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Plenary Talk 1

ADVANCES IN MULTI-SPECTRAL OPTOACOUSTIC TOMOGRAPHY

Vasilis Ntziachristos

Institute for Biological and Medical Imaging,
Helmholtz Zentrum Miinchen & Technische Universitdit Miinchen, Germany

Optical imaging is unequivocally the most versatile and widely used visualization modality in the life sci-
ences. Yet it is significantly limited by photon scattering, which complicates imaging beyond a few hundred
microns. For the past few years however there has been an emergence of powerful new optical imaging
methods that can offer high resolution imaging beyond the penetration limits of microscopic methods. These
methods can prove essential in cancer research. Of particular importance is the development of multi-
spectral opto-acoustic tomography (MSOT) that brings unprecedented optical imaging performance in visu-
alizing anatomical, physiological and molecular imaging biomarkers. Some of the attractive features of the
method are the ability to offer 10—100 microns resolution through several millimetres to centimetres of tis-
sue and real-time imaging. In parallel we have now achieved the clinical translation of targeted fluorescent
probes, which opens new ways in the interventional detection of cancer in surgical and endoscopic optical
molecular imaging. This talk describes current progress with methods and applications for in-vivo optical
and opto-acoustic imaging in cancer and outlines how new opto-acoustic and fluorescence imaging concepts
are necessary for accurate and quantitative molecular investigations in tissues.



Plenary Talk 2

RECENT ADVANCES IN SEMICONDUCTOR DISK LASERS

Oleg G. Okhotnikov

Optoelectronics Research Centre, Tampere University of Technology,
Korkeakoulunkatu 3, 33720 Tampere, Finland

oleg.okhotnikov@tut.fi; phone +358 40 849 0010, fax +358 3115 3400

Optically-pumped semiconductor disk lasers (SDLs) represent a proven approach for generation of multi-
watt output powers with excellent beam quality. They combine many advantages of solid-state lasers with
the added benefit of wavelength tailoring provided by the semiconductor gain material. During the past few
years a wafer fusion technique has been used extensively in the producing of vertical-cavity surface-emitting
lasers operating at the telecom wavelengths of 1.3—1.55 um. This technique allows the integration of non-
lattice-matched semiconductor materials, e.g. GaAs and InP, which cannot be grown monolithically. The
quantum dot semiconductors provide an interesting alternative to quantum-well (QW) structures since these
materials alleviate the requirement for lattice matching. Recently, we have demonstrated first quantum dot
based gain medium in SDL architecture. Since then, different wavelengths have been demonstrated both in
continuous-wave and mode-locked regimes with a performance comparable to quantum-well-based lasers.
The (AlGaln)(AsSb) material system establishes a steady platform for optoelectronic devices operating in
the mid-infrared spectral range. Lattice-matched or strain-compensated structures employing InGaAsSb as
an active material and AlGaAsSb for barrier and cladding layers grown on GaSb substrates are
demonstrated to be compounds of choice for long-wavelength lasers and photodetectors. An optically-
pumped semiconductor disk laser emitting radiation around 2.5 pm tunable over 130 nm will be presented.
SDLs with intracavity frequency conversion and pumping of solid-state gain media will also be considered.



Plenary Talk 3

INTERACTION OF LASER RADIATION WITH NANOPARTICLES
FOR PRECISION PHOTOSURGERY

V.B. Loschenov
A.M. Prokhorov General Physics Institute RAS, Vavilova str. 38-5, Moscow 119991, Russia

loschenov@mail.ru

This report summarizes the results on the interaction between laser radiation and nanoparticles (NPs) in the
living objects in order to improve performance of photodynamic therapy and laser hyperthermia for further
using in precision photosurgery. Three types of NPs were investigated: metalic and dielectric particles con-
jugated with molecules of photosensitizers and crystalline NPs from organic dyes.

The NPs from organic dyes — photosensitizers. Possibility of high accumulation of such particles in tumor
cells has been demonstrated. For these types of NPs the biotransformation from solid to liquid phase on the
border of intercellular medium/cell and inside of the lysosomes was investigated using luminescence spectra
changes record. Also the photodynamic effect was evaluated upon excitation in the absorption band for the
NPs and dissolved in various cellular structures photodynamic active molecules. Possibility to control for
NPs phototoxicity when they dissolved offers additional advantages in selectivity for the using these type of
NPs.

The plasmonic NPs conjugated with metal phthalocyanines onto their surface. Metal particles by the
plasmon resonance can significantly increase the intensity of electromagnetic field near their surface and
serve as an antenna, which can be used to more efficiently excite the conjugated molecule of photosensitiz-
ers. The effect of the singlet oxygen generation substantial strengthening by aluminum- and zinc-phthalo-
cyanines in the presence of silver NPs was demonstrated in different water media. Furthermore, their ability
to penetrate through cell membrane, and the phototoxicity mechanisms were investigated.

The upconversion dielectric NPs. These NPs can fluoresce not only in the VIS region, but also in the IR,
that extends their range of application. We investigated the upconversion properties of inorganic NPs con-
taining trivalent rare earth ions of ytterbium, erbium, thulium, holmium in biological environments upon
excitation at the absorption band of ytterbium. A method for the up-conversion NPs kinetic characteristics
study in the intercellular space is described. The upconversion NPs long luminescence lifetime is another
advantageous property; it can be useful for the time-resolved bioimaging. The dependencies of the
upconversion luminescence intensity on the pump power were obtained and analyzed.

These three classes of NPs seem promising for the visualization of biological tissues by the methods of vid-
eo fluorescence deep tissue imaging, light scattering, NMR tomography as well as for precision photody-
namic therapy and laser hyperthermia. The presented results are based on joint activities of the large group
of scientists: laser biospectroscopy lab of GPI RAS and leading scientists-chemists from Moscow (Luk’ya-
nets E.A., Kaliya O.L. SSC NIOPIK; Klimov A.I., Krutyakov Yu.A., Lisichkin G.V. Department of Chem-
istry, Moscow State University; Ponomarev G.V. Orekhovich Institute of Biomedical Chemistry RAMS;
Krut’ko V.A. Kurnakov Institute of General and Inorganic Chemistry RAS; Kuznetsov S.V., Federov P.P.
GPI RAS).

Acknowledgements: This work was partially supported by the RFBR grant Ne 12-02-12080-ofi-m.



Plenary Talk 4

SELECTIVE ABLATION OF TRANSPARENT THIN-FILMS
BY ULTRASHORT LASER PULSES

Andreas Ostendorf, Shizhou Xiao, Evgeny L. Gurevich
Ruhr-University Bochum, Applied Laser Technology, 44780 Bochum, Germany

andreas.ostendorf(@ruhr-uni-bochum.de

Selective laser ablation of thin layers by short and ultrashort is one of the key topics of modern surface en-
gineering and many industrial products like solar cells and flat panel displays rely on this technology. De-
pending on the laser and material properties thin film laser ablation can result in two very different process
regimes: 1) pure thermal regime with evaporation of the film from the substrate and 2) thermomechanical
spallation due to shockwaves and material mismatch between thin film and underlying substrate. Besides
these two types of interaction it is important to distinguish between opaque, e.g. metal films and transparent,
e.g. TCO layers because of largely different optical absorption lengths. Finally, also the influence of film
thickness as well as incubation can play important roles in thin film laser ablation.

It will be shown that there are strong effects of the film thicknesses on the ablation threshold. However, they
scale inversely when changing from metal to transparent films. From these investigations bulk and film ab-
lation and be distinguished. Also simulation and experimental results have revealed the clear transition from
long pulse to ultrashort pulse regime.

References:

1. S. Xiao, E.L. Gurevich, A. Ostendorf, “Incubation effect and its influence on laser patterning of ITO thin film” Appl. Phys. A,
Vol. 107, pp. 333-338 (2012).

2. S. Xiao, B. Groger, S. Abreu Fernandes, A. Ostendorf, “Laser selective patterning of ITO on flexible PET for organic photo-
voltaics”, Proc. SPIE, Vol. 7921, DOI:10.1117/12.873289 (2011).

3. S. Xiao, S. Abreu Fernandes, C. Esen, A. Ostendorf, “Picosecond Laser Direct Patterning of Poly(3,4-ethylene dioxythio-
phene)-Poly(styrene sulfonate) (PEDOT:PSS) Thin Films” J. of Laser Micro/Nanoengineering, Vol. 6, No. 2, pp. 249-254
(2011).
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Plenary Talk 5

MILLIMETER WAVE AND TERAHERTZ TOMOGRAPHY: A SURVEY

J.P. Guilletl, B. Recurl, L. Frederiquez, B. Bousquetl, L. Canionil,

I. Manek-Hénninger', P. Desbarats®, P. Mounaix'

"Université de Bordeaux, LOMA, UMR CNRS 5798, 351 Cours de la Libération,
33405 Talence Cedex, France

Université de Bordeaux, LaBRI, UMR CNRS 5800, 351 Cours de la Libération,
33405 Talence Cedex, France

p-mounaix@loma.u-bordeaux|.fr

Terahertz and millimeter waves penetrate various dielectric materials, including plastics, ceramics, crystals,
and concrete, allowing terahertz transmission and reflexion images to be considered. Terahertz imaging is a
well established technique in various laboratory and industrial applications. However, these images are al-
most totally two-dimensional, and transmission-mode measurement of such images is limited to thin sam-
ples, due to the absorption of the sample accumulated in the propagation direction. Tomographic imaging
procedure can be used to acquire and to render three-dimensional images in the terahertz frequency range, as
in the optical, infrared or X-ray regions of the electromagnetic spectrum.

In this presentation, after a brief introduction to two dimensional millimeter wave and terahertz imaging we
will establish principles of tomography such as: Terahertz Computed tomography (CT), tomosynthesis (TS),
synthetic aperture radar (SAR), time-of-flight (TOF) terahertz tomography. For each technique, we will pre-
sent advantages, drawbacks and limitations for imaging the internal structure of an object. We will describe
usual reconstruction methods (and their major optimizations) to obtain a 3D image of observed objects.
First, the direct methods are developed. Then, we will define the acquisition and reconstruction models, in
the spatial domain with the Radon transform and in the frequency domain with the Fourier Slice Theorem.
Second, we will detail another kind of reconstructions: the iterative methods. Especially, we will explain the
Karcmarz method giving well-known algebraic reconstructions such as the Simultaneous Algebraic Recon-
struction Technique SART and we will develop methods based on stochastic process such as the Expecta-
tion Maximization (EM). Several potential applications will be presented.

Acknowledgements: We would like to express sincere thankfulness to each of the persons who have per-
mitted us to display some results of their work for the review paper. We would also acknowledge financial
support from the European community thanks to the contract DOTNAC (Development and Optimization of
THz NDT of Aeronautics Composite multilayered structures) — Contract N 266320/FP7-AAT-2010-RTD-1
— http://www.dotnac-project.eu/ and the Agence Nationale de la Recherche (ANR) for their support in the
InPoSec project (www.inposec.org).
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Paper B-1-1

OCT FOR DYNAMIC MOUSE EMBRYONIC ANALYSIS

Irina V. Larina
Molecular Physiology and Biophysics, Baylor College of Medicine, Houston, TX, USA, 77030

larina@bcm.edu

Congenital heart defects are among the most common birth defects and the leading cause of death in chil-
dren born with congenital defects. Understanding how the early embryonic heart functions and what regula-
tory mechanisms are involved in early cardiogenesis is highly important for advancement of heart defects
research. Biomechanical stimuli, including blood flow and heart contraction, are important regulators of
cardiovascular development. Thus, defining how these mechanisms coordinate mammalian heart tube func-
tion and morphogenesis is critically important for the diagnosis of congenital heart defects and for the de-
velopment of new therapeutic interventions to treat/prevent them. Such analysis can only be performed
through live high-resolution embryonic imaging.

Toward this goal, we are working on development and application of innovative methods for live dynamic
imaging and analysis of mammalian embryos. Our approach combines live embryo manipulation protocols,
state-of-the-art optical coherence tomography technology (OCT), confocal microscopy of vital fluorescent
reporters, advanced computational analysis, and utilizes mouse models of human congenital heart diseases.
We are now using these methods to address different aspects of normal and abnormal embryonic cardiovas-
cular development.
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Paper B-1-2
LASER-BASED TECHNOLOGIES IN REPRODUCTIVE MEDICINE

N. Shakhoval’z, S. Gamayunov3, E. Grebenkina3, 0. Kachalinaz, L Kuznetsova4,
O. Onoprienko’, O. Panteleeva’, M. Kirillin'

!Institute of Applied Physics RAS, Uljanov St. 46, Nizhny Novgorod, 603950 Russia
’State Medical Academy, Minin Sq. 10/1, Nizhny Novgorod, 603000 Russia
3Oncologic Clinic, Rodionov St. 190, Nizhny Novgorod, 603126 Russia
4Regional Clinic, Rodionov St. 190, Nizhny Novgorod, 603126 Russia
’Nizhny Novgorod Clinical Hospital of Russian Railways, Lenin Av. 18,
Nizhny Novgorod, 603011 Russia

shakh@ufp.appl.sci-nnov.ru

An increase of “indeterminate” infertility rate, a growing level of “silent” pelvic inflammatory diseases
(PID) and endometriosis raise the requirement for novel diagnostical techniques [1]. One more modern haz-
ard for reproductive potential is “rejuvenation” of cervical cancer (CC) [2]. All these situations demand ac-
curate timely diagnostics and organ-preserving methods of treatment. In our study we demonstrate applica-
tion of laser-based technologies, including optical coherence tomography (OCT) and photodynamic therapy
(PDT).

OCT has been used as a new method of introscopy in combination with standard endoscopic procedures: in
colposcopy for CC and in laparoscopy for PID and endometriosis. Based on comparative analysis of the
OCT data and the results of histological studies OCT criteria of the considered diseases have been devel-
oped.

In PID OCT demonstrates high (85-91%) diagnostic accuracy optimizing diagnosis of latent forms of PID.
Basing of the subjective criteria an attempt to develop independent criteria aimed for automated recognition
of pathological states in fallopian tubes was made. Diagnostic accuracy 90-97% of the developed independ-
ent criteria was demonstrated. In endometriosis OCT may be employed as an alternative to conventional
biopsy.

