.  We have tested the set-up and the software for various pulse duration and wave 

lengths from two ultrafast lasers: Coherent Mira 900 (160fs, 700-1000nm) and Timebandwidth products, Yb 

GLX (200fs, 1040nm). For the longer pulse duration (150fs-5ps) regenrative amplifier Coherent RegA with 

external pulse compressor/strecher was used. 
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The promise of economically viable and environmentally friendly conversion of sunlight into electrical energy 

has driven vigorous and interdisciplinary research on donor/acceptor heterojunction organic photovoltaics. 

However, the actual mechanism of the emergence of free charges on subpicosecond (<100-fs) time scales 

following the excitation of a heterojunction remains elusive. 

 

We investigate subpicosecond exciton dynamics in the lattice model of an all-organic heterojunction. Exciton 

generation by means of a photoexcitation, exciton dissociation, and further charge separation are treated on 

equal footing and on a fully quantum level using the density matrix formalism combined with the dynamics 

controlled truncation scheme [1]. Our results indicate that the space-separated charges appearing on <100-fs 

time scales following the photoexcitation are predominantly directly optically generated [2], in contrast to the 

usual viewpoint that they originate from ultrafast population transfer from initially generated excitons in the 

donor material. The space-separated states acquire nonzero oscillator strengths from donor excitons thanks to 

the strong resonant mixing between these two groups of exciton states. The results of ultrafast pump-probe 

experiments are commonly interpreted in terms of exciton populations only. Our theoretical insights into the 

ultrafast pump-probe spectroscopy highlight the importance of coherences, which cannot be disregarded on 

such short time scales, in the interpretation of pump-probe spectra [2]. 
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We theoretically and numerically investigate the high-harmonic generation (HHG) from bulk diamond driven 

by a linearly polarized intense pulsed laser irradiation of wavelength 800 nm and  time duration 15 fs  [1]. For 

laser intensity in the range       TW /    we find that HHG spectrum consists of two plateaus with 

dominant odd-order harmonics extending beyond the 50th harmonic order. Consistently with experimental 

observations [2,3], we find that the cutoff energy of the two plateau region scales linearly with the laser 

electric field.  Depending on the electric field, we distinguish three regimes of HHG spectrum: I) perturbative 

regime (      ⁄ ) in which  the intensity of different harmonics scales as   , where    is the harmonic 

order and   is the peak intensity of the laser pulse, II) intermediate regime (    ⁄        ⁄ ) in which  

the spectral intensity of different harmonic orders are comparable and scale as    regardless of the harmonic 

order and III) non-perturbative  regime (      ⁄ ) in which HHG spectrum is composed of two plateaus 

with indistinguishable intensities of individual harmonics  whose magnitudes are  orders of magnitude lower 

in the second plateau.  We find similarities of HHG in solids and HHG in gas phase [4] namely a few step 

process – i)  hybridization of substrate orbitals creates a transiently conducting state of virtual electron-hole 

pairs ii)  the electric field accelerates these virtual dipole pairs producing real electron-hole pairs, iii) the 

carriers experience an AC Stark shift, which widens the diamond bandgaps  and iv) some fraction of electrons 

recombine with their holes resulting in the emission of a single energetic photon. The sensitivity of the HHG 

process to the finite pulse duration  and the time lag in the emission of high harmonics is discussed. The 

obtained results prove the feasibility of diamond for attosecond pulse generation. 
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High-field THz radiation is a fascinating tool to study the interaction of electromagnetic waves with matter, 

such as demagnetization dynamics [1], tracking the ultrafast motion of a signal molecule [2], resonant control 

of states of matter [3] and et al. THz beamline at FLASH1 provides both tunable narrow bandwidth (1-30THz) 

and broad bandwidth intense THz pulses for user's experiment. 

 

Recently we have developed a THz characterization tool, optimized for FLASH's THz spectral range. It is 

based on THz electro-optic (EO) sampling, in combination of EO spectral decoding for THz pulse arrival 

timing jitter correction. It enables characterization of THz pulse, as a statistical average used in the 

experiment, with high temporal and spectral resolution.  

 

Because of the highly fluctuating nature of the THz generation process at FLASH, for certain class of 

experiments, knowledge of the individual THz pulse properties is essential. Thus a fast diagnostic of THz 

parameters is required and single-shot method offers clear advantages. The EO spectral decoding subsystem in 

the THz pulse characterization tool can be used as independent setup at performing single-shot measurements. 

However, due to the frequency interference in a long chirped laser pulse, the measured THz temporal profile is 

almost always distorted [4], particularly when characterizing ultra-broadband THz pulses with realistic 

probing laser. 

 

In order to study this single-shot technique, the broad bandwidth THz dump radiation is measured by EO 

spectral decoding setup. The distortion is analyzed in details and the measured profiles show agreement with 

our calculations.  

 

The measurements can help us to study possible retrieval strategies of the original THz electric field from the 

distorted measured one. This as a final goal has a single shot characterization of THz pulses for FLASH user 

experiments. 

 

Authors acknowledge financial support from German Academic Exchange Service (DAAD Grant Number 
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4
th
 generation X-ray light sources have attracted enormous attention of scientists from various fields, allowing 

conducting pump-probe experiments, which can reveal the mechanisms of chemical reactions and processes, 

occurring on the molecular and atomic level and on the time-scale of few femtoseconds.  

FLASH (Free Electron Laser in Hamburg) has a world-wide unique ability to generate tunable, broadband, 

high-field THz pulses, which are synchronized with XUV pulses on the order of few femtoseconds [1, 2]. It 

opens the door to new exiting THz pump X-ray probe experiments, such as THz driven magnetization and ion 

dynamics, coherent spin control, etc. For such experiments it’s extremely important to know the properties of 

the radiation, which is delivered to the experiment; therefore suitable tools for characterization are required.  

We are presenting a custom made ultra-broadband FTIR Spectrometer (Fourier Transform Infrared), optimised 

for THz source at FLASH and a 2D beam-profiler, both optimized to detect high-field, broadband THz 

radiation (0.6 µm to 600 um) and which are used as a part of the THz characterization tool, developed at THz 

beamline at FLASH. THz characterization tool also includes the Electro-optic Sampling (EOS) set up and 

Spectral Decoding (EOSD) set up, developed together in collaboration with the Institute of Physics and Vinca 

Institute of Nuclear Sciences in Belgrade, Serbia. We will also present the experiments, which have been 

conducted in THz beamline during last couple of years to give an overview on the exiting opportunities for 

light-matter interaction experiments with such an intense and broadband THz source.  
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More than any other gain media, titanium doped sapphire (Ti:Al2O3) is used as an ultrabroadband solid-state 

laser material for ultrashort pulse generation. Over the past decades, many pumping schemes were developed 

in the green region near the absorption maximum [1], but they all included complex and expensive solutions, 

typically a frequency converted solid-state laser. The complex pump laser adds to the cost, complexity and 

footprint of the whole Ti:Sapphire system and limits wider scale applications for everyday use in  industrial, 

medical or scientific environments. Owing to the developments in the laser-projection technology, low-cost 

laser diodes emitting over 3 W in the blue region around 450 nm became available. Beside much lower cost 

and smaller footprint, direct diode pumping provides better reliability, higher efficiency and better pointing 

stability. Although having its challenges, direct blue diode pumping showed that Ti:Sapphire laser 

performance is feasible and ultrashort pulses can be achieved in the wide tunable spectral region [2,3]. 

However, the average power and pulse energy reported so far were rather low for most applications. 

 

Our new developed laser is pumped by two Nichia laser diodes in a counterpropagating scheme. Each diode is 

driven at a current of 2.3 A and emits 2.9 W average power at wavelength around 450 nm. We used 4 mm 

long Brewster angle cut Ti:Sapphire crystal with 0.25 % doping. The group velocity dispersion introduced in 

the crystal is compensated by group delay dispersion (GDD) mirrors placed in one cavity arm. In the same arm 

the 7 % output coupler is used as an end mirror. The modelocking is obtained by focusing the beam onto a 

SESAM placed at the end of the other cavity arm.The laser generated 460 mW average power, i.e. 5 nJ pulse 

energy, at 92 MHz pulse repetition rate, wavelength was centered at 784.5 nm, and pulse duration was 82 fs 

with -900 fs2 GDD compensation [4].The calculated peak power was 61 kW. To our knowledge, this is the 

highest pulse energy achieved, about 5 times higher than previously published, and the highest peak power 

reported for direct diode pumped Ti:Sapphire lasers. 

 

Such a laser is ideally suited for biomedical imaging and nanostructuring applications. We demonstrate its 

application in three color two-photon excitation fluorescence (TPEF) imaging [5] of a section of mouse 

intestine and BPAE cells; and 3D SHG microscopy images of collagen type-I from a commercial tendon 

sample. 
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Laser surface scanning is one of the diagnostic techniques based on processes of coherent light reflection. In 

the sense of road surface and undersurface inspection, it is one the most important technique directly 

contributing the road safety concept.  

The laser beam reflection and transparence in multilayer environments has been already considered in the 

various thin films theory approximations. Another technique that is closely connected to the surface scanning 

is geo diagnostics by geopenetrating radars (GPR). The overall road conditions inspection technology is 

analyzed in the various ranges of electromagnetic radiation, using different approximations, with the main 

theoretic support that is based on detecting material properties.  

Based on the previous studies on interaction of light with non-metallic materials, optical, thermal, acoustic and 

other material properties were connected. For the given problem of road condition diagnostics, the 

characteristics of the signal reflected from the material can be evaluated and sent to the receiving multisensor 

platform.At the moment, the existing laser survey scanning techniques, with sophisticated devices for 

checking the road conditions, and their precision, are strongly dependent on meteorological conditions, 

sensing distance, laser induced and reflected beam angles, as well as conditions and structure of different 

concrete and asphalt road mixtures.  

Moreover, the road can also be naturally covered with spilled oil, a slash of ice or the so-called black ice, 

water, snow, etc. These circumstances require the special knowledge of spectral optical properties, which 

depend on the type of incident beam used for road condition diagnostics, as well as its intensity. All the 

mentioned conditions in which the propagation and reflection of the laser diagnostic beam is performed, will 

inevitably affect the measurement errors, and in signal processing, conclusions can be made that do not show 

the authentic conditions of the roads, which can later lead to problems in road safety management. For this 

reason, we propose to model the laser light in interaction with the assumed layers.  

This paper proposes the improvement of the complete signal processing procedure of the laser survey scanning 

method for road conditions, in terms of correction the above-mentioned errors, and the estimation of the 

measurement uncertainty of both types, A and B. This will be done by engaging the existing models, as well as 

forming new ones, where the diagnostic laser equipment will be interacted with the appropriate road surface 

material, which would increase the accuracy and the precision of the system itself.  
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It is known that laser trapping of light-absorbing nano- and microobjects in air occurs through the action of 

photophoretic forces [1]. In some cases, the photophoretic forces are several orders of magnitude greater than 

radiation pressure. Vortex beams [2], optical bottle beams [3] and single Gaussian beams [4] were used for 

such laser trapping. Use of Gaussian beams also makes it possible to perform three-dimensional manipulation 

of objects, but only if they have a non-spherical shape. In [5], a robust method to trap and manipulate 

ensembles of light-absorbing particles in air by using a three-dimensional (3D) optical lattice formed by 

overlapping coherent beams was proposed. The photophoretically trapped particles are attached to the nodes 

of the lattice and could be rotated and translated by moving the grating. In this paper, we propose a line optical 

trap generated by a cylindrical lens. This technique can be used to rotate and translate the trapped light-

absorbing particles by turning the lens. 

 

To generate the line optical trap, we used combination of the cylindrical lens and a microobjective. The 

cylindrical lens was mounted on the aperture rotation stage that allows us to rotate the generated line trap 

through 360 degrees. To demonstrate the optical trapping and rotation of light-absorbing particles in air, we 

used carbon nanoparticle agglomeration. These particles have a non-spherical shape, and therefore ideally 

suited for experiments of this kind that has been shown in previous experiments. The typical size of the 

agglomerations ranged up to tens of micrometers. 

 

To spray the microparticles into the generated line optical trap, a syringe with an outlet diameter of 

approximately 700 μm was utilized. Particles emitted from a syringe rushed into the interior of the cell by the 

action of the initial external force and the gravity force. After falling into the region near the line optical trap, 

light-absorbing particles began to absorb the laser radiation, which led to their heating. The resulting 

photophoretic forces led to trapping particles inside the line optical trap. In experiments, we rotated the 

cylindrical lens around the axis, which led to the rotation of the particles, which were trapped inside the line 

optical trap at a distance from its central part. At the same time, the particles trapped in the line optical trap on 

the beam axis did not rotate. 
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In this work we have studied the vapor species which are generated by pulsed Nd:YAG laser ablation of 

chloroauric acid (HAuCl4) in the absence of a buffer or reactive atmosphere and without postablation 

supersonic expansion. The laser ablation of HAuCl4 into vacuum generates significant yields of gold chloride 

cluster ions, the compositions of which were analyzed by time-of-flight mass spectrometry with a commercial 

matrix assisted laser desorption/ionization (MALDI) instrument. 