In CC OCT makes it possible to avoid random biopsies, to validate the choice of treatment method and in
particular cases to substitute broad excisions with PDT. At the stage of follow-up OCT allows for noninva-
sive evaluation of healing process and for early recurrence diagnostics.

In our opinion, the developed diagnostic and treatment algorithm employing OCT and PDT will allow to
apply individual tactics in female patients which finally will promote efficient preserving and reconstruction
of reproductive function.

Acknowledgements: The authors are grateful to the staff and management of the Nizhny Novgorod Onco-
logic Clinic, Regional Clinic and Hospital of the Russian Railways for the possibility to conduct this study.
The authors thank the Russian Basic Research Foundation (project 11-02-00916), Presidium of Russian
Academy of Sciences (Fundamental Sciences for Medicine) and the Ministry of Education and Science of
Russian Federation (project 8147) for the financial support of this work.

References:

1. R.L. Sweet, R.S. Gibbs, Infectious Diseases of the Female Genital Tract. Philadelphia: Wolters Kluwer / Lippincott Williams
& Wilkins, 2009.

2. Ramez N. Eskander et al., “Fertility preserving options in patients with gynecologic malignancies” Amer. J. Obstet. Gynecol.,
Vol. 205, Iss. 2, pp. 103—110 (2011).
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Paper B-1-3

LIGHT SHEET BASED FLUORESCENCE MICROSCOPY
OF 3-DIMENSIONAL CELL CULTURES

Herbert Schneckenburger, Sarah Schickinger, Petra Weber, Michael Wagner, and Thomas Bruns
Hochschule Aalen, Institut fiir Angewandte Forschung, Beethovenstr. 1, 73430 Aalen, Germany
herbert.schneckenburger@htw-aalen.de

Abstract: A module for light sheet based fluorescence microscopy is described permitting high resolution
imaging of 3-dimensional cell cultures at low light exposure. Applications include fluorescence lifetime im-
aging (FLIM), nanosecond ratio imaging as well as measurements of the uptake and interaction of fluores-
cent dyes and chemotherapeutic agents applied via an innovative microfluidic system.

Introduction: 3-dimensional cell cultures are used increasingly as test models for diagnosis of diseases or
interaction of pharmaceutical agents. Often these 3D systems require microscopic methods of high lateral
and axial resolution. Laser scanning microscopy (LSM) or structured illumination microscopy are well de-
scribed methods for 3D imaging. However, for recording each layer the whole sample is illuminated, and
light dose sums up when various layers are recorded or when measurements are repeated during a larger
time interval. Thus, living cells are easily damaged. To overcome this problem, light sheet based or selective
plane illumination microscopy (SPIM), where only selected parts of a 3D sample are illuminated, has re-
cently been introduced [1]. However, present light sheet microscopes are rather complex instruments of lim-
ited flexibility requiring special sample preparation and comparably large sample chambers. In the present
paper some of these disadvantages are overcome, and new applications are becoming possible.

Materials and Methods: A light sheet module [2] is described which is easily adapted to a conventional
fluorescence microscope. The light sheet (created by a focused laser beam) and an objective lens for image
detection are shifted simultaneously in axial direction. The sample (3D cell spheroid with genetically encod-
ed fluorescence proteins) is located in rectangular micro-capillaries of 600-900 um diameter and surrounded
by stationary or flowing liquid media. By coupling to a microfluidic system small quantities of agents (fluo-
rescent dyes, pharmaceutical agents) are easily applied. Samples can be rotated using an innovative tech-
nique and observed from various sides. Thus, the loss of information due to long path ways of penetrating
light resulting in pronounced scattering is kept low.

Applications: Present applications include:

e 3D representation of cell architecture;

e measurement of the uptake of specific fluorescent dyes;

e ratio imaging of an intrinsic redox sensor for detection of oxidative stress;

e measurement of the uptake and cellular interaction of a chemotherapeutic drug dependent on various me-
tabolites (e.g. cholesterol).

At least two different laser sources can be used simultaneously, e.g. for fluorescence lifetime imaging
(FLIM) or ratio microscopy. Pulsed laser diodes with a nanosecond time delay between one another are used
to create a prompt and a delayed fluorescence image on two parts of a time-gated camera. This permits quasi
continuous registration of two fluorescence images in a “shake hand” mode and online measurement of fluo-
rescence ratios.

Acknowledgment: This project is funded by the Land Baden-Wiirttemberg and the European Union,
Européischer Fonds fiir die regionale Entwicklung.

References:

1. J. Huisken, J. Swoger, F. del Bene, J. Wittbrodt, E.H.K. Stelzer, “Optical sectioning deep inside live embryos by SPIM” Sci-
ence, Vol. 305, pp. 1007-1009 (2004).

2. T. Bruns, S. Schickinger, R. Wittig, H. Schneckenburger, “Preparation strategy and illumination of 3D cell cultures in light-
sheet based fluorescence microscopy” J. Biomed. Opt., Vol. 17, 101518 (2012).
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Paper B-1-5

LASER-ASSISTED STUDY OF THE INTERACTION OF DIAMOND NANOPARTICLES
WITH BLOOD COMPONENTS

A.V. Priezzhev', A.E. Lugovtsovl, V.B. Koshelev?, O.E. Fadyukovaz, G.M. Naumova’,
Chia-Liang Cheng’, Yu-Chung Lin’, E.V. Perevedentseva’

'Physics Department and International Laser Center of M.V. Lomonosov Moscow State University,
Faculty of Medicine of M.V. Lomonosov Moscow State University,
Russia, 119991, Moscow, Leninskye Gory
’Physics Department of National Dong Hwa University, Hualien, Taiwan

avpriezz@gmail.com

In this work, we studied the interaction of nanoparticles of diamond (ND) with blood components and their
effect on hemoglobin oxygenation and red blood cell (RBC) microrheology. In particular, we wondered
whether the incubation of ND with whole blood sample leads to a distortion of the oxygenation/de-
oxygenation (O/D) cycle and of the ability of RBCs to deform in shear flow and to spontaneously aggregate.
The research was motivated by the fact that the administration of NDs and other nanoparticles into a live
organism for diagnostic and therapeutic reasons is usually supposed to be performed intravenously, i.e. via
blood vessels. However the possible effects of nanoparticles on blood and on its ability to normally flow
though the vessels of different radii are usually not accounted for.

In order to assess the effect of NDs on the O/D cycle, we used single cell Raman microspectroscopy and la-
ser tweezers to trap single RBC. To assess the effect of NDs on RBC microrheology, we used laser technol-
ogies based on dynamic light scattering, FTIR, diffractometry of dilute suspensions of RBCs, diffuse light
reflectometry of whole blood samples. We have conducted a series of in vitro measurements of the deform-
ability index and several parameters of aggregation kinetics, as well as of the adsorption of protein mole-
cules on ND surfaces. In our experiments, we used suspensions of NDs with the sizes of 5 and 100 nm
of different concentrations in bidistilled water, added to samples of freshly drawn human and rat blood or
protein solutions. The surface of ND particles was either raw or carboxylated (cND) to improve their bio-
compatibility.

We have found that depending on the size, concentration, surface properties of the particles and, also, on the
properties of blood samples of human individuals (healthy donors or patients with various diseases) and rats,
the ND and cND show different effects on the microrheologic properties of blood. In particular, blood plas-
ma proteins albumin and globulins are adsorbed on the particle surface. Both ND and ¢ND interact with
RBC membrane, which leads to reduction of RBC deformability at higher concentrations of the incubated
particles. 5 nm ND can penetrate inside the RBC through the membrane and interact with the hemoglobin
molecules. However this interaction does not lead to the impairment of the O/D cycle. The RBC aggregation
parameters may be shifted as a result of RBC/ND interaction at higher concentrations of the latter.

The obtained results substantiate our conclusion on the importance of thorough studies of the interaction of
nanoparticles with blood components.

Acknowledgements: This work was supported by the RFBR grant 12-02-92008-HHC a and the NSC grant
97-2923-M-259-001-MY3.
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Paper B-1-6
NEW LASER ADAPTIVE TECHNOLOGIES FOR MEDICAL APPLICATION

Andrey V. Belikov

National Research University of Information Technologies, Mechanics & Optics,
49 Kronverksky, Saint-Petersburg, Russia, 197101

meddv@grv.ifmo.ru

Modern laser technologies are widely represented in medicine. Lasers are used successfully for the treat-
ment of soft and hard tissues. Laser influence on tissue is accompanied by different optical, acoustic and
thermal effects. These effects are interrelated and depend on the laser radiation parameters and the tissues
properties. In the tissues destruction process by laser radiation accompanying effects parameters can be
changed following the change in the tissue. In adaptive laser systems analysis of these changes and effective
feedback allow to adjust opportunely the laser parameters and to optimize the course of treatment.

In present work we will discuss adaptive laser systems with feedback. We discuss features of registration of
thermal signal during laser treatment of soft tissues. Represent results of investigation of laser-tissue interac-
tion with high time resolving. Introduce modern laser technologies with feedback, such as TOP dental sur-

gery [1, 2].

TOP dental surgery — a new method of contact surgery (thermo-optical surgery) based on automatic control
of diode laser energy conversion by opto—thermal fiber (OTF) converter into heat energy and polychromatic
optical radiation with wavelengths in the range of 1400—11000 nm (thermo-optical feedback). The absorp-
tion coefficient of the radiation in the soft tissue is 700-850 cm .

In the paper features of the growing and properties of the opto-thermal fiber converters for TOP surgery are
discussed. The results of time-resolving video of the growing stages and operating of one variation of the
opto—thermal fiber converter are presented. The dynamics of the optical transmittance of laser radiation at
wavelength of 970 nm was investigated. The surface temperature dynamics of the converter during its op-
eration at various laser powers was investigated.

The mechanism of work the adaptive diode laser system for top surgery including computer control and
maintain the desired temperature of OTF converter in condition of changes in cutting speed and tissues
properties was described. The results of time-resolving video of dynamics of soft tissue destruction by laser
radiation with and without thermo—optical feedback are presented. It was shown that the depth of the cut and
coagulation weakly depended on the speed of soft tissue cutting during using a powerful adaptive diode la-
ser with thermo-optical feedback.

References:

1. K.S. Magid, A.V. Belikov, A.E. Pushkareva, A.V. Skrypnik, F.I. Feldchtein, T.V. Strunina, et al. “Soft tissue surgery with thermo-
optical tips with a real-time temperature control” ALD 2010 Annual Meeting. Miami FL: Academy of Laser Dentistry (2010).

2. G.B. Altschuler, “Thermo-Optically Powered (TOP) Surgery: A New Opportunity for the Dental Practice”, ALD 2012 Annual
Meeting. Scottsdale, AZ: Academy of Laser Dentistry (2012).



17

Paper B-1-7

FEMTONEWTON MAGNETIC INTERACTION BETWEEN BROWNIAN PARTICLES
PROBED BY ACTIVE MICROREOLOGY IN OPTICAL TWEEZERS

M.N. Skryabina, M.D. Khokhlova, E.V. Lyubin, A.A. Fedyanin
Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
fedyanin@nanolab.phys.msu.ru

Brownian motion is the driving force in the wide class of biological, chemical and physical processes, such
as organelles diffusion in living cells, dynamics of DNA supercoils and colloidal crystallization. Interaction
between Brownian microparticles plays a key role in the collective dynamics and can be the reason of the
disorder-to-order transition of the soft matter system. It governs such amazing processes as synchronizations
of Brownian particles motion, self-organizations to the complex structures of particles and even macromole-
cules. Furthermore the interaction between Brownian particles define many common colloidal phenomena,
such as rheological properties of suspensions, the kinetics of aggregation and phase separation. Recently a
new method to study viscoelastisity of the red blood cell (RBC) membrane was proposed by attaching a
functionalized ferrimagnetic microbead to the RBC membrane and exposing the system in the ac-magnetic
field. The magnetic bead’s motion caused the deformation of the membrane and elastic and frictional moduli
were extracted from optically tracked bead motion. However the only method having the ability for ultrafine
positioning, control and noninvasive probing of local object properties in aqueous solution having no impact
from the bulk substrate is the optical tweezers technique which is a unique tool for exploring problems relat-
ed to quantitative characterization of single objects at the microscale. This method is widely used to deter-
mine the elastic properties of cell membranes, in particular the RBC membranes.

Two main sets of experiments will be discussed [1, 2]. The first one is use of optical tweezers for studying
the magnetic interaction force between two individual superparamagnetic microparticles which is directly
measured as functions of particles separations and external magnetic field value. The influence of these
forces on the particles Brownian motion is experimentally found and theoretically analyzed. It is shown that
the gradient of the interaction forces affects on the particles coupling and defines the crosscorrelations in the
particles positions fluctuations. Another problem discussed is active rheology combined with an analysis of
forced RBC vibration when the cell is optically trapped in double optical tweezers. This approach allows
marking out correlated displacements of trapped erythrocyte edges. The displacements determined using
forced vibrations analysis in the frequency range up to 1 kHz quantitatively characterizes the viscoelastic
properties of individual RBC. A new dynamic parameter, namely, the tangent of phase difference in the
movement of the erythrocyte edges, is introduced as an effective finger-print characterizing the state of the
cell.

References:

1. M.N. Skryabina, E.V. Lyubin, M.D. Khokhlova, A.A. Fedyanin, “Probing of pair interaction of magnetic microparticles with
optical tweezers”, JETP Lett., Vol. 95, p. 560 (2012).

2. E.V. Lyubin, M.D. Khokhlova, M.N. Skryabina, A.A. Fedyanin, “Cellular viscoelasticity probed by active rheology in optical
tweezers” J. Biomed. Opt., Vol. 17, 101510 (2012).
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Paper B-1-8

OPTICAL COHERENCE ELASTOGRAPHY OF SOFT TISSUES

Kirill V. Larin

Department of Biomedical Engineering, University of Houston, 4800 Calhoun Rd, Houston, Texas, USA

klarin@uh.edu

Mechanical forces play an important role in the behavior and development at all spatial scales, from cells and
their constituents, to tissues and organs. Such forces have a profound influence on the health, structural integri-
ty, and normal function of cells and organs. Accurate determination of tissue biomechanical properties (e.g.,
Young’s or shear modulus) could help with clinical diagnosis and interpretation of various diseases.

Fig. 1. (a) Schematic of AP-OCT system; (b) OCT 3-D image indi-
cating the distribution of excitation and measurement positions
across tissue surface.
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Fig. 2. (a) Surface waves recorded at different spatial locations
showing time delays detected on (a) myxoma and (b) normal fat.
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Fig. 3. Box plots of (a) the calculated group velocity of SWs and (b)
the quantified Young’s moduli for myxoma and normal fat. The sol-
id dots and whiskers represent the mean values and standard devia-
tions of data, respectively.

Optical Coherence Elastography (OCE) is
an emerging tool that allows noninvasive
assessment of tissue biomechanical proper-
ties with high lateral and axial resolution.
In this talk I’ll overview recent advances
on developments and application of optical
methods to assess mechanical properties of
different tissues and show examples of the
current state-ofthe-art optical elastography
imaging of tissues, including tumors and
ocular tissues. Particularly, I’ll demonstrate
the capability of OCE to assess surface
mechanical wave propagation in phantoms
and soft tissues both ex vivo and in vivo
using a Phase Stabilized Swept Source Op-
tical Coherence Elastography (PhS-
SSOCE) system (Fig. 1). Low-amplitude
(<10 pm) mechanical waves were intro-
duced by focused air puff excitation on tis-
sue surface. The tissue of myxoma, a type
of soft-tissue tumor, turns out to have
higher velocity of SWs propagation than
the normal fat, which can be seen from
Fig. 2. The SWs group velocity is calculat-
ed to be 1.45+0.28 m/s and 1.02+0.33 m/s
for myxoma and normal fat, respectively.
Also, we quantified a higher Young’s
modulus of 7.6+3.0 kPa for myxoma com-
pared with 3.5+2.2 kPa for normal fat (see
Fig. 3). These results demonstrate the OCE
system can be useful for the intra-operative
detection of soft tissue tumors based on the
measurement of their elastic properties.

Acknowledgements: We acknowledge the funding from NIH grant 1RO1EY 022362 and Federal Target
Program “Scientific and Scientific-Pedagogical Personnel of Innovative Russia” for 2009-2013 Grant

14.B37.21.1238.



19

Paper B-1-9

COHERENT ANTI-STOKES RAMAN SPECTROSCOPY AND 3D IMAGING
FOR BIOLOGICAL AND MEDICAL RESEARCH

Y.F.Lu', X.N. He', P.N. Black?, T. Baldacchini'”, X. Huang', L. Jiang®

"Department of Electrical Engineering, University of Nebraska-Lincoln, Lincoln, NE 68588-0511
’Department of Biochemistry, University of Nebraska-Lincoln, Lincoln, NE 68588-0664
ITechnology and Applications Center, Newport Corporation, Irvine, CA 92606
‘Department of Mechanical and Automation Engineering, Beijing Institute of Technology,
Beijing, 100081, P. R. China

viu2@unl.edu

Broadband coherent anti-Stokes Raman spectroscopy (CARS) and microscopy system based on a photonic
crystal fiber light source has been used to study biological and medical samples. The pump pulses have a
narrow bandwidth and define the spectral resolution. The Stokes pulses are spectrally broad in 700—
1100 nm. The pump and Stokes pulses excite multiple Raman transitions within the bandwidth of the Stokes
pulses. Vibrationally excited states are probed with a third spectrally narrow probe pulse, usually the same
as the pump pulse. In a single shot, the entire CARS spectrum of the excited states is generated. Both the
pump and Stokes beams are provided by a single fs laser in conjunction with a supercontinuum generator,
which is optimized for performing broadband CARS microscopy. The supercontinuum ensures that broad-
band anti-Stokes spectra can be obtained without tuning the laser wavelength. The structure of the CARS
system is shown in Fig. 1. The CARS system has been used to obtain CARS spectra and chemically specific
images of biological (such as algal cells) and medical (such as neuro, artery, and liver cells) samples.
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LASER-INDUCED FLUORESCENCE SPECTROSCOPY FOR CLINICAL APPLICATION

Natalia Bulgakova
A.M. Prokhorov General Physics Institute of the R A S, Moscow, Russia

nnbulgakova@gmail.com

Laser-induced fluorescence spectroscopy (LIFS) is a sensitive technique that allows to measure tissue fluo-
rescence emission spectra using a fiber-optic probe scanning in contact with the tissue surface. The main
advantage of LIFS is noninvasive real-time collecting of quantitative information on the intensity and spec-
tral features of the endogenous or exogenous tissue fluorescence emission which could be used for
diagnostical or therapeutical purposes.

Our long term cooperation with the leading medical institutes shown that the most promising direction of
LIFS application is the autofluorescence detection of cancer. We performed a comparative study of basic
characteristics of autofluorescence emission spectra recorded from normal and pathological tissues in vivo.
The statistical analysis and probabilistic estimations of nine basic quantitative characteristics were per-
formed to reveal the spectral characteristics which may have potential to improve the detection accuracy of
autofluorsecence diagnosis of early stage cancer. The different approaches for in vivo attributing the tested
tissue to one of the histological status on the base of estimated spectral characteristics have been tested
[1,2]. As a result the complex of diagnostically informative spectral characteristics have been proposed
which may maximize the autofluorescence contrast between normal mucosa and malignancy. Real time
measurements and estimation of the important spectral information on the base of the probabilistic approach
is assumed to be useful for real-time recommendation about biopsies and for minimizing a number of false-
positive results of auto fluorescence detection of cancer.

The report presents the main results of in vivo LIFS clinical application obtained during last years in this
field.

Acknowledgements: The work was supported partly by RFBR Grant No. 09-02-01204.

References:

1. N. Bulgakova, R. Ulijanov, K. Vereschagina, et al. “In vivo local fluorescence spectroscopy in PDD of superficial bladder
cancer” Medical Laser Application, Vol. 24, pp.247-255 (2009).

2. N. Bulgakova, V. Sokolov, L. Telegina, et al. “Study of laser-induced autofluorescence emission spectra from normal and ma-
lignant bronchial epithelium” Photon Lasers Med., Vol. 2(2), pp. 93-99 (2013).



21

Paper B-1-11

ADVANCES IN TISSUE AND BLOOD OPTICAL CLEARING
FOR LASER DIAGNOSTICS AND TREATMENT
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The main limitations for laser-tissue interaction at application to laser diagnostics or treatment are the low
penetration depth of laser beam, its random divergence, and low image contrast caused by high light scatter-
ing by tissues and blood. Doppler and speckle blood flow measuring techniques, optical coherence tomogra-
phy (OCT), confocal microscopy, SHG imaging, multi-photon spectroscopy, polarization imaging, and Ra-
man spectroscopy are strongly suffering from light scattering. Optical clearing due to reduction of tissue
scattering ability is an attractive method for controlling of optical properties of a variety of tissues and
blood. It provides many benefits for successful application of laser methods in biomedicine [1-4]. One of
the optical clearing approaches is based on impregnation of tissue by an immersion liquid which refractive
index is higher than refractive index of interstitial fluid (ISF) and/or tissue dehydration (losing water) an-
other one is based on tissue compression or stretching.

In this paper optical clearing of different tissues will be analyzed in the framework of receiving of more pre-
cise and valuable information from reflectance spectroscopy, polarization measurements, optical coherence
tomography (OCT), and full-field speckle imaging of blood microcirculation. In vitro, ex vivo, and in vivo
spectroscopic, polarization, and OCT studies of human tissues and blood will be presented. Optical clearing
agents and delivery techniques, as well as tissue enhanced permeation due to tissue compression, will be
discussed. Some important applications of optical immersion and compression techniques in dermatology,
ophthalmology, gastroenterology, and some other medical fields will be demonstrated. Optical clearing in-
duced by metabolic processes and photothermal and photodynamic action on tissues will be discussed.
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We present the results of fluorescent and photoacoustic imaging of small-animals with experimental tumors.
For fluorescence small-animal imaging we created a multifunctional system which combines planar epi-
illumination and trans-illumination geometries. We have demonstrated that the created system allows ob-
taining 2D fluorescent images for estimating the cross-sectional size of the superficial fluorescent objects
and deep seated fluorescing inclusion by using trans-illumination imaging even in the case of low fluores-

cent intensity.
9 Day 16 Day 18 Day 9 Day 16 Day 18 Day
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We also have shown that for high fluorescence signal the developed system provides 3D reconstruction
of the fluorophore spatial distribution [1]. For the photoacoustic measurements we created an experimental
setup which combines photoacoustic (PA) and optically mediated ultrasound (US) microscopy [2]. The
probing US pulses were generated thermoelastically due to absorption of backscattered laser radiation by the
metalized surface of a PVDF film. We achieved 70/45 um transverse/longitudal resolution in US mode and
70/45 pm transverse/longitudal resolution in PA mode.

PA C-scan @584nm  US C-scan

ww 9

In this presentation we will demonstrate our first results validating simultaneous PA/US microscopy tech-
nique for in vivo imaging of experimental tumors in small-animals.

Acknowledgements: The work was supported by the by the Ministry of Education and Science of the Rus-
sian Federation (project # 14.512.11.0053), the Russian Foundation for Basic Research (projects #12-02-
31361, 13-02-01289) and the Measures to Attract Leading Scientists to Russian Educational Institutions
program (project no 11.G34.31.0017).
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Genetically encoded photosensitizers are a recently introduced optogenetic tool enabling local ROS produc-
tion mediated by a fluorescent protein [1]. The first such protein was red fluorescent protein KillerRed ca-
pable of ROS production under exposure to green-orange (~520-590 nm) light [2].Recent studies showed
that KillerRed is type I photosensitizer, which produces radicals and hydrogen peroxide but not singlet oxy-

gen [3].

Then, it was demonstrated that light-oxygen-voltage—sensing (LOV) domains from bacterial and plant spe-
cies can be mutated to generate flavin mononucleotide (FMN)-based fluorescent proteins [3]. Using this
strategy, a protein that efficiently generates ROS on exposure to blue light was developed [3]. This protein
called miniSOG (mini Singlet Oxygen Generator) was engineered from Arabidopsis phototropin 2.

The goal of this work is to evaluate the applicability of the phototoxic proteins KillerRed and miniSOG for
PDT of tumors in vivo. The study was performed on subcutaneous HeLa tumor xenografts in nude mice us-
ing the cell lines stably expressing KillerRed and miniSOG in different cell compartments. /n vivo fluores-
cence imaging was used throughout the selection of the treatment mode to assess photobleaching of the pro-
teins. The tumors were exposed to laser irradiation at two regimens and examined pathomorphologically.

The results of the fluorescence imaging of the HeLa tumors producing KillerRed demonstrate 30% decrease
of the intensity for 30 min at a power density 150 mW/cm” without heating. Irradiation with higher powers
(225 and 300 mW/cm?) resulted in more effective photobleaching but caused temperature growth (up to 37
and 41°C degrees respectively). Histological analysis of the treated tumors with KillerRed in mitochondria
and nuclei and nuclei alone showed significant dystrophic changes in the tissue structure, such as nucleus
swelling, cytoplasm vacuolization, cellular and nuclear membrane destruction, and activation of apoptosis.

Tumors expressing miniSOG were hardly distinguished from surrounding tissues on the fluorescence imag-
es in vivo due to strong skin autofluorescence in blue-and-green spectrum range. Nevertheless, considerable
drop of fluorescence was revealed in the extracted specimens of the irradiated tumors. However, no differ-
ence between treated and untreated tumors was found either in pathomorphology or growth, which most
likely related to the lack of FMN in poorly vascularized HeLa tumors.

Genetic encoding of the photosensitizer in a cancer cell seems very attractive for the promise of highly se-
lective cellular photodamage. The first results in animals show the possibility to induce irreversible cell ab-
normalities using PDT with phototoxic proteins.

Acknowledgements: This work was supported by the Ministry of Education and Science of the Russian
Federation (project 11.G34.31.0017, contracts # 8303, 8269).
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This paper considers three mechanisms of light interaction with tissues, namely the photodynamic (PDE)
and light-oxygen effects (LOE) as well as the photodissociation of blood oxyhemoglobin (PBO). All these
mechanisms are or can be used in different kinds of light therapy treatments of a human organism. Their ef-
ficiencies are proportional to the light power absorbed by a target chromophore in tissue. These targets are,
respectively, dissolved molecular oxygen for the light-oxygen mechanism, a photosensitizer for the photo-
dynamic action, and oxyhemoglobin for the photodissociation. The goal of this paper is to maximize the ab-
sorbed light power by a suitable choice of a wavelength irradiating the skin surface. In succeeding so, one
can optimize the non-invasive light therapy procedures. In other words, the desired maximization will ena-
ble one to utilize less irradiation power for achieving the same therapeutic effect or to achieve more positive
effect for the same irradiation power. The idea of the optimization is rather simple. Really, optical properties
of soft biotissues, especially their absorption coefficients, are spectrally selective, so that the tissue acts as a
spectral filter with complex transmittance. The light power absorbed by a target chromophore at specific
depth is proportional to the product of the fluence rate at this depth by the absorption coefficient of the
chromophore. By varying the irradiation wavelength, one can change the filter transmittance and, hence, the
fluence rate to maximize the said product. It is obvious that the optimal wavelength does not necessarily co-
incide with the maximum of the absorption coefficient.