Pulsed laser ablation and vaporization of solids have found wide application in the deposition of thin films of a 

wide variety of materials for various purposes such as producing a high-quality semiconductor films for 

electronic and optoelectronic devices [1]. For this reason many laser ablation studies have been focused on the 

properties and performance of such deposited materials. Also, a large efforts have aimed at characterizing 

laser-solid interactions and ablation vapor plume [2]. On the other side, the laser ablation it has been 

successfully applied for generating novel and large vapor cluster species such as homogenous and 

heterogeneous metal clusters [3]. Earlier results have shown that the ablation of laser–gold nanofilm (Au NF) 

under irradiation with a nanosecond pulsed laser probably follows a photothermal evaporation mechanism, in 

which absorption of laser energy by the Au NF leads to formation of Au-nanoparticles via spinodal dewetting, 

followed by surface melting, and eventually a decrease in size or splitting, due to evaporation from surface 

atoms or the entire particle. The formation of Au cluster ions during the evaporation of Au NFs is 

accompanied by electron ejection [4]. Gold halide clusters have significant applications in catalysis, optics, 

medicaments, and environmental sciences. 

This work shows the possible formation of gold chloride cluster ions by the laser ablation. A small volume 

(0.5 μl) of HAuCl4 solution was applied onto the stainless-steel sample plate and left to dry at room 

temperature. Different concentration of HAuCl4 solution were analyzed, such as: 2,5 g Au/dm
3
 (initial 

solution), 0,25 g Au/dm
3
, and 0,025 g Au/dm

3
. The laser intensity was varied between 4000-5000 a.u. and the 

average of 1800 laser shots were taken for each spectrum. Preliminary results shows the formation of negative 

gold chloride cluster ions, such as: AuCl(HCl)(H2O), AuCl2, AuCl2(HCl)2H2O, AuCl2(HCl)2(H2O)3, 

AuCl2(HCl)2(H2O)4, AuCl2(HCl)3(H2O)3, AuCl2(HCl)3(H2O)4, AuCl3(HCl)2(H2O)5, AuCl4(HCl)4, 

Au2Cl(HCl)3H2O, Au2Cl(HCl)3(H2O)3, Au2Cl(HCl)5H2O, Au2Cl(HCl)6H2O, Au2Cl(HCl)5(H2O)2, 

Au2Cl2(HCl)6(H2O)5. Concerning different concentrations, the spectra have shown that the intensities of these 

complex composition clusters, [AuxCly(HCl)m(H2O)n], formed from the HAuCl4 increase with decreasing the 

concentration of HAuCl4 solution. 
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Abstract: In this paper we theoretically described the influence of the ponderomotive and the Stark shift [1,2] 

on the high-order harmonic generation’s transition rate (HHG rate) for the cases of noble and alkali atoms. To 

describe harmonic generation we used the analytical formula by Frolov et al. [3] which is derived for a weakly 

bound electron in the tunneling limit and modified it in way to include mentioned effects. Firstly, we assumed 

the general beam shape in nonrelativistic, linearly polarized laser field. We showed that the inclusion of these 

effects affects the HHG rate. For the same conditions, the intensity of the alkali harmonics were considerably 

weaker compared to the intensity of noble harmonics [4]. Also, the Stark shift for the alkali atoms induces not 

only decrease of the peak heights i.e. decrease of the ionization yield, but also the peak broadening. At the end, 

we analyzed the influence of the beam shape on the behavior of obtained theoretical curves. We considered 

two types of profiles of laser radiation, Gaussian and Lorentzian [5,6]. It is shown that the HHG rate depends 

on the spatial distribution of laser beam profiles. 
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Metallic thin films, based on nickel (Ni) and palladium (Pd)are promising material for a wide range of 

application, as catalytic components [1], optical devices [2], photovoltaic gas sensors [3], dye sensitized solar 

cells [4], and especially for environmental purposes [5]. The potential of nanosecond laser micro-processing 

for surface modification of nickel-palladium (Ni/Pd) multilayer thin film deposited on n-type (100) silicon 

wafer was studied. The multilayer structure composed of five bilayer (Pd/Ni) was deposited by d.c.sputtering 

from a pure Ni and Pd targets, using Ar ions, to a total thickness of about 180 nm. These multilayer thin films 

were then exposed to various number of pulses of Er:Glass laser, operating at 1540 nm wavelength with pulse 

duration of 44 ns. Multi-pulse laser irradiations were done at an incidence angle of 90 in an ambient air 

environment. The changes of the composition and surface morphology in the 5x(Pd/Ni)/Si system were 

monitored by Particle Induced X-Ray Emission (PIXE), by Rutherford backscattering spectrometry (RBS), by 

scanning electron microscopy (SEM) and by profilometry. The main part of the absorbed laser energy was 

rapidly transformed into heat, producing intensive modifications of composition and morphology on the 

multilayer surface. The results show an increase in surface roughness, formation of a specific surface 

topography, appearance of hydrodynamic features and ablation of surface material without shallow or deep 

crater like characteristics. RBS analysis revealed that laser modification was induced intermixing between the 

individual Ni and Pd layers, but also with silicon substrate. During the laser processing of 5x(Pd/Ni)/Si system 

delivered energy was probably sufficient to cause solid-state reactions, the formation of intermetallic 

compounds and silicides with Ni and Pd. An interesting finding is the 5x(Pd/Ni)/Si thin film has undergone 

some changes in the chemical composition and structure in the irradiated areas, indicating better crystallinity 

with an increase of the number of applied pulses. 
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The effects of UV nanosecond laser pulses on multilayer CrN/(Cr,V)N coatings were studied. In the 

experiment laser irradiation was performed in air at 248 nm wavelength and pulse duration of 25 ns. The 

surface composition and microstructure was analyzed depending on the initial content of vanadium in the 

coatings and number of accumulated laser pulses at a fluence of 0.17 Jcm
-2

. Most of the absorbed laser energy 

was rapidly transformed into heat, producing intensive modifications of the composition and morphology of 

the multilayer structure.The result has shown that concentration of metallic components was homogeneously 

distributed inside the coatings. However, on the surface and in the sub-surface regions the contents of Cr and 

V were decreased due to oxidation. The composition and thickness of created mixture of oxides Cr2O3 and 

V2O5 depend on the number of laser pulses and initial V content. Laser induced surface morphology changes 

of the multilayer CrN/(Cr,V)N coatingswere registered at the irradiation areas: (i) grainy structures at 

peripheries, (ii) cracks and (iii) irregular closed shapes in the center.  
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In this research, we demonstrate the fabrication of carbonized polyimide (PI) film for flexible devices based 

on laser irradiation. PI has been studied extensively for flexible devices which required various excellent 

properties, including flexibility, low dielectric constant, good biocompatibility [1].Focused laser beam induced 

high heat can selectively covert thermoset polymer PI into conductive porous carbon micro-nano structures 

[2].In this experiment, we used 355 nm nanosecond pulsed laser which had a high absorption rate of 20,000 

cm
-1

 at PI, which is advantageous for carbonization of the 355 nm wavelength at low laser power. We changed 

the number of the irradiation, processing time and scanning speed. This study will include various features 

such as optical microscopy, SEM, XPS and electric conductivity. Future application of the carbonized PI film 

is flexible electronics such as micro-supercapacitors, sensors, and photonic components. 
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Irradiation of refractory metals including tungsten (W) by high intensity laser radiation possesses fundamental 

as well as applied significance. Due to extraordinary characteristics, tungsten is nowadays an interesting metal 

which can be used in wide range of applications, from electronic to nuclear field. In the latter area, it is well 

known that tungsten can be used as plasma-facing material in fusion device/reactor [1] where high fluxes are 

present. Behavior/modification of tungsten surface under the action of high intensity laser radiation is scarce in 

literature and the goal of this research is focused in that direction.  

Tungsten modification in this study was done by pulsed, femtosecond laser [2,3] with the following 

parameters: output pulse energy up to 12 mJ; emission wavelength 800 nm; laser pulse duration 60 fs; 

repetition rate up to 10 Hz; fluence and intensity 16.2 J/cm
2
 and 2.7 10

14
 W/cm

2
,respectively (focusing 

regime), etc. Irradiation was carried out in vacuum, helium and air ambience. 

 

Generally, surface modification of the tungsten depends on the laser output parameters - pulse energy density 

(fluence), intensity, wavelength, laser pulse duration, number of accumulated laser pulses, etc., as well as the 

sample characteristics, for example absorptivity, and used environmental conditions (e.g. vacuum or gas 

(helium, air, etc.)). Surface changes and phenomena at W-target, in vacuum ambience, can be summarized as 

follows: (i) crater shaped damages with depth increasing with higher number of accumulated laser pulses; (ii) 

formation of solid droplets at near and further periphery; (iii) vast rim surrounding craters, and (iv) appearance 

of intensive plasma.     .    
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Modification of single titanium and complex titanium-aluminium samples by laser processing in the 

femtosecond time domain is unexplored field. This work included a study of the effects caused by changes in 

the composition and morphology of the compact Ti thin film and multilayer Ti/5x(Al/Ti) structure. Titanium 

and its oxides have specific physical, chemical and mechanical properties, such as high corrosion resistance, 

good stability, high strength and porosity. Titanium−oxide materials in different types and forms have shown 

great potential as ideal and powerful photocatalysts for various significant reactions due to their chemical 

stability, nontoxicity, and high reactivity. Laser surface modification allows production of active surface with 

formation of the desired oxide, creation of nano/micro textures and change wettability of the surface. 

The samples were processed by focused an Yb:KGW laser beam with 1026 nm central wavelength, 170 fs 

pulse duration and repetition rate of 1 kHz. The laser-induced morphological and composition modifications 

have shown dependence on applied intensities and number of laser pulses. The formed surface nanostructures 

on the Ti and Ti/Al thin film surface (5x5 mm) are obtained in scanning regime. The results show an increase 

in surface roughness, formation of parallel periodic surface structures, appearance of hydrodynamic features 

and ablation of surface material. At low pulse energies range (not over 0.01 mJ) and effective 50 pulses, the 

two types of LIPSS can be observed: low and high spatial frequency LIPSS (HSFL and LSFL). The low 

spatial frequency LIPSS (LSFL), oriented perpendicular to the laser polarization with periods slightly lower 

than the irradiation wavelength, was typically formed. The laser-induced surface oxidation was analysed by 

Elastic Recoil Detection Analysis (ERDA) in the subsurface part of the investigated samples, which indicates 

formation Ti-oxide and mixture of Al- and Ti-oxide in the case of multilayer structure. Photocatalytic 

degradation rate on the laser irradiated surface of Ti and Ti/Al thin films was compared with unmodified 

samples. The rate of photo-degradation was associated with changes in structure of Ti-oxide and in increasing 

of surface roughness with formation of periodic structure.  
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Populations of energy levels of sodium interacting with a linearly polarized intense (up to 10
13 

W/cm
2
) laser 

pulse of a few femtoseconds duration with wavelengths in the visible and near infrared domain are determined 

by solving the time-dependent Schrödinger equation (TDSE) for the valence (active) electron which is 

considered as moving in an effective potential of the atomic core and the external electromagnetic field [1]. To 

solve the TDSE we used two different methods: (i) the method of time-dependent coefficients (TDC) and (ii) 

the wave-packet propagation (WPP) method. In the TDC method the total wave-function is expanded in a 

finite basis of unperturbed atomic (bound) states and their populations at the end of the pulse are determined 

from the values of expansion coefficients at that time. In the WPP method the total wave function is 

discretized on a coordinate grid and its evolution is calculated using the second-order-difference scheme [1, 2]. 

Compared to the TDC method the WPP method is more time-consuming but also more accurate because in 

this case there is no restriction to a finite basis and the continuum states are taken into account. For the TDC 

calculations here we used a basis set consisting of the lowest 14 sodium states (s, p, d, f states from 3s to 6d). 

It is found that the calculated populations of low laying levels as functions of the laser frequency ω agree well 

with the results obtained by the PPT method in the range of laser peak intensities up to few TW/cm
2
. The 

peaks in the population of excited states (nl) occurring when Kω = ωnl,3s ≡ Enl(F,ω) – E3s(F,ω) (multi(K)-

photon resonance condition) are used to determine the field strength dependence of the resonant dynamic 

Stark shift for separations of levels. 
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Nanostructuring of surfaces by femtosecond (fs) laser beam interaction is the topic of research for some time 

[1]. The emergence of the laser-induced periodic surface structures (LIPSS) on metal-dielectric surfaces is of 

interest from fundamental and application points of view. The interaction of fs beam with thin films can also 

generate LIPSS, with the arrangement of thin films in multi-layer structure being important for the quality of 

the LIPSS [2]. Excellent properties of titanium (Ti) and tantalum (Ta), like corrosion resistance, heat transfer 

properties and workability, recommend them as useful materials for a wide range of applications - heat 

exchangers, reactors, and others exposed to extremely corrosive fluids. Combining Ti and Ta could be 

attractive for applications, but challenging, as they have great difference in melting point and density, 

therefore, TiTa alloys are still not widely adopted in applications [3]. 