A review of the author-designed methods for enhancing the absorbed light power is given in the presenta-
tion. For the PDE with using photosensitizer (PS) “Fotolon”, the optimal irradiation wavelength is shown
[1] should be shifted to the red by 5 to 30 nm with respect the maximal PS absorption at 665 nm. The gain in
the absorbed power can be up to 2 and more times. For the LOE near 586 nm [2], the irradiation at a wave-
length shifted to the red by 5 to 8 nm provides the 3- of 4-fold increased singlet oxygen concentration gen-
erated in deep dermis layers. For the PBO, two cases are considered. The first one is the local O, formation
at a specific depth. The more the depth is, the longer irradiation wavelength provides the maximal O, con-
centration, starting from 418 nm for upper dermis layers to 600 nm at depth larger than 2.5 mm [3]. For the
optimal O, generation in the whole dermis thickness, one should irradiate the skin surface at 575+5 nm [4].
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The toxic affect of heavy metals over the living organisms is known to arouse from the alternation of
the course for biological reactions in cells. One of such violations appears to be the process of supra-
molecular structures formation, for example, the dipole protein nano-clusters in blood. This phenomenon
can be well studied in the biological solutions, such as blood serum, or a widely adopted normal saline solu-
tion of enzymes.

Thus the important role in categorize heavy metals is played by following conditions: their high toxicity for
live organisms in rather low concentration, and also ability to bioaccumulation. Almost all heavy metals,
actively participate in biological processes, are a part some enzymes.

In this work was studied the effect of ions some metals (K", Na', Pb*", Fe*", Eu®") on enzymes (pepsin, col-
lagenase, lyzosume, creatine kinase) in water solutions by different optical methods.

The results of our experiments has shown that charged macromolecules dynamic properties and radii of
formed scattering particles in solutions essentially depend on net charge condition of enzymes and can be
used for diagnostics and control.

Interaction of some proteins and enzymes carrying surface charges in solutions containing heavy metal ions
results in the formation of large (nano sized) protein clusters. It was observed that the process of nano clus-
ter formation begins at very low concentrations of heavy metal ions about PMC (maximum permission con-
centrations). That can explain their high toxicity for live organisms in rather low concentration and poison-
ing effect on enzymes and proteins.

The interaction of the metal ions with the charged surface of the enzyme in the solution is studied by the
measurement of the light scattering coefficient, coefficient of translation diffusion along with the concentra-
tion variation of the former.

The nature of interaction enzyme macromolecules in case when the solution contains metal ions with a large
ionic radius depends largely on dipole-dipole forces. Enzyme molecules may come extremely closely to one
another to form a macromolecular complex-a dipole cluster

The nano-sized clusters form as a result of the phase transition when the Coulomb repulsion forces diminish
and the pure dipole attraction forces take over.

The mass and radius of enzyme clusters forming in the solution increases by more than one order of magni-
tude as compared to the mass of a macromolecule and reaches its maximum near the isoelectric point of
enzyme.

Cluster formation process can explain toxic influence of heavy metal ions at the very small concentration on
the living organisms.
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Photodynamic therapy based on the use of the combination a photosensitizing drugs (PS), oxygen and light,
can selectively damage the target tissue. To increase the generation of 'O, by PS at molecular oxygen physi-
ological concentrations can be increased by placing the molecule of PS in close proximity of metal nanopar-
ticles (Me-NPs) due to plasmon-induced increase of the triplet state transition oscillator strength [1]. The
investigation of Me-NPs and PS combination properties initiated just recently, however, the possibility of
creating NPs with enhanced antibacterial [2], and photodynamic effect [3] are shown. This paper presents
the study of the 'O, generation by Al and Zn phthalocyanines (MePhc) and 'O, chemical quenching near the
surface of silver, gold, iron oxide and silicon nanoparticles (NPs). The analysis of the MePhc behavior in
aqueous solutions in comparison with MePhc precipitated (molecules adsorption due to Van-der-Waals
force or electrostatic interactions) and conjugated (chemical covalent attaching the) on the surface of NPs
was performed.

The definition of 'O, formation quantum yield (pA) by MePhc was carried out using a 'O, trap, ADMA [4].
For determining of the 'O, chemical quenching during irradiation was used previously developed in our la-
boratory spectroscopic method of oxygen content in the bioobject measuring by the hemoglobin oxygena-
tion degree [5]. It is established that the studied NPs taken separately from MePhc have no photodynamic
effect. Upon binding to the surface of NPs the MePhc absorption intensity is decreases, indicating that the
additional dipole interaction between the NPs and the plane of the phthalocyanine ring is exist. Presumably,
the MePhc molecules, adsorbed on the NPs surface and not involved in the light absorption, should not be
involved in the 'O, generation.

For iron oxide and silicon NPs the MePhc photodynamic activity is decreased, probably due to too strong
bounding with the surface of NPs, as well as absorption is decreased. However, the quantity of chemical
quenching acts of '0,, generated by MePhc, bounding with MeNPs, was significantly higher in comparison
with MePhc simple solutions.
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Today in medicine acute problem of accurate cancer diagnosis. This problem takes into account lung tissues
and lung tumors. The main problem in cancer detection is to determine exact tumor type. If malignant tumor
was studied, than medicine stuff should provide appropriate treatment, otherwise healthy tissue was studied
and no further treatment is needed. It is important to say that if malignant tumor is not treated appropriately
or was missed by doctor as a healthy, it can lead to the patient’s death. That’s why it is very important to
provide precise diagnose of cancerous tumors.

Fast and noninvasive diagnosis of human lung tissues is possible with usage of Raman spectroscopy (RS).
This type of spectroscopy is very sensitive and can detect even the slightest changes of chemical
composition that occur in tumors during growth.

RS system used in current experimental study contained Shamrock sr-303i spectrometer with DV420A-OE
digital camera, RPB785 RS probe and LuxxMaster Raman Boxx laser (785nm, 200—-300 mW).

Raman spectrums from different lung tissues (including healthy tissue, malignant and nonmalignant tumors)
were used to identify the main chemical components of formations. Subsequent allocation of formations
characteristics based on the Raman peaks intensities was performed. More than 30 human tissue samples
were tested in this study ex vivo to determine if lung tumors diagnosis is possible with RS. This research was
approved by the ethical committee of SEI HPE Samara State Medical University of Russian Health Minis-
try. For each tissue sample histological analysis for precise diagnosis was carried out.

It was found that different lung tissues have unique composition of intensities related to the lipid-specific
and proteins bands peaks. Analysis of peaks features observed in the Raman spectrums resulted in the iden-
tification criteria for specificity determination of tumors in the healthy lung tissues. In the result it was fond
that RS based diagnosis of lung tissues and tumors is more accurate than firs stage medicine stuff diagnosis.

Acknowledgements: This research was supported by the Federal Target Program “Research and develop-
ment on priority directions of Russian scientific-technological complex for 2007-2013".
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Nowadays medical staff notes an increase number of different skin lesions appearing including benign and
cancerous tumors. Optimal approach of these disease treatments requires precise determination of invasion
borders in healthy skin and noninvasive disease specificity estimation. This requirement may be satisfied by
using optical techniques. In this study we demonstrate joint usage of optical coherence tomography (OCT)
and Raman spectroscopy (RS) for in vivo and ex vivo skin tumors diagnosis.

OCT setup was performed on the basis of a broadband superluminescent laser diode (840 = 25 nm) at the
source end, Michelson interferometer with 50/50 split ratio to the sample and reference arms, spectrometer
with diffraction grating (1200 gr/mm) and CCD line scan camera (2048 pix, 29.3 kHz) at the detection end.
OCT system allowed real-time obtaining of healthy skin and pathologies 3D images. Herewith OCT image
resolution was 6—8 micrometers that let one accurately determine the invasion area and respectively a resec-
tion zone. RS system contained Shamrock sr-303i spectrometer with DV420A-OE digital camera, RPB785
RS probe and LuxxMaster Raman Boxx laser (785nm, 200—-300 mW).

Raman spectrums from different tissues: melanoma, basal cell carcinoma, pigment nevi, keratosis, normal
skin, were used to identify the main chemical components of formations. Subsequent allocation of for-
mations characteristics based on the Raman peaks intensities was performed. More than 50 tissue samples
were tested in this study by joint usage of OCT and RS for in vivo and ex vivo skin tumors diagnosis. This
research was approved by the ethical committee of SEI HPE Samara State Medical University of Russian
Health Ministry. For each tissue sample histological analysis for precise diagnosis was carried out.

It was found that different skin formations have unique composition of intensities related to the lipid-
specific and amide I proteins bands peaks near 1270, 1310, 1459 and 1657 cm . Analysis of peaks features
observed in the Raman spectrum resulted in the identification criteria for specificity determination of tumors
in the healthy skin. In melanoma diagnosis accuracy of developed method was 94.8%, and for the of basal
cell carcinoma determination — 96%. These results are consistent with results of other authors, such as mela-
noma diagnostic accuracy in [1] was 87.5%, and in [2] was 92%.

Acknowledgements: This research was supported by the Federal Target Program “Research and develop-
ment on priority directions of Russian scientific-technological complex for 2007-2013".
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Lasers, high-frequency electroknives, drills, and ultrasonic scalpels are surgical instruments used in many
types of procedures from wart removal to brain surgery. These are energy-based instruments and real
sources of generating “surgical smoke” that pose chemical hazard and can impede surgical progress.
Therefore, information on surgical smoke chemical composition is required to evaluate the potential hazard
of the operating room personnel.

Surgical smoke contains various toxic chemicals, cell particles, viruses, and aerosols from tissues and blood
[1]. The composition and toxicity associated with surgical smoke depend on a variety of factors such as the
type of surgical procedure and device, nature of tissue, extent of tissue ablation, and duration of surgery
[2, 3]. Both the visible and the odorous components of surgical smoke are toxic and present potential danger
for operating room personnel. The possible effects of the chemicals include headaches, irritation and sore-
ness of the eyes, nose and throat, hypoxia, nausea and vomiting, sneezing, weakness, dermatitis, cardiovas-
cular dysfunction, anxiety, and even cancer [1].

The chemical composition of surgical smoke produced in vitro in our laboratory by CO; laser ablation of
fresh animal tissue was investigated with laser photoacoustic spectroscopy (LPAS). The detected products
were acetonitrile, acrolein, ammonia, benzene, ethylene, and toluene. Many of these substances are known
to be dangerous [4, 5]. Exposure limits and possible health effects are presented when these substances ex-
ceed the permissible exposure limits (PEL) given for health organizations like OSHA, and recommended
exposure limits (REL) given for health organizations like NIOSH.

We proved the presence of these toxic gases in the surgical smoke produced by laser tissue ablation at quite
high levels compared with the exposure limits. Some of the concentrations are lower than the recommended
values, but it has to consider the cumulative effect of all volatile compounds released during laser surgery,
to which the influence of particles below 10 pm is added. Also, it should be stressed that through continuous
exposure, the inhalation of surgical smoke becomes more harmful to the surgical team members.
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Fluorescence diffuse optical tomography (FDOT) is an emerging biomedical imaging technique to localize
deeply placed luminescent particles within biological tissues. However, utilization of this modality is strong-
ly limited by its insufficient spatial resolution. We demonstrate that the current resolution of FDOT can be
improved by using highly efficient rear-earth-metal-doped upconversion nanoparticles with nonlinear pow-
er-depend luminescence in combination with scanning fiber-optics detection, where the fiber bundle con-

tains one illuminating and several collecting fibers in one tip.
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Fig. 1. A fiber-optic FDOT system (left). Comparison of the resolution limits achieved by a fiber-probe and a CCD-

based registration techniques (right).
Hexagonal (B-phase) NaYF,:Yb®", Tm’",Er’" nanoparticles were synthesized in-house and utilized as con-

trast agents. The measured quantum yield of the luminescence in the visible and near-infrared spectral range
excited by 975-nm light with intensity of 70 W/cm® exceeds 4%. The luminescent label comprised uniform-
ly dispersed nanoparticles in a polymer matrix produced by a photo-polymerization method. The FDOT re-
construction experiments were carried out in a controlled environment using tissue-mimicking phantoms
under excitation intensity well below the tissue-damage thresholds. The experiments show that the spatial
resolution of the FDOT-reconstructed images can be significantly improved using a scanning fiber tip and

overcome the current limits obtained by conventional CCD registration modalities.
Acknowledgements: The reported study was partially supported by RFBR, research project No. 12-02-
31845mol a, 13-02-01138A and by Tekes (FiDiPro project, No. 1027 21 2010).
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This work is devoted to studies into optical properties of cornea and sclera of the eye and their alterations
under the effect of 1.56-um laser radiation. The laser settings corresponded to the laser treatment regimens
used (1) to correct the shape of the cornea or cartilage to change the refraction of the eye or make an implant
respectively[1, 2] and (2) to improve the hydraulic permeability of the sclera in glaucoma cases [1, 3]. We
used a fiber-optical system to investigate the dynamics of the reflected and transmitted scattered laser radia-
tion and a setup with a double integrating sphere to determine the optical properties of the ocular and carti-
lage tissues on the basis of the Monte-Carlo simulation of the propagation of light [4]. When the radiation
characteristics corresponded to the treatment regimens for correcting the shape of the cornea or cartilage, no
however noticeable changes were detected in its optical properties. When irradiating the sclera in conditions
corresponding to the treatment regimens for improving its hydraulic permeability, the optical characteristics
of the tissue showed definite. The results obtained as to the dynamics of the optical signals during the course
of laser irradiation of the cornea, sclera and cartilage create prerequisites for designing test systems to be
used with novel medical laser techniques for correcting visual abnormalities.

Acknowledgments: We are grateful for Russian Foundation for Basic Research funding of 12-02-31699
and 13-02-00435 projects.

References:

1. E.N. Sobol, “Method for Correcting Vision and a Device for its Implementation”, Eurasian Patent No. 011465, Iss. April 28
(2009).

2. A. Bolshunov, E. Sobol, S. Avetisov, O. Baum, V. Siplivy, A. Omelchenko, A. Fedorov, “A new method of eye refraction cor-
rection under non-ablative laser radiation”, Acta Ophthalmologica, Vol. 89, Iss. Suppl., p. 248 (2011).

3. O.I Baum, E.N. Sobol, A.I. Omelchenko, E.M. Sherbakov, A.V. Bolchunov, “Effect of nondestructive laser radiation on water
permeability of eye trabecula” Laser Physics Workshop (LPHYS’11), Saraevo, Bosnia and Gerzegovina, July 11-15 (2011).

4. L. Wang, S.L. Jacques, L. Zheng, “MCML — Monte-Carlo modeling of light transport in multi-layered tissues” Computer
Methods Programs Biomed., No. 47, pp. 131-146 (1995).



32

Paper B-O-9

NOVEL MULTI-SPECTRAL IMAGING DEVICE FOR COMPLEX SKIN DIAGNOSTICS

Inga Saknite, Edgars Kviesis, Uldis Rubins, Oskars Rubenis,
Ilona Kuzmina, Amina Bekina, Janis Spigulis

Biophotonics Laboratory, Institute of Atomic Physics and Spectroscopy, University of Latvia,
Raina Blvd 19, Riga, LV-1586, Latvia

inga.saknite@lu.lv

Nowadays, a non-invasive technique for assessment of different skin lesions is a must for medical doctors.
For dermatologists, there are already quite a lot of different devices in the market that can be used for skin
diagnostics, for example, a dermatoscope, MelaFind, Siascope. However, dermatologists’ experience is that
these devices are not completely trustworthy and precise, as well as most of them are very expensive.

In this study, a complex multi-spectral imaging device was developed and clinically tested. The main advan-
tages of this device are: it is non-expensive, wireless; it gives chromophore maps, as well as different pa-
rameter values that are important for dermatologists for skin diagnostics. The second prototype of the device
has been developed and tested.

The device is constructed as a cylinder that has all the electronic instalments in one half of it, but the other
half consists of a ring of LEDs (365 nm, 450 nm, 530 nm, 650 nm, 940 nm, and white) with a simple RGB
camera in the middle of it [1]. A memory card collects all data and can then be inserted into a PC for analy-
sis of the data by software that has been developed and written in Matlab. 1t is then possible to analyse re-
sults of chromophore maps (bilirubin, hemoglobin), as well as maps of different parameters (erythema in-
dex, bilirubin index).

The second prototype was developed by taking into account problems with the first prototype, and the re-
sults are much better and more reliable. Results show that it is possible to acquire all the needed parameters
for assessment of different skin lesions, for example, birthmarks, and for early diagnostics of melanoma.

Acknowledgements: This study was supported by the European Regional Development Fund, Grant
#2010/0271/2DP/2.1.1.1.0/10/APIA/VIAA/030).
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The presentation consists of two parts. The first one examines the hemodynamics of dental pulp at different
stages of caries treatment. The speckle structure of light field reflected by a tooth is used as a tool for the
investigations. A number of statistical parameters of the random light field were used as indicators of the
changes in blood flow. Their variability as a function of the frequency of the Fourier transform of optical
signals is studied. The second part is dedicated to the choice of a light source for photodynamic therapy
(PDT) while one treats caries. Special attention is paid to the search of the optimal exposure power, wave-
length, and exposure time of tooth tissues.

Hemodynamics study. The first step was the investigation of the speckles before and after the anesthesia. It
is experimentally shown that the selected statistical parameters reflect the reduced blood flow during the an-
esthesia and their recovery after the procedure completed. The most sensitive parameter is the power of the
Fourier spectrum. The second step was the study of speckle characteristics during the several other stages of
caries treatment, namely before and after the preparation, after etching, after tooth filling, after irradiation,
and after polishing. All the studied statistical parameters show the similar dynamics while treating caries.
One can describe changes of blood flow through the pulp at all stages of the treatment by the following way:
(7) there is observed an increased blood flow after the preparation, which is the response on the mechanical
actions; (i7) blood flow sharply decreases after the etching, because the chemical acid action strongly de-
presses the hemodynamics; and (iii) after the tooth filling, irradiation, and polishing, the hemodynamics in-
creases, blood flow gradually grows, but does not achieve the original level. The results obtained with using
the speckles correlate reliably with data on the blood flow gathered by the Doppler method.

PDT tooth treatment. PDP methods can be used for removing cariogenic bacteria from damaged tooth tis-
sues with the help of singlet oxygen. In comparison with usual antiseptic remedies, PDT provides a more
vivid removal of pathogenic microorganisms from dentinal tubules that circle the carious cavity. When acti-
vating a photosensitizer (PS) with laser light, the heating of hard tooth tissues and pulp takes place. The
temperature increase inside the pulp cell higher than some threshold causes microcirculation breakdown and
finally leads to the loss of the pulp. With the purpose of development the methods of PDT while treating un-
complicated caries, one needs to define the maximum power and the duration of light exposure that are safe
with accounting for the thermal parameters of the oral cavity. From all the considered modes of laser light
action during PDT, the maximally safe should be assumed the irradiation by light power 50 mW, since the
temperature rise in the tooth chamber remains tolerable. Under the irradiation by 150 mW laser power, the
expose time should be limited to 379 s, and at 120 mW — to 415 s. When using a light emitting diode with
wavelength 460 nm and light power 1000 mW, the expose time should be limited to 60 s.
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One of the important characteristics of blood is the fraction of erythrocytes, which have a reduced ability to
deform passing through thin capillaries (the fraction of poorly deformable erythrocytes). Laser
diffractometry is one of the convenient, fast and relatively simple techniques for measuring the erythrocytes
deformability in blood samples. This technique allows for quick evaluation of the mean deformability of the
erythrocytes [1].

In this paper, we present a new method of evaluation of the fraction of poorly deformable cells in erythro-
cyte suspension. It is based on the model, in which the erythrocytes moving in the shear flow within the
rheologic gap of the ektacytometer are considered as optically soft transparent elliptical disks [2]. Using this
model we analytically calculated the light intensity distribution on the observation screen as well as the
shapes of the isointensity lines in the vicinity of the central diffraction maximum of the diffraction pattern.
We introduced the definition of isointensity line polar points as an intersection of this line with horizontal
and vertical coordinate axes. Furthermore, we introduced the curvature radii of the isointensity line at the
polar points. Coordinates of the polar points as well as the curvature radii of the isointensity line at the polar
points can be determined from the experimental data obtained with laser diffractometry. As a result, we ob-
tained a set of equations binding together the measured parameters of the diffraction pattern and the statisti-
cal characteristics of the erythrocyte suspension under study. Using these equations we developed an algo-
rithm, which allows for evaluating the mean value of the shape parameter (a function of the relative elonga-
tion) of shear-elongated erythrocytes, the variance and the coefficient of asymmetry of erythrocyte shape
parameter distribution on the basis of the laser ektacytometry data. For example, in the case of a bimodal
ensemble, i.e. an ensemble, which contains cells of only two types in terms of their deformability, we can
evaluate the fractions of cells of both types as well as the shapes of both components of the ensemble. Other
types of erythrocytes ensembles were also considered.

Thus, in this work a new method of estimation of the fraction of poorly deformable erythrocytes in blood
samples is proposed. The method is based on the analysis of the isointensity lines shapes arising at scattering
of a laser beam on erythrocyte suspension in the ektacytometer. The algorithm efficiency was verified ex-
perimentally with blood samples containing different fractions of poorly deformable erythrocytes.

Acknowledgements: This work was partially supported by RFBR grants Ne 12-02-01329 and Ne 13-02-
01372.

References:

1. M. Bessis, N. Mohandas, “A diffractometric method for the measurement of cellular deformability” Blood Cells, Vol. 1,
pp. 307-313 (1975).

2. S.Yu. Nikitin, M.A. Kormacheva, A.V. Priezzhev, A.E. Lugovtsov, “Laser beam scattering on an inhomogeneous ensemble of
elliptical discs modelling red blood cells in an ektacytometer” Quantum Electronics, Vol. 43(1), pp. 90-93 (2013).



35

Paper B-P-3

INITIALIZATION OF RADIOBIOLOGICAL STUDIES
AT ROMANIAN HIGH POWER LASER FACILITIES

C. Matei, C. Popa, A.M. Bratu, M. Petrus, M. Patachia, S. Banita, I. Ivascu, D.C. Dumitras

Laser Department, National Institute for Laser, Plasma and Radiation Physics,
409 Atomistilor St., PO BOX MG-36, 077125 Magurele-Bucharest, Romania

consuela.matei@inflpr.ro

More than hundred years after the discovery of X-rays, different kinds of ionizing radiation are omnipresent
in medicine, applied as well to clinical diagnostics as to cancer treatment.

Since 2000, when large high-power lasers operating at a few pulses per day demonstrated intense proton
pulses with maximum energies in the range of 60 MeV [1], several groups made proposals concerning the
therapeutic potential of laser-plasma-accelerated proton beams. Irrespective to its origin (classical accelera-
tors or high power lasers), the application of radiation must rely on a precise dosimetric characterization and
a detailed knowledge of the radiobiological effects induced in cancerous and normal tissue. A complete mul-
ti-stage process begins with in vitro irradiation experiments, which define the basic parameters to be used
further in tissue and animal studies, and completes with clinical trials. However, the pulse properties of the
proton beams obtained today by laser-plasma-acceleration are still far away from those commonly provided
by medical accelerators. For proton therapy, proton beams with high energies (60300 MeV) are needed,
simultaneously accomplishing the condition of a high beam uniformity, monoenergetic selection, high re-
peatability and delivery of a required dose rate. Unfortunately, we are still at the threshold of 60 MeV proton
energy, facing considerable problems with the beam repeatability and dose delivery.

In these circumstances, there is a tremendous need in accomplishing fundamental research studies with the
aim of improving the properties of the laser produced proton beams, as well as characterizing the radiobio-
logical effects on cells [2].

Based on the capabilities of the two facilities owned by the National Institute for Laser, Plasma and Radia-
tion Physics, the 20 TW TEWALAS Facility (pulses of 25 fs duration with a 10 Hz repetition rate) and
CETAL Facility (a main output of 1 PW, 25 fs, 0.1 Hz and an intermediate output of 40 TW, 25 fs and
10 Hz), we present an initial design of the setup to be firstly implemented in the TEWALAS Facility, then
transferred to the CETAL. Aspects related to the production and acceleration of protons, the beam focusing
and the energy selection methods, the dosimetry required at this stage, and the specific conditions imposed
by the in vitro experiments will be discussed.
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Abstract: Diffuse optical tomography (DOT) is a potential diagnostic tool for detecting abnormal growths
in translucent soft tissues. Its principle is to use multiple movable light sources and detectors attached to the
tissue surface to collect information on light attenuation, and to reconstruct the internal 3-D absorption and
scattering distributions.

The development of optical imaging techniques, like that of any other medical diagnostic modality, has re-
lied upon appropriate phantoms whose physical properties and geometries are matched to those of human
tissues. Measurements on phantoms are used to evaluate the performance of systems and to validate the im-
aging algorithms.

Together with the reconstructions of the tissues structure, the calibration is the pivotal part of the data acqui-
sition due to the variation in characteristics of each laser source, optical fibres, detectors, and optic elements.
An accurate calibration is achieved in a homogeneous phantom. The work describes some methods to
achieve homogeneous phantoms and how they are used to evaluate the performance of the system.

References:

1. D.C. Dumitrag, D.C. Dutu, C. Matei, A.M. Magureanu, M. Patachia, “Diffuse optical tomography (DOT) with serial ap-
proach” J. Optoelectron. Adv. Mater. — Symposia, Vol. 1, pp. 747-753 (2009).

2. M. Patachia, D.C.A. Dutu, D.C. Dumitras, “Blood oxygenation monitoring by diffuse optical tomography” Quantum Electron-
ics, Vol. 40, pp. 1062—1066 (2010).

3. M. Patachia, “A simple continuous-wave diffuse optical tomography system for parametric investigation of different tissue
phantoms” J. Optoelectron. Adv. Mater., Vol. 15(4), pp. 155-163 (2013).



37

Paper B-P-5

THE INTERACTION OF CESIUM WITH MODEL SOLUTIONS OF SERUM
BY STATIC LIGHT SCATTERING (SLS)

LA. Sergeeva, A.V. Komarova, V.V. Gibizova, G.P. Petrova
MSU, Faculty of Physics, GSP-1, 1-2 Leninskiye Gory, Moscow 119991, Russia

Isergeeva@physics.msu.ru

In this paper, using the methods of laser spectroscopy, studied the interaction of cesium ions with the model
of serum samples of healthy and sick people with cancer.

Macromolecule proteins are unique to the study by the methods of molecular optics, because the size and
weight of the protein macromolecules are strictly defined for each type of protein. The surface of the protein
macromolecules is charged and has a large dipole moment - a few hundred Debye.

A detailed study of the scattered light properties provides information about the molecules structure and mo-
lecular systems. In experiments on SLS observed average (over time), the scattering intensity. The analysis
of the angular and concentration dependence provides information on the size of the scattering centers: mo-
lecular weight and molecular interaction coefficient B.

Since the slope of the line connected to the slope, the coefficient of molecular interaction can be regarded
as one of the main parameters for early detection of various diseases associated with components of blood
serum.

Previously, we conducted research model solutions serum by SLS. The experiment received the concentra-
tion dependence of the scattering parameter cH/R90. The experimental results showed that, for healthy peo-
ple dependent scattering parameter has a positive slope. For sick patients slope of the scattering parameter is
negative.

In this work, it was found that the model solutions of blood serum with the addition of cesium ions sign of
the intermolecular interaction does not change (positive slope remains the same), and model solutions in
samples of blood serum - reversed (negative slope is positive).

Timely and accurate diagnosis of cancer at an early stage is the actual problem of modern medicine. In this
connection, the use of heavy metals in model systems of blood serum, such as cesium, may serve as an addi-
tional indicator that increase the accuracy of detection of the tumor.