 

We have performed the interaction of fs laser beam with multilayer Ti/Ta samples in order to investigate the 

effects of interaction with ultra-short pulses to surface morphology and to both surface and bulk chemistry of 

newly generated compounds. Each layer of the sample was 17 nm thick. The interactions were in two regimes: 

dynamic and static, depending whether the beam scanned over the sample surface or not. SEM and PIXE RBS 

analyses have shown the LIPSS formed with or without ablation depending on the beam fluence. The LIPSS 

orientation is dependent on the input beam polarization. Both types of LIPSS were formed, low- and high-

spatial frequency LIPSS, with periods being as low as 120 nm. 
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Surface properties of biomedical implants are one of the most important parameters when tissue 

engineered scaffolds are designed. It is discovered that cells- surface interaction like adhesion, 

proliferation, and differentiation depends strongly on surface characteristics such as wettability, 

chemistry and roughness [1]. 

In this study, pulse shaping technique was employed for femtosecond laser irradiation of biopolymer 

thin films. This method permits a gradual energy delivery into the sample due to the possibility of 

temporal redistribution of energy in the laser pulse. The influence of different delay times between 

consecutive pulses was examined with regard to evolution of surface morphology via field emission 

scanning electron microscopy (FESEM).  

The thin biofilms were exposed to ultra-short laser irradiation with laser pulses of 30fs duration 

established in a CPA Ti:Sapphire laser system (Femtopower – Compact Pro) at 800nm central 

wavelength and 1kHz repetition. We discovered delay time dependence of material morphologies and 

modification thresholds.We have used pulse delay times (td) varying from 0 to 1ps and number of 

applied laser pulses (N) from 1-1000. 
The ability to modify surface characteristics of the biopolymer thin films, by changing their roughness thus 

influencing wettability properties, permits manipulation of the cell dynamics.  

The analysis of cell culture studies demonstrate that cells are completely repelled from the areas where a new 

structured zone is reported. MG63 cells cytoskeletons can be seen aligning along the groove direction. 

Phenomena like cell trapping, directional cell growth are monitored. 

It was demonstrated that surface topography has an important effect on cells mobility and that cells 

are able to reorganize themselves in relation to surface features. 
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In recent decades, lasers have become the devices that came out of research laboratories and are widely used 

in industry, engineering, medicine, arts, etc. Among the many applications, lasers have found a place in the 

conservation of cultural heritage as a source of radiation in the modern diagnostic techniques, cleaning and 

scanning objects of priceless value [1]. Their importance in cleaning of cultural heritage objects is based on 

the properties of these techniques, such as high sensitivity, nondestructivity, selectivity, flexibility, on-site 

applicability and others. 

Laser techniques application in metal artifacts cleaning has to be carefully evaluated due to complex 

phenomena in laser–metal interaction and specificity of every artifact item. There is a large variety of metal 

materials and their combinations in cultural heritage. Also, the different organic and inorganic encrustations 

and corrosion products in different progression stage can be found on artifacts surfaces [2,3].  

Therefore, the optimization of laser parameters for safe and effective metal artifacts cleaning process is 

important step in order to avoid unwanted side-effects such as changes in the color or grater surface damages.  

A specific field of the metal surface laser cleaning is the cleaning of thin metal foils and coated surfaces. In 

cultural heritage such examples are metal yarns on the textile embroidery [4, 5]. Often, these yarns are coated 

with some precious metal as are silver or gold.  

This paper presents a study of laser cleaning parameters for safe and effective cleaning of silver coated copper 

metal yarns. In that purpose the preliminary investigation are performed on silver coated copper plate. That 

investigation involve numerical modeling of laser– silver coated copper plate interaction and experimental 

irradiation of real sample surface with pulsed nanosecond Nd:YAG laser by changing laser parameters as are 

wavelength, laser beam energy and number of pulses. The numerical 3D model of the generated heat on the 

silver coated copper plate was obtained using the COMSOL Multiphysics software package and was carried 

out with the aim to define the temperature distribution around the irradiated zone and the maximum 

temperatures. 

Optical microscopy, SEM and EDX analysis are used for the diagnosis of the morphological and chemical 

effects of laser irradiation on real sample surface. Obtained results are compared with results of laser 

irradiation analyses on naturally tarnished metal yarns embroidery from museum sample.  

This investigation confirms that Nd:YAG lasers can be successfully used for metal yarns cleaning. Application 

of adequate numerical model can provide an opportunity for a faster and cheaper determination of the cleaning 

process optimum values range. Some parameters for successfully and safely cleaning of silver coated 

copper surface were determined. 
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Metallic biomaterials should exhibit excellent biocompatibility, high corrosion resistance and low elastic 

modulus which are close to that of human bones. It was shown that in this sence Ti-Ta alloys have 

considerably better mechanical properties compared to pure titanium or tantalum [1, 2]. 

The main purpose of these experiments was investigation of possibility to induce interlayer mixing in an Ti/Ta 

immiscible multilayer system by laser irradiation.The absence of interlayer mixing was previously shown on 

this system during the Ar
+
 ion irradiation up to relatively high fluence of 2x10

16
 ions cm

-2
 [3]. 

The system consisted of ten alternate Ti and Ta thin films (~18 nm each) and covered by slightly thicker Ti 

layer (~27 nm) on the top with the purpose of creating an appropriate porous structure very important for 

potential biocompatibility [4].  Structure was deposited on Si (100) wafers to a total thickness of 205 nm.  

Laser irradiation was performed in air by picoseconds Nd: YAG laser. Defocused laser pulses had a laser spot 

on the sample surface of 3 mm in diameter and fluences of 0.057 and 0.11 J cm
-2

. Laser beam was scanned 

over the 5x5 mm
2
 surface area with different steps along y-axes to provide a variation in deposited energy 

density.  

For structural and compositional characterisation following methods were used: Auger electron spectroscopy, 

X-ray photoelectron spectroscopy, atomic force microscopy and scanning electron microscopy. 

The obtained results show that laser processing at a lower fluence causes only oxidation of the top Ti layer, 

invariable to the number of applied laser pulses and no interlayer mixing was observed. Appliance of laser 

pulses at fluence of 0.11 J cm
-2

, on the other hand, caused significant increase of surface roughness and partial 

and/or complete ablation of deposited layers, but in partially ablated regions considerable mixing between Ti 

and Ta films was registered. 

These experiments indicate that the use of picoseconds laser pulses with fluences in interval (0.057 – 0.11) J 

cm
-2

 could be very useful for mixing of titanium and tantalum layers and fabrication of a new material for 

medical implants. Suitable choice of films thicknesses would lead to the desired composition of this alloy. 
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Abstract:  In the last few years, a great deal of attention has been devoted to Double-Core-Hole states, and 

especially those involving K-shells,    states, as well as,      states, which consider simultaneous core 

ionization and core-excitation [1]. In this paper we have given a theoretical framework that enables 

prediction of the energy distribution of ejected photoelectrons in K
-2

V process. In order to achieve this, we 

obtained a formula for the transition rate taking into account the channels of sequential and nonsequential 

ionization, and ionization with ionic core excitation, i.e. we treated the ionization rate as a cumulative 

contribution of simultaneous processes, ionization and excitation [2,3]. We assumeda non-relativistic domain 

and linearly polarized laser field. We started with the K
-2

V process in helium like atoms and showed that 

inclusion of additional processes significantly influences the transition rate and at the same time the energy 

distribution of the ejected photoelectrons, especially in the energy range of the ejected photoelectrons bringing 

us to the energy range of low energy electrons which have a significant role in bio damage [4]. 
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Dye-sensitized solar cells (DSSC) attract increasing attention due to their relatively low production 

costs and wider choice of materials compared to other photovoltaic devices for solar harvesting [1]. Since their 

introduction in 1989 [2] their performance has been steadily improving [3]. Extending the useful range of 

irradiation frequencies of the DSSC is desirable in order to collect as much electromagnetic energy from the 

solar spectrum as possible.One possible method proposed to further increase the quantum efficiency of the 

DSSC and of solar cells generally is plasmonic enhancement [4,5]. To this purpose either noble metal 

nanoparticles or core shell metal-on-semiconductor nanoparticles interspersed with dye-sensitized titanium 

dioxide were used in the photoanode. Localized plasmons on the nanoparticles and increased scattering cross 

section enabled to decrease the thickness of the solar cells, while varying size of the plasmonic particles 

helped to extend the usable radiation band. Another route for enhancement is the use of rough gold films 

serving as plasmonic nanoantennas coupled with titanium dioxide film [6].In this contribution we propose the 

use of alternative plasmonic material, doped transparent conductive oxide (TCO), as the stochastically 

roughened structure at the surface of the DSSC. Such oxides (e.g. tin oxide, zinc oxide) are typically already 

used as the conductive part of the photoanode immediately above the dye-sensitized mesoporous titanium 

dioxide [1]. If roughened, TCO surface features can be regarded as a collection of diffractive scatterers with 

different sizes. As a consequence, this ensures enhanced coupling between the propagating and the plasmonic 

modes in an extended range of frequencies, dependent on the range and distribution of the subwavelength 

surface features. At the same time, the incident waves that were not coupled will be randomly scattered by the 

roughened surface, effectively further extending the optical path through the medium.We used finite element 

simulations and analytical treatment to assess the properties of the novel DSSC structure with a roughened 

TCO electrode. The use of the additional broadband plasmonic coupler ensures thinning of the photoanode 

without compromising the optical response, which on the other hand results in smaller amounts of necessary 

sensitizer dyes, leading to the possibility to use more expensive dyes at the same cost and ultimately extending 

the available choice of sensitizers. At the same time, the textures surface, being a collection of subwavelength 

scatterers with different sizes, effectively widens the frequency range in which the solar radiation can be 

coupled into the plasmonic modes. The plasmonic response of the TCO material itself can be tuned by design, 

using different doping levels, thus ensuring further tailoring of the response [5]. Obviously, different older 

schemes for the DSSC improvement, like e.g. the use of additional plasmonic nanoparticle scatterers within 

the titanium dioxide mesoporous matrix, can still be used with the proposed layout. 
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Since its discovery in the 1970s, surface-enhanced Raman scattering (SERS) has become indispensable in 

analytic applications of Raman spectroscopy involving trace concentrations of analyte. It is well established 

that SERS enhancement factors above 10
10

 can be reached if the analyte molecules are deposited into the 

electromagnetic "hotspots" formed in metal nanoparticle gaps or crevices, allowing single-molecule detection. 

While several mechanisms are known to contribute to the overall enhancement, the dominant contribution to 

large enhancement factors is known to be of the electromagnetic nature, scaling approximately as the fourth 

degree of the local electric field enhancement. 

 

Silver nanoparticles deposited on appropriately chosen substrates are amongst most frequently used SERS 

substrates because the plasmonic properties of silver at visible frequencies are superior to other metals. 

However, silver is prone to oxidation in ambient conditions, especially when illuminated by a strong laser 

beam, leading to stability issues when attempting to use it in SERS substrates [1]. In addition to improved 

stability, a passivation of the silver surface by ultrathin dielectric layers has been shown [2] to be beneficial as 

a way to functionalize the surface. Recent studies [3,4] have indicated that graphene, as a two-dimensional 

material which combines atomic thickness with mechanical robustness, might be an ideal protection layer for 

silver nanoparticle SERS substrates. 

 

Here we employ rigorous finite-element based numerical simulations of light scattering on silver nanoparticle 

clusters deposited on a substrate, in order to determine the electromagnetic SERS enhancement factor 

provided by the nanoparticle cluster. While it is evident that graphene or a similar absorbing two-dimensional 

cover layer [5] reduces this factor, our aim is to determine and understand the magnitude of this reduction, in 

order to help optimize the use of graphene in novel silver nanoparticle SERS substrates.  
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Light interaction with nano-particles has been a matter of research since the beginning of the century [1]. In 

more recent years, different geometries and arrangements were studied while trying to achieve different 

optical properties such as dichroism or asymmetric transmission [2]. Despite all the effort these nano-

structured photonic surfaces, often termed metasurfaces, are still challenging to model and even more 

challenging to fabricate. One road to simplify the problem is choosing flat geometries in periodic 

arrangements. Unfortunately, this implies fewer possibilities in their optical design. Especially when trying to 

control the full state of polarization of transmitted or reflected light the restriction to planar symmetries can be 

a hindrance. It would therefore be desirable to have a way of easily combining multiple metasurfaces to a 

multifunctional system. The question is then how to describe a stack of metasurfaces and what kind of issues 

this imposes on fabrication. 

Metasurfaces are characteristic for their structure sizes and particle separations in a subwavelength regime. As 

a result, higher diffraction orders emerge that couple to adjacent layers. Usually, due to the complexity of this 

interaction, rigorous numerical methods have to be applied in order to describe these stacked systems. 

However, depending on period, layer separation and the wavelength of the incident light a condition can be 

found for a reduction of the layer interaction to the zeroth diffraction order only. If transmission and reflection 

coefficients for each single layer are known, the entire stack can then be described analytically [3]. Mainly, 

this implies two things. First, simulation time and effort decreases tremendously. Second, a zeroth order model 

is equivalent to assuming that the metasurfaces are infinitely thin homogeneous layers which do not have to be 

aligned laterally [4]. This means the major issue of layer alignment can be ignored during fabrication, 

decreasing the possibility for errors and allowing for faster procedures. 

Moreover, applying a scattering matrix (S-matrix) formalism to this approach yields additional physical 

information [3]. S-matrices can be combined using Redheffer’s starproduct [5], a more involved matrix 

product connecting the ports of consecutive S-matrices. The starproduct can be decomposed in an infinite 

geometric series accounting for all the possible interactions as light passes through the layers. This allows us 

to separate leading order interactions from interferometric, i.e. Fabry-Perot-like, terms, which is crucial to 

fully understand the emerging optical properties of stacked systems. 