It is planned to carry out measurements on native serum samples.
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Magnetic nanoparticles are becoming perspective materials for medical diagnostics and treatment of differ-
ent diseases. They are considered to be used in magnetic resonance and optical tomography as contrast
agents [1, 2]. Some of them are declared to be effective in drug delivery and cancer hyperthermia [3, 4].
Another possible application of magnetic nanoparticles is to use them as absorbers of laser radiation in laser
diagnostics and treatment of degenerative cartilage. It is known that cartilage matrix contains pores and
channels of different size depending on the tissue type, age and preliminary impact (including laser irradia-
tion) [5]. The porous structure provides the tissue nutrition since cartilage matrix does not have blood ves-
sels. Therefore small nanoparticles can penetrate in cartilage through the pores and channels its structure.
According to laser treatment this will allow substantive decreasing the radiation power and avoiding the
overheating of the tissue bulk by concentrating the energy selectively in the damaged area. Cartilage degra-
dation always occurs in small local area which can not be diagnosed at early stages. The known diagnostic
methods allow to resolve already large defects (about 1 mm) [6, 7]. Thus, the urgent problem is to study the
possibility of magnetic nanoparticles to be applied in laser diagnostics of cartilage degradation at the very
early stages by their impregnation in the tissue. Furthermore, the size of impregnated nanoparticles can indi-
cate the damage degree.

The work is devoted to manufacturing and application of stabilized magnetite nanoparticles for laser therapy
of cartilage. One of the most common problems is the agglomeration tendency of small magnetic nanoparti-
cles. The penetration of large agglomerates and their massive accumulation in defects will result in over-
heating and necrosis of the cartilage during laser treatment. So, the stabilization of small magnetic nanopar-
ticles by natural and accessible material is needed. At the present study we performed synthesis and stabili-
zation of magnetite nanoparticles by polysaccharide and also investigated the ability to impregnate the na-
noparticles into cartilage. The dispersions of synthesized magnetite particles were characterized by dynamic
light scattering, analytical ultracentrifugation, transmission electron and atomic force microscopy methods.
The optimal conditions for manufacturing stable nanoparticles were evaluated. The dispersions of magnetite
nanoparticles demonstrated thermal stability (at least up to 70°C) and stability during their storage for at
least one month period. It was shown that synthesized nanoparticles vary in size from 10 to 400 nm and the
fraction of nanoparticles with small size can penetrate into healthy cartilage and thereby indicate the size of
the channels in the cartilage structure. Defective cartilage contains large defects of about 1 um, so it can be
impregnated with large magnetite particles. The use of polydisperse nanoparticles will allow evaluating siz-
es of defects. We suppose that laser medical irradiation of the cartilage impregnated with nanoparticles will
provide more local and dedicated treatment which will make the procedure more effective and safe.
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Iron oxide nanoparticles are widely used in chemical and biomedical research because of its photocatalytic
and magnetic properties. The goal of this study was to evaluate the sensitivity of microorganisms to the ac-
tion of LED blue (405 nm) light after treatment of their cells with Fe;O4 nanoparticles and Fe-nanocom-
posites with TiO; core.

The bacterial strains used in this study were Staphylococcus aureus 209 P meticillin-sensitive, S. aureus
54 meticillin-resistanse (standard strains), S. simulans and S. hominis (isolated from normal human skin).
Cultures were grown on dense brain-heart infusion medium and incubated at 37°C.

As LED-light source with spectrum maxima at 405 nm providing corresponding power density of
70 mW/cm?” were taken. The light exposure was ranged from 5 to 30 min. Fe;04 nanoparticles with average
size about 10 nm in concentration 0.01% were used.

The account of results was provided by calculation of colony forming units (CFU) in 24 hrs after light
exposure.

Reduction of CFU number of S. aureus MS incubated with nanoparticles occurred in the range of 43 - 91%,
for S. aureus MR — on 35-78%. The observed reduction of the CFU number of was not depending on the
duration of light exposure. Using Fe;O4 nanoparticles and blue light led to a same, but more pronounced ef-
fect on S. simulans: after 10 min-exposure the reduction of CFU was on 72%, after 30 min — on 94%. Re-
duction of the CFU number of S. hominis, incubated with Fe;O4 nanoparticles, with variation of exposure
time from 5 to 30 min occurred in the range of 47-95%.
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TIME-RESOLVED NON-LINEAR MAGNETO-OPTICS AS A TOOL
TO STUDY SPATIALLY NON-UNIFORM NON-LOCAL ULTRAFAST SPIN DYNAMICS
IN METALLIC MULTILAYERS

A. Melnikov
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melnikov@fhi-berlin.mpg.de

The ultrafast spin dynamics, including that one induced by a transport of spin-polarized carriers, is a hot top-
ic motivated by the fundamental interest in magnetic excitations and applications like spintronics and data
storage. The understanding of elementary processes occurring on femtosecond time scales requires an exper-
imental approach for investigation of ultrafast dynamics of highly excited states of solids. One well-
established technique is the time-resolved magneto-optical Kerr (MOKE) and Faraday effects: excitation
and detection by femtosecond laser pulses provides the time resolution approaching the time scale of inter-
est. However, optically excited dynamics is spatially non-uniform, at least due to non-uniform excitation in
strongly absorbing media, and this technique experiences a lack of spatial resolution. In metallic structures,
owing to high carrier mobility, the dynamics of the excited state is essentially non-local being defined by the
transport of laser-excited hot carriers (HC) which may be spin-polarized if excited in the exchange-split
band structure of a ferromagnet. This again asks for high spatial resolution which is restricted to the “depth
resolution” (along the normal-to-surface direction) in the case of multilayer structures with the in-plane
translation symmetry.

Here we complement time-resolved MOKE, which probes the transient magnetization averaged over the op-
tical penetration depth, by time-resolved magneto-induced optical second harmonic generation (mSHG)
which is selectively sensitive to surfaces and (buried) interfaces and can probe transient spin polarization at
interfaces. This is essential in the case of spin-polarized HC transport across a layered structure: (i) if there
is a spin accumulation at an interface, it will be detectable by mSHG (but not by MOKE due to the averag-
ing); (ii) if there is no spin accumulation, mSHG will monitor the spin polarization in the cross-section of
the HC pulse, which is defined by the traversed interface at a given time, i.e. the interface “streaks” the HC
packet. We have discussed recently such streaking for the case of spin transport by optically excited HC in
Au/Fe/MgO(001) [1] where the Au layer is thick enough to block the mSHG signal from all interfaces ex-
cept the Au surface and HC are excited in the Fe film (time-of-flight-like approach realized in a back pump-
front probe scheme). In the general case, it is challenging to disentangle mSHG contributions from different
interfaces. Here we discuss the dependence of mSHG response on the thickness of layers as an appropriate
tool for that. We test our approach on Au/Fe/MgO(001) epitaxial bi-layers probed from the side of Fe film.
By probing the Au surface in the back pump-front probe scheme, we demonstrate spin current pulses (SCP)
of about 30 fs duration. These SCP are formed by HC generated in the Fe layer while they traverse the Au
layer which works as spin-selective HC retarder. The spin dynamics excited by SCP in the Fe film is studied
in Fe/Au/Fe/MgO(001) stacks. We demonstrate the control of HC-induced demagnetization timescale at the
buried Fe/Au interface of the second Fe layer by manipulating the magnetization direction in the first Fe
layer.
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Nonlinear optical scanning microscopy based on the generation of the second harmonic generation (SHG)
allows to explore the domain structure of ferroelectrics and multiferroics, effects of polarization switching
and phase transitions. Nonlinear-optical spectroscopy, including additionally to SHG, two-photon lumines-
cence is most effective in the study of semiconductor and organic materials when the excitonic or defect-
induced transitions lie in the tuning range of the probe laser .

This paper discusses the possibilities and limitations of these techniques for the study of thin films and mul-
tilayer structures with ferroelectric and multiferroic properties as well as for the study of organic piezoelec-
tric and semiconductor nanostructures.

Local polarization switching is studied in thin films and nanostructures based on BaSrTiOs, the reasons for
spatial inhomogeneity of switching are analyzed. In ferroelectric/ferromagnet (multiferroic) bilayer and mul-
tilayer planar nanostructures ferroelectric and magnetic phase transitions are studied, as well as influence on
non-linear optical properties of the effect of electron tunneling through a ferroelectric.

In ZnO nanostructures both SHG and two-photon luminescence were studied. Two-photon 3D maps of the
structures have been obtained. At room temperature the structures possess strong SHG and enhanced green
TPL caused by defects of different origin.

Second harmonic generation and two-photon luminescence are investigated in the recently discovered bio-
logical ferroelectrics - peptide nanotubes (PNT) [1]. SHG microscopy method revealed a phase transition at
140°C. Below the phase transition PNT possess nonlinear susceptibility, comparable with this value in the
non-linear optical crystals used in harmonic generators. Above the phase transition in the PNT an intense
luminescence appears, showing strong enhancement with increasing excitation power.

The limits of spatial resolution of far-field two-photon microscopy in ferroic and semiconductor nanostruc-
tures are discussed. For semiconductor nanoparticles the stimulated emission depletion microscopy (STED)
gives down to 70 nm resolution [2]. For nanostructures showing the high order nonlinearities (but not high
harmonic generation), spatial resolution in visible can be enhanced by the square root of the nonlinearity
order, which is about 200 nm that is not as high as for STED but still beyond the diffraction limit of far-field
microscopy.

Acknowledgements: The work is supported by Russian Foundation for Basic Research and Ministry of Ed-
ucation and Science of RF.
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FAST RECORD OF WEAK ABSORPTION SPECTRA BY MODIFIED ICOS TECHNIQUE
WITH THE HELP OF CAVITY REFLECTED BEAM

V. Nikolaev, V.N. Ochkin, S.N. Tskhai
P.N. Lebedev Physical Institute RAS, Leninski prospect 53, Moscow 119991, Russia

ochkin(@sci.lebedev.ru

The problem of ICOS signal fluctuations is resulted from unstable coupling of a probe laser radiation with
cavity modes. The way to suppress these intensity fluctuations by using the additional signal which is re-
flected from the cavity was provided in [1] (R-ICOS). Presently we studied this proposal in more details and
applied it to measurements of methane concentration in the air.

In the present scheme the radiation of tunable diode laser near 1650 nm propagates through optical insulator
and quartz plate splitter to the multipass 50 cm cavity. Mirrors reflection coefficients R = 0.8—0.99. A radia-
tion transmitted by the cavity is detected in channel 1 and correspond to conventional ICOS signal. Addi-
tionally the part of radiation reflected from splitter is registered in the second (baseline) channel 2. Also the
part of emission reflected from the cavity reflected again by the same plate in opposite to the channel 2 di-
rection (channel 3).

The absorption coefficient of methane was measured with the help of the combination of all channels inten-
sities and the regression technique was applied.

The methane absorption spectra ICOS and R-ICOS schemes are shown in the figure below. Both spectra are

recorded during single frequency scan cycle of the laser radiation which takes about 5 ms and presented by
4096 point per scan with digital step of 1.25 ps.
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Spectra of methane: a — ICOS, b — R-ICOS. Mirrors reflectivity 0.8.

To estimate the absorption sensitivity and precision for both techniques at longer storage times an Allan var-
iance plots have been used. As in case of fast measurements the precision of absorption coefficient for R-
ICOS more than 10 times exceeds of that for ICOS.
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Nowadays, silicon photonics has become a mainstream in optical and electronic engineering. In particular, ar-
rays of silicon nanowires (SINWs) consisting of crystalline silicon (c-Si) wires of 20-200 nm in diameter and
of 1-200 pm in length are in the focus of the researchers’ attention. SINWs are ordered straight SINWs,
which demonstrate enhancement of spontaneous Raman scattering, coherent anti-Stokes Raman scattering
and silicon interband photoluminescence (PL) efficiency in comparison with c-Si as well as visible PL
caused by occurrence of Si nanocrystals at the SINW walls. These features of SINWs together with their ex-
tremely low (about 1%) total reflection in the visible range make this material very promising for various
applications in photonics, photovoltaics and sensing.

SiNWs were formed by means of a metal-assisted chemical etching technique employing a two-stage chem-
ical process: (1) the chemical deposition of silver nanoparticles (np-Ag) at the surface of c-Si wafer and
(2) the macropore etching in c-Si with the help of np-Ag acting as catalysts. If it is necessary, np-Ag can be
removed in nitric acid.

Experiments on Raman scattering were carried out with excitation at wavelengths of 488, 633, and 1064 nm.
The TH experiments were done in reflection geometry with TH being pumped by Cr:forsterite laser (1250 nm,
80 fs, 2 nJ, 80 MHz).

Typically, the Raman scattering signals of SINWs several times exceed corresponding signals from c-Si sub-
strate. SINW length of 1.5 um is found to be enough to increase the Raman signal significantly. However, the
ratio of Raman signal for SINW /Iginw and corresponding crystal substrate Iyafr strongly depends on the SINW
sizes, volume fraction, their order, and the excitation wavelength. For more ordered SINW array Isinw/[wafer
increases with the decrease of excitation wavelength, whereas for less ordered sample it falls. Similar to the
Raman scattering, the more ordered SINW arrays exhibit TH signal exceeding one for c-Si substrate by one
order of magnitude, whereas in the less ordered SINW arrays do not demonstrate any TH signal rise. TH orien-
tation dependences for SINWs are totally different from the ones for c-Si.

Both the Raman scattering and TH efficiencies in SINWs are determined by an interplay of the light scattering
and absorption. Their actions are opposite: rise of the scattering efficiency results in increase of the photon
lifetime in the medium, whereas the absorption reduces it. In the less ordered SiINWs effect of the light
absorption is stronger than effect of the light scattering; as a result no light trapping takes place, whereas
more ordered SINWs allow the more effective light trapping and the rise of the Raman scattering and TH
efficiencies.