In our contribution, we will derive an approximation for a zeroth order description of stacked metasurfaces 

and demonstrate its versatility both numerically and experimentally. For the latter, a system of two nano-

structured layers separated by a dielectric spacer was fabricated and characterized. Being comprised of both 

gold nano-wires and patches it demonstrates the combination of resonant and polarization sensitive features. 

Furthermore, we will show how to analyze stacked systems using a new formalism of decomposed S-matrix 

coupling. For that, we will derive the necessary equations which govern the interaction between layers and 

apply them to a system of numerically derived single layers. 
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An optical medium is said to be hyperbolic if the principal values of its dielectric permittivity tensor differ in 

sign, implying a hyperboloid equifrequency surface. As the photonic density of states (PDOS) and the 

associated spontaneous emission rate of quantum emitters are known to be proportional to the area of the 

equifrequency surface, hyperboloid media exhibit very large Purcell factors, infinite in the local 

approximation. In nature, a hyperboloid behavior occurs in certain crystals at mid and far infrared frequencies 

and is usually associated with vibrational resonances.  

 

In recent years [1], periodic stacks of ultrathin metal and dielectric layers, here referred to as metallodielectric 

superlattices, have been considered as artificial media exhibiting a hyperboloid behavior up to visible 

freuqencies. As visible and infrared wavelengths are many times longer than the period, the main optical 

properties of a superlattice can be understood by approximating it by a uniaxial homogeneous medium. A 

more rigorous microscopic picture [2] shows that the unusual properties are a consequence of the transparency 

of individual layers which allows a hybridization of surface plasmon polaritons (SPPs), supported by each 

metal-dielectric interface, and the formation of Bloch SPPs delocalized across the superlattice.  

 

Here we consider the spectral characteristics of PDOS at the interface between a semi-infinite 

metallodielectric superlattice and a homogeneous medium. We discuss the conditions leading to the 

appearance of surface modes referred to as Tamm plasmons and their contribution to the surface PDOS, 

aiming to discriminate the efficiency of a quantum emitter placed near the surface. Coupling of the emitted 

radiation with Tamm and Bloch plasmons improves the interpretation of recent experiments by 

Krishnamoorthy et al. [3]. We show how the classical results for emission into surface plasmons [4] are 

modified in case of Tamm plasmons, explain the factors influencing the magnitude of the relative contribution 

of Tamm plasmons to the total PDOS and its critical behavior in the vicinity of the topological transition 

frequency between hyperbolic and elliptical regime.  
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The advantage of metamaterials made of resonant particles is that, in the interaction with THz waves, they can 

generate enhanced response which enables diverse functionalities in THz frequency range. In view of that, it 

was pointed out that the control of delay times of THz pulses can be used for a variety of THz applications [1, 

2]. On the other hand, during the interaction with light, chiral metamaterials exhibit optical activity andcircular 

dichroism as a consequence of different propagation of right (RCP) and left (LCP) circularly polarised waves 

[3]. Here, we consider the delay times that characterize the interaction of THz wave with a chiral metamaterial 

slab consisting of resonant omega (Ω)particles embedded in dielectric material. 

We observe the interaction of RCP and LCP waves with the slab and focus on the analysis of various effects 

that occur due to the different polarisation of incident waves. It follows that the RCP wave has much stronger 

coupling with the resonant particles than the LCP wave. Results show that the energy density, absorption and 

hence, the dwell time of RCP wave have higher values at the resonant frequency comparing to the case when 

LCP wave interacts with the slab. Calculations were done performing numerical simulations of the resonant Ω 

particles, as well as by using the effective parameters extracted through parameter retrieval procedure 

considering a homogenous chiral slab. To the best of our knowledge, this is the first analysis of delay times in 

chiral metamaterial [4] and obtained results can be used for circular polarisation characterization in THz 

spectral region. 

Additionally, we analyse the impact of incident field intensity on delay times for the case of homogenous 

nonlinear chiral slab presuming that the chiral particles are immersed in nonlinear dielectric of Kerr type. Due 

to the presence of nonlinearity, common features of metamaterials can be significantly altered [5]. We present 

our analyses on the nonlinear effects related to resonant behaviour of circularly polarised waves which will 

affect the corresponding delay times.  
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The generation of non-diffracting beams that are suitable for flat land photonics has always been of interest, 

not only from a photonic device point of view but for fundamental research as well. A metal-dielectric 

interface serves as the best companion of Airy beams in planar systems. These interfaces are known to support 

surface plasmon polaritons (SPPs). Surface plasmons can confine the wave to an interface decaying 

exponentially in the direction normal to the surface.Airy SPPs are propagating surface plasmon excitations 

that are confined to the metal-dielectric interface, containing the properties of Airy beams. This unique 

combination enables one to tailor the flow of energy at the metal surface. This opens up new capabilities in 

prominent device application e.g. optical traps and tweezers, biosensors, selective on-chip manipulation of 

nanoparticles [1, 2].  

The generation of Airy SPPs has basically two requirements. First, the free space k-vector should match with 

the SPP k-vector. Second, the generated surface plasmon should have Airy wave profile. Many methods have 

been proposed to generate these non-diffracting beams [3, 4]. The generated Airy SPPs have been investigated 

using experimental methods like leakage radiation microscopy [3] or scanning near-field microscopy (SNOM) 

[4]. In SNOM the presence of a scanning probe perturbs the field being measured, so the measurement may 

not be a true representation of the field properties. This limitation can be overcome by using more 

sophisticated experimental tools.  

Here, we report a versatile method of investigation of Airy SPPs on a metallic surface by PhotoEmission 

Electron Microscopy (PEEM). It can provide unprecedented spatial resolution of the order of 20nm. PEEM 

allows direct visualization of the plasmon field through photoemission [5], where the photo-emitted electrons 

provide a map of electromagnetic fields at the surface.Our sample design is inspired by Minovich et al. [4] and 

was realized by focused ion beam milling into a 200 nm thick gold film. This specially designed diffraction 

grating can generate the Airy beam profile and simultaneously can couple free space propagating waves to 

surface plasmons. For the illumination, we used a home-built tunable optical parametric chirped pulse 

amplifier. The central wavelength was varied between 690 and 840 nm. The emitted photoelectrons were 

imaged by a PEEM from Focus GmbH. Large scale 3D finite difference time domain simulations were 

performed to optimize and theoretically verify the design. 

Both theory and experiment show an excellent agreement. On the air-gold interface, the Airy SPP is launched 

at the grating edge and simultaneously interferes with the incident laser pulse. The photo-emitted electrons 

provide the direct visualization of the total field. The area of constructive and destructive interference leads to 

higher and lower nonlinear photoemission yield. This result clearly shows surface plasmon generation 

containing all the properties of Airy beams. The main lobe of the Airy SPP propagates along a curved 

trajectory for more than 25μm. 

In conclusion, we have experimentally investigated the Airy plasmons with high spatial resolution, and their 

propagation along the curved trajectory has been visualized. The experimental results not only match with 

theoretical results but also contain deeper insight into the structure. 
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Chiral metamaterial consists of periodically placed resonant elements exhibiting chiral effects such as circular 

dichroism and optical activity. They appear due to the coupling of electric and magnetic fields which is result 

of an interaction of electromagnetic wave and chiral metamaterial. Numerous designs of chiral resonant 

elements are proposed providing applications for polarization conversion, filtering and absorption in THz 

frequency range [1, 2].  

 

Here, we analyze propagation of electromagnetic waves through chiral metamaterial composed of  twisted 

closed ring resonators (TCRR). The proposed chiral metamaterial is ultrathin structure which makes this 

design easy to fabricate and, at the same time, maintains effects which can be observed in conventional chiral 

3D metamaterial structures. Dimensions of chiral elements are chosen to provide resonances within THz 

frequency range. Different geometrical parameters are varied in order to determine their influence on resonant 

frequency and losses [3].  

 

For our TCRR chiral metamaterial structure, the analysis is made from microscopic as well as from 

macroscopic point of view. Through numerical simulations, we calculate electromagnetic field distribution, 

scattering coefficients, absorption and consequently, circular dichroism. Additionally, we examine losses in 

our chiral structure in terms of radiative and non-radiative ones [4] and explore its influence on the circular 

dichroism.  
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Plasmonics offers the possibility to tailor the frequency dispersion and concentrate electromagnetic fields into 

spaces much smaller than a single wavelength, with radiation intensities being proportionally increased 

compared to the incident beam, often for a several orders of magnitude [1]. Such extreme localizations 

obtained by means of surface plasmons polaritons (SPP) are useful for numerous practical applications 

including ultrasensitive chemical sensing, enhancement of photodetector sensitivity and many others [2]. One 

of the fields of use of plasmonics is the enhancement of photocatalytic efficiency under the irradiation by 

visible light [3]. More specifically, a wide class of reactions in photocatalysis can be enhanced by the use of 

solar radiation [4].  

In order to convert as much optical radiation as possible into electrochemical energy one needs to ensure 

coupling between the propagating modes of solar radiation and the surface-bound modes of a SPP. Since wave 

vectors of the surface modes obviously must be much larger than those of the propagating beams in order to 

ensure field concentration, this is not a trivial task, and there is a need for an coupler structure to impart 

additional momentum to the propagating beam. A possible solution is to use nanoparticles of good plasmonic 

materials, usually gold or silver, which serve simultaneously as couplers and field concentrators owing to the 

formation of localized SPP. This approach is actually used in vast majority of plasmonic photocatalytic 

systems [3, 4]. Another approach is to use rough metal films [5,6]. A stochastic surface profile can be 

represented as a superposition of a number of different sinusoidal diffractive gratings, effectively behaving 

similarly to a collection of metal nanoparticles with different sizes and ensuring a broadband coupling. 

Here we consider the use of subwavelength texturing of plasmonic films for microreactors. To this purpose the 

bottom of the microchannel is roughened, ensuring SPP localization and field enhancement. Since the height 

of microchannels is small, practically the whole volume of the microchannel can coincide with the region of 

enhanced evanescent field, thus ensuring high efficiency. We consider single crystalline silicon, polycarbonate 

and quartz glass as the materials for the microreactors. Standard chemical bulk micromachining is used as the 

means to generate stochastic reliefs both at the subwavelength and at the macroscopic scale, while different 

profiles are obtained by varying the etching parameters and the microreactor building materials. Standard 

photolithography is used to define microchannels, and radiofrequent sputtering is applied to deposit a gold 

film over the roughened surface. The same approach can be used for different photocatalytic processes. A 

useful trait of this method is that SPP-based chemical sensors can be conveniently integrated into such 

microreactors, being based on the same mechanism, thus ensuring a possibility for in situ characterization and 

real-time control of the reactor products. 
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Tunable metasurfaces are planar arrays of metallic or dielectric resonators coupled with appropriate 

tunable elements [1]. They enable design of very compact and efficient optical modulators, with deep 

subwavelength thickness, fast operation, and low power consumption. Previous modulators were based on 

passive tunable elements, where the tuning was achieved by controlling either their refractive index or losses. 

Still, a perfect optical modulation providing both states with zero and unit reflection/transmission has not been 

achieved so far. Here we investigate gain-assisted metasurfaces in order to achieve perfect reflection 

modulation from zero to one. So far, optical gain was mainly used to compensate losses [2] and achieve lasing 

in metamaterial and plasmonic structures [3, 4, 5]. 

The considered structure [6] is metal-insulator-metal (MIM) plasmonic cavity, while the insulating 

layer is doped with dye molecules in order to provide an optical gain. When dye molecules are not excited, the 

insulating layer is purely absorbing, so the MIM cavity acts as a perfect plasmonic absorber thus giving zero 

reflection and OFF state. When the dye-doped film is inverted (the emission of dye molecules dominates over 

absorption), losses in metallic parts can be compensated. In this case, at the emission frequency of dye 

molecules, the MIM cavity behaves as a perfect mirror with unit reflection in ON state. 

Gain-assisted metasurfaces are studied using numerical simulations based on rigorous coupled wave 

analysis. First we discuss design of MIM cavities, the optimization of their geometry, and required level of the 

optical gain. The modulator operation is analyzed in terms of its radiative and non-radiative decay rates, and 

their evolution with the degree of inversion of dye-doped layer. It is shown how the optical gain can be used 

for adjusting both OFF and ON states. Finally, we discuss possible lasing from these structures. 
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The strong scattering of light by noble metal nanoparticles has, since ancient times, been utilized in various 

ways, from Roman stained glass to modern day hCG pregnancy tests. At optical frequencies, both the 

"lightning rod effect" associated with nanometer geometric features and the excitation of collective charge 

oscillations known as localized surface plasmons (LSPs) contribute to the formation of strong and highly 

localized electric field "hotspots" at the nanoparticle surface. Understanding the "hotspot" formation 

mechanism and its attributes such as resonant wavelength, excitation efficiency or spatial confinement, as well 

as mastering the technology to efficiently produce LSP systems with desired properties, has been at the focus 

of plasmonics and nanooptics in the past decade and motivated by the perspective of producing a new 

generation of ultrasensitive spectroscopic sensors [1] or controlling the photon generation by quantum emitters 

[2]. A significant recent development has been realized by the use of the layer-by-layer polyelectrolite 

deposition technique [2,3], providing cheap means to produce dielectric layers the thickness of which can be 

controlled with subnanometer precision. 

 

Here we report on a comprehensive study of optical properties of silver nanospheres or nanocubes separated 

from a flat or periodically corrugated aluminium substrate by a few nanometer thick layer of oxide and several 

polyelectrolite layers. Combining theoretical methods based on the mixed representation of the Dyadic Green 

function for the electric field, numerical simulations employing the finite element method, various colloidal 

synthesis protocols for silver nanoparticle generation, holographic generation of periodically corrugated 

surfaces, electron beam deposition of aluminium films, layer-by-layer polyelectrolite deposition, 

spectrophotometry, spectroscopic ellipsometry, Raman spectroscopy and atomic force microscopy, we 

investigate the properties of surface plasmon polaritons of the aluminum surface [4] and their role in the 

formation of LSPs highly localized in tiny gaps between the nanoparticle and aluminium substrate. 
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The principle of operation of optical affinity-based chemical and biological sensors relies on adsorption-

desorption (AD) process of target substance particles on the sensing surface, leading to the change of the 

surface layer composition, and consequently its optical parameters, thus altering the properties of light that 

interacts with the sensing element [1]. A well known group of such sensors are refractometric sensors, in 

which the refractive index of the sensing area depends on the amount of the adsorbed substance (i.e. of the 

number of adsorbed target particles), and is therefore used as a measurement parameter. Since AD process is 

random in nature, the number of adsorbed particles on the sensing surface fluctuates, resulting in refractive 

index fluctuations, which are known as AD noise. This fundamental noise can limit the sensor ultimate 

performance regarding its total noise and minimal detectable concentration. AD noise analysis is therefore 

important for the design, optimization, and characterization of practical adsorption-based refractometric 

sensors. 

Plasmonic sensors belong to refractometric sensors, and are known for highly sensitive label-free detection 

[2]. However, as in all adsorption sensors, there is the problem of selectivity. Although methods for sensing 

surface functionalization are used in order to promote binding of target analyte particles, adsorption of other 

substances from the environment is inevitable. Such substances often have much higher concentrations than 

the target substance, so the interfering signal caused by their unwanted adsorption can dominate and produce a 

false measurement result. Adsorption of multiple substances therefore must be taken into account in the 

analysis of the sensor response and its fluctuations. 

Equilibrium response fluctuations of adsorption-based sensors have been analyzed in the cases of single and 

multianalyte adsorption in which it is justified to neglect the influence of AD process on the change of analyte 

concentration in the sensor reaction chamber [3, 4], so that a linear adsorption model can be used. Fluctuations 

in microfluidic sensors that have constant influx of analyte particles due to mass transfer have also been 

modeled [5, 6]. In plasmonic sensors, refractive index fluctuations are considered by taking into account the 

depletion of particles in the reaction chamber due to adsorption of one analyte, assuming ideal sensor 

selectivity [7, 8]. In this paper we present a model of sensor response fluctuations that corresponds to a more 

realistic practical situation of both multianalyte adsorption on the sensing surface and the varying analyte 

concentration of the adsorbing species in a closed reaction chamber. By discussing an example of two 

adsorbed substances, we analyze the influence of unwanted adsorption on the refractive index fluctuations 

depending on the analyte concentrations. Subsequently, we compare the results of the analysis with those 

obtained by using the linear adsorption model for multiple substances. Finally, we determine the conditions in 

which the application of the presented model becomes necessary, having in mind that the new generation of 

plasmonic sensor is intended for detection of ultralow analyte concentrations. 
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For the last few decades, scientists have been focused on the production of metal nanoparticles due to their 

electronic, optical, magnetic and other specific properties. The potential application of metal nanoparticles is 

indeed broad; they have already been used in catalysis, photonics, optoelectronics, surface-enhanced Raman 

scattering (SERS) [1], anticancer therapy, drug delivery, cell labeling, non-invasive diagnostics (bioimaging 

and NMR imaging), etc. [2,3]. Silver nanoparticles are of particular importance because of their physical and 

chemical properties, which can be broadly tailored by controlling their size and morphology. Although a wide 

variety of silver nanoparticle synthesis methods have been published [1], one of them is especially important 

because it allows us to tailor the process to obtain nanoparticles of the desired shape and/or size – the chemical 

reduction of silver precursor in a solution, usually in the presence of a stabilizing agent. Because of a delicate 

interplay of kinetics and thermodynamics, it is quite difficult to control both size and shape simultaneously [4], 

but with the choice of silver precursor, reducing agent, solvent, stabilizing agent, reaction temperature, 

reaction time, molar ratio of precursor/ solvent, molar ratio of nucleating agent/metallic silver, weight ratio of 

stabilizing agent/silver precursor [5], the precursor injection rate [1] as well as the precursor/ reducing agent/ 

stabilizing agent/ adding sequence it is possible to synthesize specifically–shaped silver nanoparticles with a 

relatively narrow size distribution [6]. Still, the production of nanoparticles should be simple, reproducible and 

relatively cheap, which is sometimes hard to achieve. 

Here, the silver nanoparticle production by the reduction of silver ions is presented. The influence of 

temperature, solvent selection, precursor injection rate and reactants adding sequence on the morphology and 

size of silver nanoparticles is investigated. The reproducibility of the process under the same experimental 

conditions has also been examined. The synthesized nanoparticles have been characterized by scanning 

electron microscopy and UV-Vis spectrometry. The experimentally determined plasmonic properties of 

nanoparticles are compared with the theoretical prediction of electrodynamic simulations. Some of the 

ongoing results will be presented at this conference. 
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Semiconductor nanowires (NWs) have stimulated great interest due to their ability to confine optical fields, 

and enhance the electrical and optical response in nano-scale dimensions. High quality ensembles of GaAs-

AlGaAs-GaAs core-shell-supershell NWs with hexagonal cross-section were fabricated by low cost, self-

catalyzed, lithography-free growth on Si substrates [1]. The sample geometries (length ~5µm, diameter ~140-

150nm) and material properties lead to the resonant absorption due to the excitation of NW modes in the 

visible and near-IR part of the spectrum. The absorption properties in similar NWs have been so far 

characterized indirectly, by measuring the photocurrent, reflectance or photoluminescence. Here we first 

demonstrate that scattering-free photo-acoustic spectroscopy (PAS) can be applied to directly measure such 

absorption [2]. The experimental results are in great agreement with the numerical analysis of these modes, 

simulated in both single NW and interacting NWs whose distribution was taken from SEM distribution 

analysis. The work therefore proves the new application of PAS as a low-cost, sensitive characterization tool 

for NW ensembles.  

 

We further investigate the hybridization of GaAs-based NWs with Au; we cover three out of six sidewalls of 

the samples by 10-20nm of gold, thus inducing a symmetry breaking which leads to an “extrinsic” chiral 

response under a proper experimental set-up. We apply PAS to measure the circular dichroism at 532nm and 

980nm incident wavelength under many sample and angle configurations [3]. The experimental results are in 

good agreement with simulations, showing that the optimization of NW geometry could lead to chiral light 

applications. 

 

The resonant modes lead to the chiral field formation in the vicinity of GaAs-based NWs; the overall 

symmetry can again be broken by the asymmetric golden layer [4]. We show that the chiral field maps can be 

manipulated by changing the incident angle of the linearly polarized light. Our work is here inspired by the 

actual samples from [1-3], and we optimize the NW dimensions for the maximum enhancement of the chiral 

field. Finally, we underline the possible experimental configuration for the enantioselective spectroscopy 

application.  
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We analyzed the optical properties of an open FP cavity ring resonator based on a nanograting mirror (NGM) 

and two identical tilted flat mirrors, M1(2), where the first diffracted order is coupled to the zero order to 

obtain the resonance in the cavity. 

Grating structures are well known meta-surface devices [1] capable of performing functions for 

nonconventional optics. Open cavitystanding-wave Fabry–Perot interferometers based on grating beam 

splitters, have been proposed and implemented [2] for overcoming the problems of transmission optics posed 

by the high-power light. A ring FP cavity embedding similar constituents was later proposed [3]. No theory 

was elaborated in the open case [2], and only schematic treatment was presented in the ring case [3], however 

the grating was not optimized for the best cavity gain. Our study aims at filling this gap, and this paper is 

devoted to the ring FP cavity. 

The analyzed structure is based on an NGM and M1(2) arranged at a height H above the grating and a distance 

L from each other. Let coherent light of a wavelength  impinges NGM at an angle i, then properly relating 

the cavity dimensions (L, H), the mirror tilts and the grating period (), the initially diffracted 1
st
 order beam 

can be forced to launch the light circulation, so that after the first round trip the circulation proceeds infinitely 

with the secondary 0
th
 order beam. Simultaneously, the secondary out-of-cavity 1

st
 order beams diffracted 

from the NGM and combined with the initial 0
th
 order beam, as they propagate under the same angle, and 

continues to the light read out at the detector port (D). The light recirculation gives rise to an intracavity light 

power gain if the cavity is tuned and viceversa if it is detuned, as can be distinguished at the D-readout. 

At H, L the travelling-wave nature of the ring resonator enables using ray tracing. Then, for the circulating 

resonant light maximum power gain, we obtain 
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where m() is the complex reflection amplitude of m
th
 diffracted order at an incidence angle , and R is the 

reflectance of the mirrors M1(2). Finally, the ray-tracing results are plausibly combined with the rigorous 

electromagnetic simulation of the amplitudes m() using our in-house software described in detail elsewhere 

[4]. Furthermore, we optimized Gres given by Eq.1 for an NGM of TiO2-air grating-patterned surface on a 

SiO2/Si multilayer stack. The procedure results in an extremely narrow Fano-like spectrum of |0(1)|
2
 peaked 

at ~98%. The intra-cavity power gain and the carrier combined throughput light power buildup show high 

sensitivity to the cavity dimensions with a high finesse and throughput signal contrast. 

To summarize, we studied novel arrangement of two flat mirrors and nanograting mirror to couple 1
st
 

diffracted order into cavity circulation. The intra-cavity and combined throughput light power buildup show 

high sensitivity to the cavity dimensions. Thus, the considered optomechanical meta-device resonator can 

serve as a highly sensitive position detector, mode cleaner or mode combiner.  
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Static toroidal dipole moment was firstly predicted by Zel'dovich in 1958 for parity violation explanation in 

the atomic nucleus [1], but its "second birth" was due to the dynamic toroidal response demonstration in 

metamaterials. 

In this paper, we experimentally demonstrate toroidal response of all-dielectric metamaterials in microwave. 

We propose two simplest for fabrication configurations based on all-dielectric clusters called metamolecules. 

The clusters of first metamaterial consist of four high-index dielectric particles. This metamaterial was 

investigated earlier, and theoretically demonstrated the toroidal excitation in LiTaO3 particle clusters in the 

terahertz frequency range [2]. However, for our microwave study, the water exhibits dielectric properties in 

microwave with low losses [3]. At the same time, water was proved to be a candidate for dielectric 

metamaterials due to its convenience for metaatoms fabrication. Clusters of the second metamaterial are the 

inverted version of the first one, that is the high index dielectric slab with perforated identical cylindrical 

holes. Such a structure is distinguished by the simplicity for fabrications in the nanoscale (visible optics) using 

the Focus Ion Beam method [4]. 

To evaluate the role of multipoles in forming the resonant response we compare the powers scattered by 5 

strongest multipoles. We calculate the multipole moments induced in metamolecules based on density of 

displacement currents in the dielectric inclusions obtained from simulations. As result we observe the 

dominating toroidal dipole moment on the frequency 2.55 GHz for the first structure and 0.97 GHz for the 

second case. 

For experimental confirmation we use the two horn antennas methods in an anechoic chamber. We 

demonstrate at the first time the transmission spectra which are corresponds to toroidal peak for both types of 

metamaterials.  

In addition, in this work we discuss how we can exploit our ides for metamaterial "birth" of a toroidal moment 

in optics by using nanoparticles and nano-holes in low-index dielectrics like Si. We   show the behavior of 

multipoles in dielectric media with different permittivity. Our findings are promising in low-index 

nanophotonics, metamaterials and especially in metamaterials with anapole and toroidal response. 
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Plasmonic materials ensure extreme concentrations and localizations of electromagnetic fields as a 

consequence of the appearance of evanescent waves (surface plasmons polaritons) in the range of negative 

values of relative dielectric permittivity near the plasma frequency [1]. The many applications of plasmonics 

include ultrasensitive chemical sensors, advanced all-optical devices, enhanced photodetectors, energy 

harvesting devices and many others [2]. 

 

Among hurdles to a more widespread use of plasmonics are a rather limited range of available plasmonic 

materials (usually good metals like gold and silver) and their high absorption losses in the range of interest. 

This is why alternative plasmonic materials are of large interest [3]. Besides using materials like transparent 

conductive oxides, highly doped semiconductors, intermetallic and similar, a possible approach is to combine 

a plasmonic material with lossless dielectric into mesoscopic or subwavelength nanocomposites (plasmonic 

crystals) [4], thus allowing almost arbitrary tailoring of frequency dispersion in a spectral range defined by the 

plasma frequency. 