Thus, the possibility to increase the Raman and TH signals in SINWs more than order of magnitude in com-
parison with c-Si was demonstrated, with the efficiency of these processes strongly depending on the SINW
array structure.
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This paper deals with using of mode-lock femtosecond laser for length measurement of gauge blocks. A novel
principle for contactless gauge block measurement using a combination of low-coherence interferometry and
laser interferometry is presented here. The experimental setup combines a Dowell interferometer and a Mi-
chelson interferometer to ensure a gauge block length determination with direct traceability to the primary
length standard. This setup was designed for contactless complex gauge block analysis providing information
about gauge block length, gauge block faces surface profile (e.g., indication of scratches) and by analysis of
the interference fringes shape, also about the gauge block edge flatness distortion. The designed setup is sup-
plemented by an automatic handling system designed for a set of 126 gauge blocks (0.5 to 100 mm) to allow
the automatic contactless calibration of the complex gauge block set without a human operator.
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We present a design of nanometrology measuring setup is part of a design of the national standard for
nanometrology to be operated by the Czech Metrology Institute (CMI) in Brno, Czech Republic. The system
uses a full six-axis interferometric measurement of the position of the sample holder with six independent
interferometers. The concept of nanometrology system combining local probe microscopy and interferomet-
ric measuring and controlled positioning presented here represents one of a variety of possible approaches.
A small range system based on a commercial nanopositioning stage driven by piezoelectric transducers with
the overall range 200x200%10 pm was used. Due to the geometric configuration with a wide basis of the
two units measuring in y-direction and the three measuring in z-direction the angle resolution of the whole
setup goes down to tens of nanoradians and servo control of in all six axes of freedom allows to keep guid-
ance errors below 100 nrad. Thermally compensated miniature interferometric units with fiber-optic light
delivery and integrated homodyne detection system were developed especially for this system.
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We present method of measurement of fiber Bragg gratings (FBG) stretching by laser interferometer. We
are oriented to research, development and to methodology of the production and application of FBGs. The
elongation of FBGs can calculated from frequency drift of the Bragg resonance wavelength and from the
change of the grating period during stretching. The inhomogeneity of optical fibers and of the FBGs can in-
duce change of the grating period (Bragg resonance wavelength) of FBG which can be nonlinear with elon-
gation of the optical fiber with FBG. Setup of the measurement of elongation of FBGs is in Fig. 1. The cali-
bration of FBGs will be used for preparation and for the realization of the technology of measurement of
shape deformation of concrete buildings.
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Fig. 1. Setup of the measurement of elongation of FBGs.
Keywords: fiber Bragg sensors, laser interferometry, optical spectrum analysis, fiber sensors.
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Aerosols have significant impact on the earth’s radiation budget, however the uncertainty in the level of
their understanding is relatively high. Light detection and ranging (lidar) technique has been a prominent
tool in the increase of knowledge on aerosols for the past 20 years.

This presentation aims to show the possibility of using a backscatter lidar to measure the vertical distribution
of tropospheric aerosols allowing to be able to make measurements at different locations.

A portable two wavelength backscatter lidar has been designed, developed and installed at TUBITAK MRC,
KAO09 Laser and Lidar Laboratory to study the vertical distribution of aerosols in 2012 and extensive meas-
urements were taken during May to September 2013 in selected locations around Gebze region. The tech-
nical details of the lidar system are as follows. Transmitter is a Quantel Brilliant B Nd:YAG laser which
emits 6 ns, 9 W average power pulses at 1064 nm and 5 ns, 4.5 W average power pulses at 532 nm wave-
lengths. The 8 mm beam is expanded to 40 mm by a homemade beam expander. Receiver is a 200 mm main
mirror Cassegrain telescope with 200 cm focal length. Spectrum analyzer have 3 channels, 1064 nm elastic
signal and 532 nm parallel and perpendicular polarization signals which are then converted to electrical sig-
nal by Hamamatsu photomultiplier tubes (PMT) and recorded by Licel Transient Recorder TR40-160. Cus-
tom made DataProcessing® software allows us to draw colormaps which show the vertical distribution of
aerosol layers as seen in the Fig. 1 (please note that the colormaps are converted to black and white format).
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Figure 1. Backscatter colormap of aerosol layers over Gebze measured at 1064 nm for over a period of 4 hr at night.
The axes can be described as follows: left axis is the distance in meters, right axis is the backscatter coefficient in m ',
and the horizontal axis is time in hours. The measurement was realized at 20 degrees to the horizon, so the 7.000 m
distance on the left axis corresponds to 2.394 m height.



49

Paper D-0-6

EFFICIENT LIGHT SCATTERING AND PHOTOLUMINESCENCE
IN SILICON NANOPARTICLES FORMED VIA LASER ABLATION IN WATER,
LIQUID NITROGEN AND HELIUM

S.V. Zabotnovl, D.M. Zhigunovl, F.V. Kashaevl, P.D. Agrbaz, M.Yu. Kirillinz,
E.A. Sergeevaz, L.A. Golovanl, P.K. Kashkarov'

'M.V. Lomonosov Moscow State University, 1/2 Leninskie Gory, Moscow, 119991 Russia
*Institute of Applied Physics RAS, 46 Uljanov str., Nizhny Novgorod, 603950 Russia

zabotnov@physics.msu.ru

Nowadays ensembles of silicon nanoparticles produced by the laser ablation method are of special interest
owing to possibility of their use as contrasting agents in the optical tomography [1] and photosensitizers in
the photodynamic therapy [2]. However, currently the optical properties of such nanoparticles have not been
studied fully yet.

The suspensions and powders of silicon nanoparticles produced by means of pico- and femtosecond laser
ablation in water, liquid nitrogen and helium were studied by elastic and non-elastic light scattering and
photoluminescence techniques.

The nanoparticles formed in water under picosecond laser irradiation vary in size from 2 to 200 nm accord-
ingly microscopy analysis. The water suspensions with such nanoagglomerates were studied by spectropho-
tometry. Measurements of collimated transmission, total transmission and diffuse reflectance for silicon-
water suspension allowed evaluation of scattering coefficient of the suspension as u~ 1 cm™' in the visible
range at nanoparticle concentration of 7 ~ 10"* cm . Scattering was found to be sufficiently non-Rayleigh.

The obtained results allowing consider silicon nanoparticles as contrasting agents in the optical tomography.
Pilot experiments on optical coherent tomography (OCT) imaging of a nanocrystal suspension drop on agar
gel surface were performed. We observed significant increase in the OCT-signal from the areas of presence
of nanocrystals.

The Raman scattering microscopy revealed crystalline phase (line 520.5 cm ') for nanoparticles formed both
in helium and in liquid nitrogen. This result is especially important when nanoparticles have size less than
5 nm. The presence of such fractions was confirmed via microscopy analysis for both cases.

The photoluminescence spectroscopy of the silicon nanocrystal powders formed in liquid nitrogen and heli-
um by the femtosecond laser irradiation revealed pronounced peaks at 750 nm (1.65 eV). This value is close
to the energy of molecular oxygen transition from the X state to the 'S state (1.63 eV). Thus, the mentioned
silicon nanocrystals can facilitate the production of singlet oxygen via energy transfer (under irradiation) to
the oxygen molecules adsorbed on the surface.

Acknowledgements: This work was supported by Russian Foundation for Basic Research (projects 12-02-
33033, 13-02-90424 and 11-02-01129).
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Abstract: Laser photoacoustic spectroscopy (LPAS) is growing quickly in its applications to real world
problems (one of the problems is to prevent obesity) and it is a candidate technology for the breath analysis
applications [1, 2].

Ongoing research is aim to investigate the evaluation of oxidative stress in females practicing Kangoo
Jumps program.

Running is one of the earliest and simplest types of aerobic activity. The combination of science and tech-
nology has lead to the evolution of new forms of running. Kangoo Jumps boots are an example of a new
technology that is continuing the evolution of this age-old activity and is defined to be the newest way to
getting rid of stress. These boots are designed to dissipate the impact forces experienced through the ankles,
knees, hips and back [2]. Due to the reduced impact of running with the use of the Kangoo Jumps, it is also
hypothesized that subjects wearing running shoes will have a greater incidence of injury than those wearing
Kangoo Jumps. The question that arises is, how effectively can subjects defend against the increased free
radicals resulting from this type of aerobic? There has not been any literature published which has investi-
gated the use of Kangoo Jumps for the risks of oxidative stress capacity [2].

Because it is not possible to directly measure free radicals in the body, we approach this question by meas-
uring the by-products (breath ethylene) that result from free radical reactions.

Breath samples were collected and analyzed from 10 subjects (females) following an experimental set-up
with a PA cell in an external configuration with a low power CO; laser. All measurements were done at 10P
(14) line of a continuous wave CO; laser.

We found out that the mixture of exhaled breath in females after the Kangoo Jumps program contains low
concentration of ethylene compared to exhaled breath of females before the start of exercise program. This
result can give valuable information on the increased antioxidant defenses and may contribute to reduce the
generation of pro-oxidants during and after Kangoo Jumps program.
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The work describes the method for precise detection of length changes by a passive optical resonator working
as a length sensor. The method is based on spectroscopy technique where a highly-coherent tuneable laser
working at 1541 nm is locked to a selected mode of the optical resonator comb spectrum. Thus, the length
change of the resonator is transformed to change of the optical frequency of the laser during the measuring
process. The length of the resonator is kept by a spacer made from an ultra low expansion ceramic. If a tem-
perature cycling of the spacer inserted in a vacuum chamber is done then the inspection of the coefficient of
thermal expansion (CTE) of the ceramic is possible. The optical frequency of the tuneable laser identifies the
length changes of the spacer during the temperature cycling. A precise detection of the optical frequency of the
tuneable laser is required at kHz level. A down conversion processing must be applied to transfer the optical
frequency to radiofrequency domain. Measurement of a beat-note signal between this laser and an optical fre-
quency synthesizer — femtosecond comb solves this task well. In this case, the beat-note is detected with a pe-
riod of repetition rate of the femtosecond comb laser. The described method is able to detect changes of the
length in subnanometer level but with the range of micrometers. The work presents measured data of CTE and
some records of measured beat-notes during the temperature cycling of the spacer.
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Visual acuity reduction caused by a cataract is the surgical indication for replacement of the crystalline lens
with an intraocular lens (IOL) to restoration of visible light focusing on a retina. Today many types of IOL
differing in a form, size, material of which they are made, weight, color, methods of fixing in an eye, etc. are
used. For each patient must make an individual selection of the IOL with optimal optical performance.

The Shack-Hartmann method is most popular for an experimental evaluation of IOL optical characteristics.
But the method can be inefficient for measurement of multifocal IOL. High gradients of the wavefront in
transition areas between various optical force segments [1] lead to noticeable errors and therefore unreliable
results. Increase lenslet density and use of Fourier-demodulation [2] is also difficult because in the transition
areas may not be adiabatic condition [3]. A widely used algorithms using Fourier integration [4] are very
sensitive to the boundary conditions and phase dislocations.

We have developed a new method for measuring the optical characteristics of the IOL. In particular, the
ultradense lenslet for optical transformation was used. Demodulation was performed by filtration in spatial
area with insignificant influence of aperture effects. Algorithms of digital segmentation were applied to al-
location of areas with various optical characteristics.

We performed measurements on the eye model with the requirements of the international standard
ISO11979-2. Comparative research of optical characteristics of the set of various types IOL was performed.
The data on the evaluation of the IOL optical characteristics can be used in ophthalmology to describe, or-
ganize, developing new types of IOL and optimize individual patient selection.

Acknowledgements: This work was supported by the Russian Foundation for Basic Research (project
No. 12-02-31265).

References:

1. J. Schwiegerling, E. DeHoog, “Problems testing diffractive intraocular lenses with Shack—Hartmann sensors” Applied Optics,
Vol. 49, Issue 16, D62-D68 (2010).

C. Canovas, E. Ribak, “Comparison of Hartmann analysis methods” Applied Optics, Vol. 46, 1830-5 (2007).

Y. Carmon, E. Ribak, “Phase retrieval by demodulation of a Hartmann-Shack sensor” Optics Communications, Vol. 215,
Issue 4-6, pp. 285-288 (2003).

4. A. Talmi, E. Ribak, “Direct demodulation of Hartmann-Shack patterns” J. Opt. Soc. Am. A, Vol. 21, pp. 632—639 (2004).

w



53

Paper D-P-4

TRANSLATION DIFFUSION COEFFICIENT FEATURES
OF SERUM BLOOD MAIN PROTEINS IN MODEL SYSTEMS

.M. Papokl, G.P. Petroval, K.A. Anenkoval, E.A. Papish2

'Department of Molecular Physics, Faculty of Physics, Moscow State University, Moscow, 119991 Russia
’Department of Radiology, Russian Medical Academy of Postgraduate Education, Moscow, 125284 Russia

petrova@phys.msu.ru

Abstract: Photon correlation spectroscopy was used to investigate the various dynamic processes in blood
serum solution. These processes were induced by directional changes of the surface charges of macromole-
cules and its concentration in the solution. We suggest that the obtained associations between the transla-
tional diffusion coefficient value (Dt) and the medium pH value, as well as the protein concentration value,
indicate the possibility of using the dynamic light scattering method for the effective diagnosis of wide-
spread diseases, including cardiovascular pathology and cancers.

Keywords: bovine serum albumin, gamma globulin, bloodserum solution, photon correlation spectroscopy,
dynamic light scattering, correlation function.

Significant changes of the translational diffusion coefficient values in the model solutions of blood serum
were obtained by the use the photon correlation spectroscopy method. Results of our research indicate that
the concentration dependences of translational diffusion coefficients measured for model [1] systems solu-
tion substantially differ between “healthy” and “sick” model samples. In particular, the pH dependence
translational diffusion coefficient is characterized by minimum values of the coefficient in common isoelec-
tric point of solutions. The dependence between the translational diffusion coefficient and the concentration
value is characterized by alterations in the slope concentration dependence ratio. We believe that the method
of dynamic light scattering could be applied as a diagnostic tool for the analysis of blood serum. It is im-
portant that the use of this method as a diagnostic tool is advantageous due to its very fast measurement
speed (approximately 1 minute for one sample) and small requirement for serum. This approach may possi-
bly be utilized for the early diagnosis of certain diseases, including cancer.
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Fig. 1. The difference between concentration diffusion coefficient dependencies slope for model systems.
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Although the laser interferometry represents the most precise class of techniques in the field of precise
measurement of geometrical quantities, its wide use in measurement systems is still accompanied by many
unresolved challenges. One of these challenges it the complexity of underlying optical systems that makes
the interferometry systems very sensitive and expensive devices.