 

In this contribution we consider numerically and experimentally the use of bimetallic superlattices, i.e. all-

metal plasmonic crystals consisting of two alternating materials with negative values of their relative dielectric 

permittivities. We use the copper-nickel multilayers. Copper is a good plasmonic material, but not widely used 

due to surface oxidation impairing its electromagnetic properties over time. The layers of nickel, also a 

plasmonic material, serve a dual purpose of being a protection against copper oxidation and ensuring 

formation of surface waves at the alternating interfaces between the two materials. At the same time, the 

multilayers serve as couplers between the propagating and the surface waves. 

 

We simulated the electromagnetic properties of subwavelength Cu-Ni multilayers by the 2D finite element 

method using realistic material parameters. We adjusted the response by simply varying Cu to Ni thickness 

ratio. A rich optical behavior was obtained, as governed by the electromagnetic properties of the multilayers. 

Experimentally, we fabricated 1D plasmonic crystals consisting of alternately stacked nanocrystalline Ni and 

Cu layers by electrodeposition on a cold-rolled copper substrate [5]. We obtained highly parallel interfaces 

with thin individual strata and excellent morphology. We made use of beneficial structural properties of both 

Cu and Ni, while suppressing the undesirable ones. The approach offers high quality, large area, compact and 

low cost structures, while retaining a compatibility with the standard microfabrication and microelectronic 

processes. 
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Dynamic anapole is a promising element for future nonradiating devices, such as cloaked sources and sensors, 

quantum emitters, and especially the ingredients for observing dynamic Aharonov-Bohm effect [1, 2]. 

However, the anapole response can be damped by the Joule losses. In this paper we theoretically propose and 

experimentally demonstrate a novel type of active all-dielectric sources, which are in some sense, realizes the 

elementary anapole of Afanasiev, and study its radiative/nonradiative regimes in microwave and optics. 

Dynamic toroidal dipole can be defined in terms of the the time-dependent poloidal torus currents. The sources 

defined by the dynamic toroidal dipole moment radiates with the same angular momentum and the far-field 

properties as electric dipole source. Therefore, the toroidal and electric dipole moments are indistinguishable 

for any distant observers. Obviously, the point dynamic anapole may be viewed as the basic building block out 

of which an arbitrary nonradiating source can be composed. Dynamic anapole modes are relevant to many 

phenomena in metamaterials, nanophotonics and beyond. For instance, their existence proves that the inverse 

scattering problem of the electrodynamics is unsolved without additional assumptions about the source 

structure [1].   

Here, we propose experimentally the novel class of all-dielectric nonradiating sources exhibiting a resonant 

anapole response [3]. Our metamolecule is based on subwavelength high-index dielectric cylinders operating 

in the regime of resonant Mie scattering and excited by electric dipole antenna. We show that the near-field 

coupling between the individual Mie- modes of the cylinders is capable of suppressing all standard multipoles 

besides the toroidal and electric dipole excitations. The proposed metamolecule can be readily fabricated from 

low-loss dielectric material SrTiO3 andproduces a unique field topology at the Mie resonance. Moreover, we 

demonstrate at the first time radiating/nonradiating nature of toroidal and anapole active modes. Our findings 

can be useful for future design of nonradiating sources, as a ground for Aharonov-Bohm demonstrations and 

promising invisible structures for nanophotonics [4]. 
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We introduce the general approach with describing all the EIT effects as the contribution of toroidal and 

electric dipoles called us anapole. We demonstrate experimentally that broken symmetry in metamaterials is 

always defined anapole excitation that is fundamental origin of EIT. In this paper, we propose to study the 

effects associated with broken symmetry in metamaterials. Some are going to be explained from the point of 

view of multipolar decomposition. 

 

EIT (Electromagnetic Induced Transparency) is an effect of appearance of narrow transmission gap in the 

spectrum of absorption of optically opaque system, which is called “transparency window”. This effect is due 

to dipole allowed transitions in three-level atomic system [1]. Classically, effect of EIT was shown in planar 

metamaterials. All investigated metamolecules have peculiarities of broken symmetry. Asymmetry of these 

elements brought to such phenomena like “trapped modes”, Fano-resonance – classical analogues of EIT [2, 3]. 

In this paper, we introduce the general approach that the resonances of these systems are accompanied by 

existence of anapole mode [4]. Anapole mode is the consequence of destructive interference between electric 

and toroidal dipole moments, which have almost the same intensity and radiation pattern and illuminated at the 

same frequency. Due to this effect, we observe full transparency window and metamaterial becomes invisible 

for external observer [5]. 

 

For this aim, we demonstrate such an effect on the base of simple system, we carried out experiment by means 

of breaking symmetry of square. We broke metallic particle in the form of square into the two C-shaped split-

ring resonators (SRR) directed up and down, and started to move them with respect to each other. The 

“transparency window” became broader by increasing the distance between SRR. At the same time, all states 

with emergence of “transparency window” are accompanied by existence of anapole mode. Such fact leads to 

hypothesis, that all mentioned effects of transparency like “trapped modes” and Fano-resonance are dictated 

by existence of anapole mode. 

 

The main promising result here, that all EIT effects are destructive interference of anapole. Our general 

approach will be interesting for the invisibility theory, nanophotonics and metamaterials. 

 

REFERENCES 

[1] N. Papasimakis and N.I. Zheludev, Optics and Photonics News 20, 10, (2009). 

[2] V.A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis and N.I. Zheludev, PRL 99, 147401 (2007). 

[3] Shuang Zhang, Dentcho A. Genov, Yuan Wang, Ming Liu, and Xiang Zhang, PRL 101, 047401 (2008). 

[4] A.A. Basharin, V. Chuguevsky, N. Volsky, M. Kafesaki and E.N. Economou// PHYSICAL REVIEW B 

95, 035104 (2017) . 

[5] N.A. Nemkov, A.A. Basharin and V.A. Fedotov, PHYSICAL REVIEW B 95, 165134 (2017). 

 

 



Photonica 2017  10. Optical metamaterials and plasmonics 

202 
 

Titanium nitride plasmonic resonator Fabry-Perot for Raman lasing on 

nanoscale 
 

A. V. Kharitonov1,2, S. S. Kharintsev1,3 and M. Kh. Salakhov1,3  
1Department of Optics and Nanophotonics,Kazan Federal University, Russia 

2Kazan National Research Technical University,Kazan, Russia 
3Institute of Perspective Technologies,Tatarstan Academy of Sciences, Russia 

e-mail:AntVHaritonov@kpfu.ru 

 

 

Novel plasmonic materials play a crucial role for development of innovative photonic devices as well 

as for improvement of their performance. Transition metal nitrides, being refractory metals with 

tuneable optical properties, are prominent representatives of alternative plasmonic materials [1,2]. 

These nanocompounds, also known as conductive ceramics, lift the restrictions imposed by noble 

metals on operational intensity and temperature ranges of plasmon-assisted devices. Recent intensive 

examination of linear and nonlinear optical parameters of metal nitrides has revealed TiN to be a 

promising media for nonlinear plasmonics – metal-based nonlinear optics [3,4].  

 

This work focused on another distinctive feature of TiN – Raman activity. Surface plasmon wave 

(pump wave) excited at interface between TiN and some dielectric experience inelastic scattering on 

lattice phonons within TiN. This leads to emergence of plasmonic wave at Stokes and anti-Stokes 

frequencies (signal wave). In nonlinear optical regime pump wave and signal wave can interact 

through third-order Raman susceptibility. Thus, in contrast to Raman-silent metals, TiN-based 

structures enable nonlinear light frequency conversion not only to second- and third harmonics, but 

also to Raman-shifted modes. Moreover, the threshold of the underlying stimulated Raman scattering 

effect in these structures could be greatly reduced by appropriate geometry and material design. 

Using planar plasmonic resonator Fabry-Perot [5] made of TiN we have observed the nonlinear 

Raman response at continuous wave modest power laser illumination.  Here we provide insight into 

the physics behind high-efficient nonlinear Raman scattering within media acting both as Raman-

active and plasmonic. A special attention is given to synthesis and characterization of TiN thin films 

suitable for plasmon-induced Raman amplification. 

 

This work paves the ways to development of nano-sized Raman lasers [6] and highly sensitive 

biosensors [7].  
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 For filling the terahertz frequency gap, where no practical technologies for generating,detecting and 

modulating the radiation exist, some unusual medium is required. Metamaterials, as structures with properties 

unattainable in Nature, are capable of resolving this issue [1]. We suggest a design of planar metamaterial, 

supporting toroidal dipole excitation, as tunable THz modulator [2].  
The basis of proposed metamolecule was discussed earlier in [3].  It consists of two metallic split parts, 

resembling epsilon letters, looking at each other. Incident plane electromagnetic wave, polarized along central 

strips, excites asymmetrical currents on the surface of the metamolecule. As a result, magnetic field vectors 

are organized head to tail, which causes toroidal moment excitation.  It interferes destructively with electric 

dipole, which also is arose, forming an anapole [4].  Far-fields in such structure are reduced, meanwhile fields 

in metamolecule origin are described by δ-function. This determines formation of a metamaterial with strong 

electric field localization and high Q-factor.  
 For terahertz frequencies metamolecule’s basis  is simulated as gold. To support tunable regime we introduce 

silicon inclusions with pump-power-dependent conductivity. They are repeating central strips and are located 

on both sides of them. The idea is to control the distribution of currents on the metamolecule surface by 

transiting  the silicon from dielectric to metallic state. This leads to the blushift of resonance frequency 

originated by currents flowing along silicon strips instead of the external ones, reducingelectrical size of the 

metamolecule. The results of simulation  show 50% tunability. With smaller periodicity of unit cells proposed 

metamaterial can exhibit phase tunability up to 2 rad.  The switch from amplitude blueshift to phase tunability 

can be explained from multipole expansion. While for bigger periodicity of metamolecules the difference 

between electrical and toroidal dipoles’ intensities varies, for smaller one it remains constant.  Meantime, 

anapole mode of the structure is defined by the interaction between electrical and toroidal dipoles - the 

stronger is similarity, the higher is Q-factor. Thus, resonance of structure with bigger periodicity remains 

unchanged.  
To conclude, we hope that proposed metamaterial, due to its properties, will be a platform for realization of 

THz modulators: extremely strong electric field localization in such metamaterial can reduce the impact of 

actual losses of metals in terahertz frequencies and the fact that we need to manipulate only with small silicon 

strips, makes us expect that conductivity switch would not require high power sources.  
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The electron dynamics in diamond irradiated by linearly-polarized intense ultrashort laser pulses is 

studied theoretically for a wide range of pulse energies (1-10
3
mJ/cm

2
) and laser wavelengths. 

Calculations based on the three-dimensional time-dependent Schrodinger equation incorporating a 

realistic band structure of bulk diamond predicts generation of ultrafast polarization currents, which 

are completely reversible, i.e. the  laser pulse reversibly increases (free from breakdown) the AC 

conductivity of  diamond within a  femtosecond,  which allows electric currents to be controlled  and 

switched by the light pulse. As the laser intensity is increased, a DC current in direction of the laser 

field is generated after the end of the pulse and is considered as a precursor of optical breakdown on a 

femtosecond timescale [1].   Above this threshold, we model the linear response of the photoexcited 

plasma of electron-hole pairs and the change of optical properties in terms of transient dielectric 

function revealing the gradual transformation of diamond bulk into virtual plasmonic material 

supporting photoexcitation and propagation of surface plasmon-polaritons (SPPs) [2].  In the context 

of efficacy factor theory [3], these transient SPP waves have a potential to imprint sub-wavelength 

polarization-dependent laser-induced periodic surface structure into the surface relief via laser 

ablation.  This study may also allow to predict and potentially extend the capabilities of the dielectric 

nano-optical meta devices and the photo-modulated meta surfaces based on them and to uncover 

ultimate limits of diamond as high-index dielectric materials for potential applications in ultrafast 

optical switching, electronic signal manipulation into the petahertz time domain, spatial phase 

modulation and saturable absorption. 
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Surface plasmon polaritions (SPPs) are electromagnetic excitations, which travel along 

a boundary of dielectric and a conductor, exponentially decaying in the perpendicular direction in both media. 

Such excitations generate a strong potential for cold atoms, which can be used for manipulation and guiding of 

ultracold atomic gases. To excite SPPs one can use metallic diffraction grating, which parameters strongly 

affect the shape of the potential [1]. This phenomenon has a variety of applications, including biosensors [2] 

and optical dipole mirrors for cold atoms [3].  

Here, we introduce metallic transmission gratings, processed onto a glass substrate with focused ion beam 

(FIB) technique of numerically found grating parameters. We investigate the proposed transmission gratings 

by means of near-field scanning optical microscope (NSOM) and far field measurements. Subsequently, the 

results are compared with numerical calculations implemented with rigorous coupled wave analysis (RCWA) 

and finite-difference in time-domain (FDTD) methods. 
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We present an exact analytical solution for electric and magnetic fields in continuously graded flat 

metamaterial lenses. Such lenses are usually designed as a number of metamaterial layers with the refractive 

index graded both in radial and in longitudinal direction. In the present contribution we model such lenses as 

compact cylindrical composites with continuous relative permittivity and permeability functions that approach 

unity asymptotically far from the composite center. In order to illustrate the method, we derive an exact 

analytical solution for electric and magnetic fields in one particular class of composite designs with 

permittivity graded in both radial and longitudinal directions, and with permeability graded in the radial 

direction only. 

 

Flat lenses designed using Transformation Optics (TO) have been studied in a number of publications (e.g. [1-

2]). A plano-concave metamaterial-baseds lens designed to obtain a gain above 13 dB in the frequency band 

10–12 GHz has been presented in [3]. Such a lens has a narrow bandwidth typical for the metamaterial-based 

designs exhibiting resonant dispersion. In [3-4] the field manipulation (FM) method was used, where the 

relative permeability was set to unity and only the relative permittivity was graded to create the desired 

refractive index. Such an approach, however, decreases the efficiency of the composite lenses [3]. The 

mentioned studies of the flat-lenses designs generally require direct numerical solving of the field equations. 

Contrary to that, an analytical approach to modeling flat lenses with continuously graded profiles using FM 

method has been reported in [4]. The availability of exact analytical solutions for FM models is, however, 

limited by the need to have an effective permittivity equal to unity [3]. 

 

In this contribution we extend the analytical approach outlined in [4] to a case where we allow radial 

dependence of relative permeability. Thus we obtain an exact analytical solution for electric and magnetic 

fields for one particular class of composite designs with permittivity graded in both radial and longitudinal 

directions and with permeability graded in radial direction only. At the same time the model applied here is 

convenient to describe a much wider class of graded geometries, while at the same time avoiding unnatural 

singularity points in spatial dependence of refractive index that were typical for earlier solutions. The approach 

we use is analogous to the one aplied for planar [6] and cylindrical [6] metamaterial structures.  

 

The main reason to analytically study the continuous models of the fields in flat lenses is that this may provide 

additional insight helping to improve the existing or suggest entirely new flat lens designs. 
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In this work we present a theoretical analysis about the Fresnel diffraction of a Laguerre Gaussian (LG) laser beam 

with radial mode number n and azimuthal mode number l by a combination of an axicon and a fork-shaped grating 

with a phase singularity of integer order p.  

The diffracted wave field amplitudes and intensities in the zeroth and higher diffraction orders are calculated 

through sums of hypergeometric Kummer functions. They are vortex beams, except for the beam in the higher 

negative 
0

m -th diffraction order for which 0
0

 pml  is satisfied. Usually, the LG beam with zeroth radial mode 

number is taken into consideration in similar problems [1], but, having on mind the latest discovering of the role of 

the radial mode number, as a hidden quantum number connected to “intrinsic hyperbolic momentum charge" [2], 

we investigate its influence on the diffracted intensity distributions.  

The results obtained are further being specialized for particular cases:  

For diffraction of a Laguerre-Gaussian LG(l,n=0) and a Gaussian laser beam by a combination of axicon 

and a fork-shaped grating;  

For diffraction of LG(l,n) beam by a fork-shaped grating (i.e. the axicon is absent). By comparing the 

results from this and the previous case we make conclusions about the influence of the axicon on the diffraction 

patterns;  

For the simplest case, when a Gaussian beam is diffracted by a fork-shaped grating (arriving to the well-

known results from [3]). 
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Optical vortices (OVs) are intriguing phenomena in nature that attract much attention in many areas of physics, 

ranging from micro-manipulation of trapped particles to strong-field physics, just to mention a few. The OVs have 

characteristic spiral phase profiles and point phase singularities in their wavefronts that determine also the 

intensity structures of the beams [1]. Such beams carry photon angular momenta, which can be transferred to 

matter [2]. The topological charge (TC) l of an OV corresponds to the total phase change 2l over the azimuthal 

coordinate . The basic interactions between two OVs are rather simple. If two OVs with equal charges are placed 

on a common background beam, they repel and rotate. If the TCs are opposite, the OVs attract and translate in 

transverse direction. 

 

While interacting with each other by phase and intensity gradients, multiple (or multiple-charged) vortices can 

arrange themselves in regular patterns (vortex lattices) [3].Depending on the signs of the TCs the vortex lattices 

can exhibit rotation or rigid propagation. Previous experiments on the generation and non-linear propagation of 

square and hexagonal optical vortex lattices showed that if the TCs of the vortices have identical signs, the lattice 

exhibits rotation. If their signs are alternative, stable propagation of the OV lattice has to be expected [4].  

 

Recently it was shown that the TC of an optical vortex beam can be “erased” when the vortex beam diffracts from 

computer-generated holograms encoded with the same TC but with the opposite sing. As a result a well formed 

Gaussian bright peak is observed in the (artificial) far-field [5]. Here we extend this approach and investigate the 

far-field diffraction of a large square-shaped optical vortex lattice with hundreds of OVs generated by a spatial 

light modulator (SLM) from second identical lattice produced by a second SLM. As an initial step, for calibration 

purposes only, we created an OV with TC=-1 on the first SLM which subsequently diffracts from another OV with 

TC=+1 created on the second SLM. As expected, the TC of the vortex beam was erased and a well formed single 

peak was seen in the beam waist. Then we studied the far-field diffraction of a single OV from a square-shaped 

optical vortex lattice with alternating TCs and the case when smaller OV array (again with alternating TCs) 

diffracts from the same square-shaped optical vortex lattice. Finally we observed the erasure of whole OV lattice 

when two identical OV lattices were encoded on both SLMs but with opposite charges with respect to one another. 

On-site and off-site alignments of both OV lattices are also investigated and will be discussed.  

 

In our view the observed spectacular beam reshaping near the focus of a lens (artificial far-field) is paving the way 

for further analyses e.g. all-optical guiding, switching and coupling applications.  

 

This work was supported by National Science Fund (Bulgaria) project No. DFNI-T02/10-2014. 
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We present an experimental and theoretical study of GaInAs(Sb)N layers with thickness around 2 μm, grown by 

liquid-phase epitaxy (LPE) on n-type GaAs substrates. The samples are studied by surface photovoltage (SPV) 

spectroscopy and by photoluminescence spectroscopy. A theoretical model for the band structure of Sb-containing 

dilute nitrides is developed within the semi-empirical tight-binding approach in the sp
3
d

5
s*sN parameterization [1] 

and is used to calculate the electronic structure for different alloy compositions. The SPV spectra measured at 

room temperature clearly show a red shift of the absorption edge with respect to the absorption of the GaAs 

substrate. The shifts are in agreement with theoretical calculations results obtained for In, Sb and N concentrations 

corresponding to the experimentally determined ones. Photoluminescence measurements performed at 300 K and 2 

K show a smaller red shift of the emission energy with respect to GaAs as compared to the SPV results. The 

differences are explained by a tail of slow defect states below the conduction band edge, which are probed by 

SPV, but are less active in the PL experiment.  

 

REFERENCES 

[1] N. Shtinkov, P. Desjardins and R. Masut, Phys. Rev. B. 67081202 (2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Photonica 2017              11. Other topics in photonics 

210 
 

Vertical Raman LIDAR profiling of atmosphericaerosol optical properties over 

Belgrade 
 

Z. Mijić, L. Ilić and M. Kuzmanoski 
Institute of Physics,Belgrade, Serbia 

e-mail:luka.ilic@ipb.ac.rs 
 

The direct radiative effect due to aerosol–radiation interactions is the change in radiative flux caused by the 

combined scattering and absorption of radiation by anthropogenic and natural aerosols. Due to their short lifetime 

and the large variability in space and time atmospheric aerosols are considered one of the major uncertainties in 

climate forcing and atmospheric processes [1]. For radiative studies it is necessary to measure aerosol optical 

properties, size, morphology and composition as a function of time and space, with a high resolution in both 

domains to account for the large variability. Lidar (Light Detection And Ranging), an active remote sensing 

technique, represents the optimal tool to provide range-resolved aerosol optical parameters. Large observational 

networks such as the European Aerosol Research Lidar Network (EARLINET) [2], the Aerosol Robotic Network 

(AERONET), provide the long-term measurement series needed to build a climatology of aerosol optical 

properties at the continental and global scales.  
In order to assess the origin and type of aerosols which travel over Balkan region, having an impact on 

modification of the regional radiative budget, case studies combining measurements at the EARLINET joining 

lidar station in Belgrade with atmospheric modeling have been analyzed. For vertical profiling and remote sensing 

of atmospheric aerosol layers the Raman lidar system at the Institute of Physics Belgrade (44.860 N, 20.390 E) has 

been used. It is bi-axial system with combined elastic and Raman detection designed to perform continuous 

measurements of aerosols in the planetary boundary layer and the lower free troposphere. It is based on the third 

harmonic frequency of a compact, pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 

20 Hz repetition rate. The optical receiver is a Cassegrain reflecting telescope with a primary mirror of 250 mm 

diameter and a focal length of 1250 mm. Photomultiplier tubes are used to detect elastic backscatter lidar signal at 

355 nm and Raman signal at 387 nm. The detectors are operated both in the analog and photon-counting mode and 

the spatial raw resolution of the detected signals is 7.5 m. Averaging time of the lidar profiles is of the order of 1 

min corresponding to 1200 laser shots. Lidar measurements can be used in synergy with numerical models in order 

to validate and compare information about aerosols. In this paper DREAM (Dust Regional Atmospheric Model) 

model, designed to simulate and/or predict the atmospheric cycle of mineral dust aerosol [3], will be used to 

analyze dust transport. The capability of the lidar technique to derive range-resolved vertical profiles of aerosol 

optical parameters (backscatter and extinction coefficient) with very high spatial and temporal resolution will be 

used to identify the altitude of layers and the temporal evolution of intrusions. Using these altitudes as inputs in air 

mass trajectory model, the source of aerosols can be identified. The additional techniques (satellite remote sensing) 

will be also discussed for selected case-studies. 
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Graphene (G) and other recently synthesized two-dimensional (2D) crystals show diverse structural and electronic 

properties. A novel class of materials  with unique features  can be manufactured by assembling individual layers 

of these 2D materials. For example   G/MoS2 heterostructures combine excellent conductivity and transparency of 

G with high optical activity in visible light of MoS2. Understanding interaction of 2D materials and their  

heterostructures with metals is of critical importance for their technological applications.  

Employing density functional theory we studied microscopic mechanisms governing initial stages of growth of 

three selected metals (Li, Ti and Ca) on G.Tendency towards planar or 3D growth is rationalized based on 

description of the interaction between metal adatoms, as well as adsorption geometries of their trimers and 

tetramers. 

In addition to this we investigated G/MoS2 intercalation with Au and found strong tendency of gold intercalants to 

form planar structures.  
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Low-dimensional transition metal dichalcogenides present a benchmark and model systems for studying the 

incidence and nature of superconductivity at mesoscopic scales. These two-dimensional (  ) superconductors are 

typically characterized by highlyexpressed anisotropic properties.  

 

Here we present a study of the superconducting properties in a single (  ) layer of      , representing a true    

superconductor and a well-suited candidate for probing the multi-band model [1]. Parameters for 

superconductivity, anisotropic superconducting gaps, strength of the electron-phonon coupling, spectral function 

and critical temperature were extracted using the anisotropic Migdal-Eliashberg theory [2] with electron-phonon 

interpolation based on maximally localized Wannier functions [3,4]. We also presentthe electronic band structure 

and charge density wave order in a      monolayer usingthe density functional theory.  

 

The additional study in bulk three-dimensional (  )      system is performed, where the effects of 

dimensionality on correlated electronic phases such as charge density wave order and superconductivity were 

investigated. 
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Organic solar cells (OSC) are still the subject of intensive research and recently efficiencies of 13.2% have been 

reported for multijunction OSCs [1]. One of the main perspectives for their application is printing on inexpensive 

flexible substrates. The role of the transparent hole transport layer (HTL) is of major importance for their function, 

however the widely used organic layer PEDOT:PSS has shown a number of deficiencies connected with the 

stability of the cells. 

 

Molybdenum oxide (MoOx) usually obtained by thermal evaporation is widely used as a substitute for 

PEDOT:PSS. It was recently shown that MoOx deposited by magnetron sputtering from an oxide matrix in argon 

only atmosphere can successfully be used for the same purpose [2]. The deposition by magnetron sputtering 

guarantees reliable and repeatable HTLs and covering big areas is also possible. In this study an alternative high 

work function material for HTL is investigated, namely, thungsten oxide (WOx), deposited by magnetron 

sputtering from an oxide matrix in argon only atmosphere. The optical and structural properties of the films and 

the oxidation state of the metal ions are studied by optical transmission, Raman and XPS spectra.   

 

The performance of WOx, applied as a hole transport layer in polymer solar cells with a bulk hetrojunction active 

layer, deposited by spin coating is compared with that of PEDOT:PSS and MoOx. The current-voltage 

characteristics of solar cells with the structure glass/ITO/HTL/PCDTBT:PC70BM/Al using the three different 

HTLs are measured and the test solar cells are characterized by quantum efficiency spectra and impedance 

spectroscopy. 
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A new approach was developed for solving the problem of time synchronization of a set of signals obtained by 

different measurement techniques without a common trigger. The recorded signals were the result of sparks and 

bursts generated by a repetitive Marx generator. The repetitive Marx generator con-sists of ten 7nF , 30kV 

capacitors, eighteen 1mH inductivities, one 1kΩ resistor and nine spark gap switches [1]. A thermal imaging 

camera FLIR SC7200 (set at 1180 frames per second), a high speed camera Casio Exilem EX-FH25 (set at 1000 
frames per second) and an audio recorder Zoom H6 (Fs = 96KHz, 24 bit) were used to obtain the necessary data 

for synchronization and characterization. Moreover, a piezoelectric sensor (Murata, 7BB-20-6L0, resonant 

frequency 6kHz), was applied for shock waves characterization during the early stages of bursts. In the first place, 

different data with evident time shifts were acquired. Then, a set of simple operations such as maximum selection 

and localization, threshold comparison, Euclidean distance calculation and minimization were employed for signal 

analysis and pattern matching to ensure a good data synchronization, which allowed a detailed analysis of the 

phenomenon in the end.  
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Long time dynamics of output power of cryogenically cooled slab CO laser pumped by a repetitively pulsed RF 

discharge [1], operating in the sealed-off mode on transitions of first overtone (λ = 2.6-3.9 microns) vibrational 

band was studied. It was shown that the addition of oxygen to the initial gas mixture CO:He=1:10 in abnormally 

large quantities - up to 50% with respect to the CO concentration - resulted in multiple increasing of the duration 

of the laser operating cycle (until cessation of lasing due to degradation of the active gas mixture). Earlier 

experimental studies and theoretical calculations [2-4] have shown that even a small addition of oxygen to the 

active medium of a CO laser prevent lasing at high transitions (between CO molecule levels with the numbers of 

the vibrational quantum number V> 20) due to the vibrational-vibrational exchange between the excited CO 

molecules and unexcited oxygen. 

To explain the contradictions, the study including the measurement of the dynamics of the luminescence 

spectra of the laser active medium in visible and UV spectral regions was carried out. Also samples of the gas 

mixture from the ballast volume of the laser were extracted at various moments of the operating cycle to record 

their IR absorption spectra and to define concentrations of detected components. Besides, time dynamics of ozone 

concentration in active gas mixture was measured by absorption of the UV radiation of a mercury lamp in the 

ballast volume of the laser (O3 is produced by RF discharge in oxygen containing gas mixtures).  

Theoretical calculations of parameters and characteristics of the laser were carried out. Special attention was 

paid to the influence of plasma-chemical processes involving molecular oxygen on the laser action under real 

experimental conditions. In particular the dynamics of the active medium temperature and the dynamics of the 

small signal gain on transitions of first-overtone vibrational bands were calculated for different oxygen 

concentrations X in the active gas mixtures O2:CO:He=X:1:10. The influence of addition of molecular oxygen to 

the active medium on the lasing threshold conditions was determined. The calculations were compared with the 

experimental results. 

Regularities in the dynamics of variations of CO molecules concentrations and concentrations of plasma 

chemical reactions products were determined. Analysis of correlation in time between the composition of the 

active gas medium and laser power allowed to make a phenomenological description of the set of chemical and 

plasma chemical reactions, gas dynamic and diffusion processes defining the behavior of the laser output 

characteristics over the entire operating cycle of the laser. 

The study was supported by the Russian Foundation for Basic Research (Grant #15-02-01378).  
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Dibenzoterrylene (DBT) molecules embedded in Anthracene (Ac) crystals combines a bright and stable emission 

in the near-infrared, both at room and low temperature, with a narrow lifetime-limited emission (~40MHz) around 

785nm at cryogenic temperature [1]. To date, DBT:Ac system has been successfully integrated in nanophotonics 

layered structures thanks to the 50nm-thickness of Ac spin-coated crystals, covering several hundreds μm2of the 

substrate [2]. However, to fully exploit this molecule-based solid state system as a single photon source to e.g. 

deliver photons into a nearby waveguide, precise positioning method and/or controllable size of the emitter is 

indeed desirable.  

 

In this work we present a novel method to grow DBT-doped anthracene crystals with average size of few-hundreds 

nanometers and controllable DBT concentration. Optical investigations demonstrate that the optical properties of 

the bulky DBT:Ac system at both room and cryogenic temperature are preserved. Preliminary results on the 

integration of the nanocrystals in different polymeric matrices are discussed, as possible writable system for 

applications in integrated optics and nanophotonics. 
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Terahertz-frequency quantum cascade lasers (THz QCLs) require very small energy difference between the lasing 

states (~10 meV), and modelling of these devices can be challenging. Various models for transport in QCLs exist 

[1]; most commonly employing semi-classical approaches such as self-consistent rate-equation (RE) modelling, 

which considers non-radiative transitions of carriers due to various scattering mechanisms. Although these models 

provide insight into the scattering behaviour, they are unable to correctly describe transport between adjacent 

periods of a QCL structure [2] because they do not take injection barrier thickness into account in transport 

calculations. This leads to the prediction of instantaneous transport between the periods, whereas the actual 

transport that occurs is based on resonant tunnelling. Alternative approaches, based on density matrix (DM) 

modelling include quantum transport effects and are able to overcome known shortcomings of RE models. In this 

work, we present a DM approach that extends the model presented in [3], applicable for arbitrary number of states 

per module. This model has proved successful for a variety of QCL simulations [4-8]. 

The time evolution of the density matrix is described by the Liouville equation. We consider periodic QCL 

structure with infinite number of periods, which implies infinite-sized matrices, but due to the nearest neighbour 

approximation and symmetry of QCL structure Liouville equation folds into the system of        block 

equations (where   is the number of states in the single module and   is the number of considered periods (in 

general       ,   – number of neighbours, in our case (the nearest neighbour approximation)    ). We 

show that commonly known form of the Lindblad superoperator                where   is the 

Hamiltonian of the entire system,   is the identity matrix,   is the dissipater of the system and   is the Kronecker 

tensor product, can be formulated for periodic system as                         
         where      

is block-partitioned Hamiltonian of       size (in our case three-diagonal block matrix),      is a matrix filled 

with    identity matrices (each of size    ),      is the corresponding dissipater form for periodic system and 

  is Khatri-Rao product. This formulation of Lindblad superoperator enables simple numerical implementation 

and provides a system of equations that can be intuitively interpreted. The dissipater in our model has similar form 

as in RE and we can formulate the density matrix formalism in similar intuitive manner as in RE. 

We apply our model to 2 THz bound-to-continuum structure and compare our results with RE model [8]. We 

obtained smooth results (contrary to RE) and managed to reconstruct the entire       characteristic of the 

experimental result in pulsed operation at 20K. 

 

REFERENCES 

 

[1] C. Jirauschek, T. Kubis, Appl. Phys. Rev., 1, 011307 (2014). 

[2] H. Callebaut, Q. Hu, J. App. Phys., 98, 104505 (2005). 

[3] T. Dinh, A. Valavanis, L. Lever, Z. Ikonić, R. Kelsall, Phys. Rev. B, vol. 85,  235427 (2012). 

[4] A. Grier, PhD thesis, University of Leeds (2015). 

[5] B. Burnett, B. Williams, Phys. Rev. B, 90, 155309 (2014). 

[6] B. Burnett, B. Williams, Phys. Rev. App. 5, 034013 (2016). 

[7] A. Grier et al., Opt. Express,  24, 21948 (2016). 

[8] A.Demić, A. Grier, Z. Ikonić, A. Valavanis, R. Mohandas, L. Li, E. Linfield, A. Davies,                       D. 

Indjin.  IEEE Transactions on Terahertz Science and Technology, 7, 1, (2017). 



Photonica 2017              11. Other topics in photonics 

218 
 

Fluorescence of bio-molecules a simple and quick method: What honey emission 

speaks about bee society and honey quality 

M. Stanković 
1
, D. Bartolić

1
, B. Šikoparija

2
, D. Spasojević

 1 
, D. Mutavdžić

 1
, M. Natić

3
 and K. Radotić

1
 

1Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbia 
2BioSense Institute, Novi Sad 

3Faculty of Chemistry, University of Belgrade, Belgrade, Serbia 
3Institute of Physics, 

Belgrade, Serbia 

e-mail: mira.mutavdzic@imsi.rs 

 

 

Fluorescence is non-destructive, sensitive, simple and fast method for analysis of fluorescent compounds 

contained in very low amounts (nanomolar concentrations) in the samples. It can be used for structural or 

concentration studies, in analytical or diagnostic purposes [1].The fluorescence spectra, in combination with 

appropriate statistical methods, may provide useful fingerprints in food analysis [2].  

Various methods for study of honey quality and adulteration have been in research focus [3]. Over the last years, 

in different geographic areas a notable los of honey bee (Apis mellifera L.) colonies has been reported. A number 

of stressors affecting honey bees, including diseases, parasites, pesticides and poor nutrition have been identified 

[4]. Therefore fast and reliable methods are required for screening bee products both as a tool for assessing quality 

and to identify risks for colony state. 

We used fluorescence spectroscopy combined with advanced statistical analysis in order to identify variability in 

Fruska Gora lime tree (Tilia L.) honey collected at different locations in 2015. Since homogenization of the honey 

before packing in jars is considered as critical procedure from the Quality Control point of view, we have explored 

to what extent the ratio of the two main fluorophores in honey, originating from proteins and phenolic compounds 

change between extraction stage to packaging. 

Steady state fluorescence spectroscopy in combination with Multivariate Curve Resolution Alternating Least 

Squares (MCR-ALS) for spectral analysis has been applied to differentiate samples of honey. The three-

dimensional excitation–emission matrix (EEM) is a rapid, selective and sensitive method: by changing excitation 

and the emission wavelength simultaneously, information regarding the fluorescence characteristics of the 

different compounds contained in the sample of interest can be obtained [5].  

Proteins in honey mainly originate from bees and their quantity depends on bee society [6]. Phenolic compounds 

come from plant sources. In our study the source was the same – lime from close localties on Fruska Gora. As a 

control experiment we quantified proteins and phenols in the honey samples. 

Changed fluorophore ratio between extraction and packaging stage may indicate that analysed sample was not 

representative for the particular apiary, or honey homogenization was non-adequate before packaging. This 

reflects variation in properties of the bee colonies.The contribution of plant source to the honey emission spectra 

was estimated by comparing emission spectra of lime polen and honey. 
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Monolayer transition metal dichalcogenides (TMDs) are promising materials for future 2D nanoelectronic 

systems. Monolayer molybdenum disulfide (MoS2) as a representative of 2D TMDs, is one of the most stable 

layered materials and has been widely studied. Monolayer MoS2 is a atomically thin semiconductor with direct 

bandgap in the visible spectral range, which holds great potential in many application including high-performance 

electronics, light emitters, photodetectors and sensors.[1] 

 

Optical response of undoped atomically thin MoS2 is dominated by excitonic effects. Optical spectrum is 

characterized by two exciton peaks (A and B excitons) which are signature of vertical transitions from a spin-orbit 

split valence band to conduction band at the K point of the Brillouin zone. With doping additional carriers are 

introduced into the system and the optical spectra of such doped system consists of emission from both neutral 

excitons and charged excitons, called trions. [2] 

 

Here we report photoinduced doping of CVD grown monolayers and bilayers of MoS2 on SiO2/Si 

substrate.Additionally, we investigated optical response under photodoping of monolayer MoS2 transferred on 

clean SiO2/Si substrate. Photodoping of atomically thin MoS2 with continuous wave laser introduces red-shift in 

photoluminiscence spectra. This red-shift is caused by growing trionpopulation with increasing the laser power. 

Under large photodoping of MoS2samples dominance of trion emission in photoluminescence spectra is observed. 

Trion population grows 4 times with respect to excitonA population in as-grown MoS2 monolayer with laser 

power increase from 1 W to 500 W. For bilayer MoS2 the exciton A and trion A
- 
population ratio is constant 

around A/A
- 
= 3. In the case of transferred monolayer MoS2,trion population grows 42 times with respect to 

exciton A population. Rapid growth of trion population in transferred sample is caused by adding additional donor 

impurities during transfer process. 
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Bohmian mechanics enables visualization and interpretation of quantum mechanical behavior of massive particles 

through trajectories connected to the probability current density [1].  Electromagnetic field also admits 

hydrodynamic formulation when the existence of suitably defined photon wave function is assumed [2]. This 

formulation gives possibility to interpret the optical phenomena in a picturesque way through photon trajectories 

which describe the evolution of the electromagnetic energy density behind an obstacle.  

 

This approach, based on the trajectories, was used in the analysis of modified Young’s double slit diffraction [3], 

in the context of the Arago-Fresnel laws [4], as well as in the analysis of the modes in the optical and microwave 

waveguides [5]. A group of scientists from the University of Toronto under the guidance of professor Steinberg, 

has been able to experimentally determine the mean paths of single photons in the Young’s experiment [6]. The 

measured trajectories show good agreement with theoretically anticipated trajectories presented in [2, 3]. The 

achievement of Steinberg’s group was selected by the Physics World as the top breakthrough in physics for the 

year 2011, as the discovery that is ‘shifting the moral of quantum measurement’ [7]. 

 

Theoretical solution for the diffraction of plane wave by the edge of the perfectly conducting plane was given by 

Sommerfeld in 1896 [8], and this solution became the starting point in solving the diffraction problems for various 

two dimensional obstacles [9, 10]. Diffraction of Gaussian beam by the edge was studied since the sixties of the 

last century [11] but more attention was given to the central part of the diffraction image, while the less 

pronounced side trails were analyzed much later [12]. In this paper we use photon trajectories approach to analyze 

the diffraction pattern obtained on the screen put behind the laser beam partially covered by a sharp edge, such as a 

razor blade.  
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