We present a novel approach to the interference phase detection in homodyne laser interferometry that aims
at reduction of the optical complexity while the resolution is preserved. Our method employs a series of
computational steps to infer a pair of signals in quadrature that allows to determine the interference phase
with a sub-nanometre resolution from an interference signal from a non-polarising interferometer sampled
by a single photodetector. The data processing covers a the phase detection as well as several error-
correction and scale linearization techniques. The complexity trade-off is the use of laser beam with fre-
quency modulation capability.

The method was experimentally evaluated on a Michelson interferometer-based free-space setup and its per-
formance has been compared to a traditional homodyne detection method.The results indicate the method is
a feasible alternative for the traditional homodyne detection since it performs with comparable accuracy (<
0.5nm standard deviation), especially where the optical setup complexity is principal issue and the modula-
tion of laser beam is not a heavy burden, for instance in multi-axis measurement systems or laser diode
based systems.
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Some spectroscopic applications use an optical mixing of a single frequency tuneable laser and a femto-
second mode-locked laser when a precise value of the optical frequency of the tuneable laser has to be de-
tected. The mode-locked laser has a broadband optical frequency spectrum which consists of thousands fre-
quency modes (teeth). They are placed in an equidistant frequency spacing determined by a repetition fre-
quency of femtosecond pulses, typically hundreds of MHz. When the optical mixing is done between this
mode-locked laser and the single frequency one, the beat-note radiofrequency spectrum in the output of a
photo detector is completely overloaded by many beat-notes came from mixing of the mode-locked laser
modes themselves. This problem can be solved only by an optical filtering where frequency modes of the
mode-locked laser farer from the single-frequency laser frequency are suppressed. Then only a small group
of mode-locked laser modes is optically mixed between them. Our work presents an experimental setup with
a fibre Bragg grating as the filter where only the narrow-band optical spectrum from the mode-locked laser
is reflected to the beat-note processing with the single frequency laser. The grating has temperature control
to change the reflecting optical frequency bandwidth to the desired value where the single-frequency laser
operates. Examples of detected beat-notes are presented and evaluated.
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With the development of numerous applications of photodetectors, such as laser technologies, medicine and
others, the problems of expansion of the photodetector spectral response, miniaturization of their sizes, in-
creasing of the multipixel photodetector format, and reduction of the pixel sizes, assume an important signif-
icance. However, the increase in the number of photodetector individual spectral bands impedes the im-
provement of other parameters. This problem, as well as the problem of expanding the spectral range to the
UV region, can be solved by designing and creation of a photodetector with a diamond [1] layer that is sen-
sitive to the UV radiation. In the development of this photodetector the optical losses associated with the
diffraction of the incident radiation should be taken into account.

A multiband multipixel photodetector is developed in “ITC “UralAlmazinvest” with applying of a 2a-type
diamond crystal. Technology of the photodetector fabrication implies the layerwise detection of incident ra-
diation of different spectral bands. The idea of the layerwise detection is widely applied in various multi-
band photodetectors due to relative availability of relevant semiconductor device fabrication planar technol-
ogies [2]. The electrode structure of multiband photodetectors is arranged for the signal registration in dif-
ferent photodetection bands. Resulting from the spacing of electrodes on different planes, diffraction of the
detected radiation can be one of disadvantages of such multiband photodetectors. This drawback can play an
important role in operation of imaging systems that are based on multiband photodetectors. Traditionally, an
imaging system is segregated on independent optical and photo-electronic systems [3]. In fact, the optical
system of a multiband imaging system is closely related to the individual photosensitive layers of a planar
multiband photodetector.

Evaluation of the diffraction losses shows their low importance for the photodetectors developed by “ITC
“UralAlmazinvest” with the following characteristics at a diamond plate of the 250-um thickness: the pixel
size and pitch are 20 and 30 um, correspondingly, the long-wavelength edge of the spectral range is less
than 1.2 um. However, it should be noted that in general case of development of multipixel multiband
photodetectors one has to model the diffraction losses with optimization of such photodetector parameters,
as the thickness of a diamond plate, parameters of the pixel structure, and parameters of possible additional-
ly-fabricated graphitized objects inside a diamond volume.
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We present our most recent results into the fabrication of 3D nanostructures using Direct Laser Writing
(DLW). These include:

1. The redox multiphoton polymerization of an organic-inorganic composite material, in which one of the
components, a vanadium organometallic complex, also acts as a photoinitiator [1]. The composite employs
multiphoton absorption to self-generate radicals by photo-induced reduction of the metal species from Va-
nadium (V) to Vanadium (IV) (Fig. 1a).

2. A new approach to hard tissue regeneration based on the mineralization of 3D scaffolds made using lasers
[2]. To this end, we report the rational design of aspartatecontaining self-assembling peptides targeted for
calcium binding. We further investigate the suitability of these peptides to support cell attachment and pro-
liferation when coupled on a hybrid organic-inorganic structurable material (Fig. 1b).

3. Our investigations into the effect of porosity on pre-osteoblastic cell ingrowth of 3D biodegradable scaf-
folds fabricated by DLW [3]. The material we used is a purpose made photosensitive pre-polymer based on
polylactide. We designed and fabricated complex, geometry-controlled 3D scaffolds with pore sizes ranging
from 25 to 110 pm. We found a strong adhesion of the pre-osteoblastic cells from the first hours after seed-
ing and a remarkable proliferation increase after 3 weeks and up to 8 weeks. Additionally, the PLA-based
material indicated a 27% weight loss in six weeks, allowing enough time for the cells to develop a dense, 3D
tissue matrix (Fig. 1c¢).
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Figure 1. (a) 3D structures made by employing redox multiphoton polymerization. (b) Mineralized 3D scaffolds for
bone tissue engineering. (c) Pre-osteoblastic cells on biodegradable scaffolds.

References:

1. E. Kabouraki et al., “Redox multiphoton polymerization for 3D nanofabrication”, submitted.

2. K. Terzaki et al., “Mineralized self-assembled peptides on 3D laser-made scaffolds: A new route towards ‘scaffold on scaf-
fold’ hard tissue engineering”, submitted

3. P. Danilevicius et al., “The effect of porosity on cell ingrowth into 3D laser-fabricated biodegradable scaffolds for bone regen-
eration”, submitted.



59

Paper LM-I-2
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The laser printing of liquids through laser-induced forward transfer appeared as an alternative to the inkjet
technique for the deposition of microdroplets with precision and control [1]. It allows the printing of liquids
with a wide range of rheological properties and it requires little liquid engineering before the printing pro-
cess. However, risks of material contamination and inhomogeneities in the deposited droplets arise from the
step of preparing a liquid film precursor. These risks can be circumvented by directly transferring the
microdroplets from a liquid reservoir.

Direct printing of the liquid from its reservoir can be done by strongly focusing a sub-picosecond laser pulse
underneath the free surface of the liquid [2]. It has been demonstrated that there exists a focusing depth
range which allows the deposition of well-defined, uniform microdroplets on the substrate [3]. Furthermore,
very high degrees of reproducibility and resolution can be achieved.

Subsurface absorption of the laser radiation generates a cavitation bubble, which expansion and collapse
promotes the formation of jets of liquid propagating away from the original surface (Fig. 1). In this way, the
liquid can be gently deposited in the form of micrometric droplets on a substrate placed facing the liquid
surface.

Figure 1 Time-resolved images of jets generated with sub-

7 s 1dps 25ups  38ps B3 WS picosecond laser pulses.

Acknowledgements: This work is part of a research program funded by MCI of the Spanish Government
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the European Commission (ICT: e-LIFT, Grant Agreement no. 247868)
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DESIGN OF INTERFERENCE PATTERN USING COHERENT BEAMS
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A metamaterial consists of Meta-atoms in lattice has been fabricated by top-down methods such as lithogra-
phy and ion beam figuring technique. On the other hand, we have been investigated the fabrication of nano-
sized structures in lattice by interfering femtosecond laser technique. In the past experiments, a variety of
metamaterials such as nanowhisker [3, 5], nanobump [3-5], MHA (metallic-hole array), nanodrop [3-5]
have been fabricated. A shape of meta-atom reflect interference pattern, and it can be controlled by number
of beam, phase and amplitude shift between the beams [1, 2]. Representative results will be presented.

(a) In the lower figure shows schematic illustrations of six beams correlation. (b) to (e) are the interference
patterns with phase and amplitude shifts between the beams, which are explained in the illustration on each
top. The six lower pictures are contour plots at different thresholds, where Fy, is the ablation threshold and
Fiax 18 the highest fluence in an interference pattern (see right bottom in the figure). The wavelength and
correlation angle are set to 785 nm and 14.6 degree. When a metal thin film target is processed by an inter-
ference pattern, gray region is ablated and black region remains. When phase shift & is applied to a beam,
ladder pattern appears as shown in (b). It seems that periodic dots lie between lines, which corresponding to
a metamaterial called “two-level cut-wire”. In the case of (c) (i), double SRR (split-ring resonator) appears.
(d) and (e) are cross and single SRR, respectively. We investigated combinations of interference parameters,
and categorized the interference patterns into 21 patterns in the case of four beams correlation, and into 32
patterns in the case of six beams correlation [1, 2].
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LOSSES OF ENERGY BY FS LASER RADIATION
IN HIGHLY NONLINEAR MATERIAL (SILICON)

V.V. Kononenko
A.M. Prokhorov General Physics Institute, Moscow, Russia
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For many years the necessity to develop devices for silicon-based photonics stimulates investigation of vari-
ous techniques for silicon treatment and modification. In this work we have studied the reversible processes
in silicon monocrystal bulk initiated by 250 fs laser irradiation. The wavelength of 1.2 um of parametrically
amplified light was chosen to exclude one-photon absorption.

High precision IR femtosecond interferometry has been used to measure the refractive index of changes in
the irradiated zone. Using time series of interference images obtained in the experiments, we have recon-
structed the laser pulse propagation and dynamics of the electron — hole plasma generated near the axis of a
focused laser beam. Experimental data have been compared to relevant numerical simulation results ob-
tained in a simple, two-photon absorption model. In order to measure the real beam intensity along the laser
waist inside Si sample the original setup was developed.

Both experimental techniques have clearly revealed two features of fs pulse interaction with c:Si, which are
quite important in terms of local light energy transfer inside the material bulk. Firstly, high intrinsic nonline-
ar (two-photon) absorption strongly limits light energy value that can be transfered and, consequently, de-
posited in material in the region of beam waist. It is shown that this effect is responsible for the observed
anomalously high thresholds for damage of material structure. Secondly, inside silicon the strong
filamentation has been found to hinder sharp light wave focusing that leads to poor energy localization in
the beam waist. Two mechanisms that determine beam delocalization have been considered: strong kerr
self-focusing and defocusing by e-h plasma filament which is featured by high transverse gradient of carri-
ers density.

Acknowledgements: The authors acknowledge support from the Russian Foundation for Basic Research
(Grant 13-02-00979).
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AND DIELECTRIC NANOPARTICLE ARRAYS
B.N. Chichkov
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I will report on our recent progress in the development of laser printing technologies for fabrication of com-
plex nanoparticle structures. Fabrication, characterization, and sensing applications of the nanoparticle ar-
rays will be demonstrated and discussed.
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LASER THERMOCHEMICAL WRITING:
INFLUENCE OF PHYSICAL PROCESSES ON RESOLUTION
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The subject of the chapter is the thermochemical laser action (TLA), properly laser oxidation of the thin
metal films. This subject was chosen because local laser oxidation of the thin metal films gives a unique op-
portunity to register an optical image on a thin films with a high resolution and without distortions specified
for laser ablation [1]. The history of the invention of this method as well as it physics investigation is a quite
typical for laser science field. From the other hand the unique high—tech application was developed based on
TLA — it is the diffraction optical elements writing and special machine was created for these purposes —
ring laser generator [2]. It permits to fabricate very complicated and specific DOE like null —corrector for
the large (2 mirrors by 8.4 m diameter every) binocular telescope of Stuart observatory etc. Consecutively
the possibilities to improve the spatial resolution of the thermochemical writing with the connection of the
physical-chemical processes — short pulses action, thermochemical peaking, positive and negative feed-
backs at the thermochemical action, diffusion less oxidation, structural changes, kinetic oxidation etc. [3, 4]
are discussed.
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Efficient microwelding of glass substrates by irradiation by a double-pulse train of ultrafast laser pulses is
demonstrated [1, 2]. The bonding strength of two photosensitive glass substrates welded by double-pulse
irradiation was evaluated to be 22:9 MPa, which was approximately 22% greater than that of a sample pre-
pared by conventional irradiation by a single-pulse train. Futher, we investigated dependence of delay time
between 1st and 2nd pulse irradiation on the heat affected zone (HAZ) and the bonding strength (BS). Both
HAZ and BS rapidly increased as the delay time increased from 0 ps to 12.5 ps, but they drastically de-
creased after 12.5 ps up to 30 ps. From 30 ps to 1-2 ns, they were almost saturated with a small peak at
around 100 ps and were still larger than those for 0 ps. After 1-2 ns, they gradually decreased again, and
finally both HAZ and BS at the delay time longer than 60 ns became smaller as compared with those for
0 ps. The rapid increase between 0 and 12.5 ps is responsible for individual control of each electron excita-
tion process, i.e., multiphoton ionization or tunneling ionization by the 1st pulse followed by electron heat-
ing or avalanche ionization by the 2nd pulse. Namely, the 2nd pulse is efficiently absorbed by free electrons
generated by Ist pulse, resulting in generation of higher-energy free electrons or more free electrons for ef-
ficient heating. The drastic decrease after 12.5 ps is ascribed to relaxation of the free electrons. The saturated
but still higher HAZ and BS between 30 ps and 60 ns than those for 0 ps is due to the absorption of 2nd
pulse by electrons trapped at the localized state such as self-trapped exciton. The pump-probe measurement
of transient absorption supported these considerations. The detailed mechanism will be discussed based on
electron excitation and relaxation processes.
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FEMTOSECOND LASER SURFACE NANO- AND MICROFABRICATION
AND APPLICATIONS

Andrey lonin, Sergey Kudryashov, Sergey Makarov
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Surface nano- and micro-scale textures become more and more important bringing common materials new
functionalities for tribological, optical (classical and metamaterial), solar energy and other applications.
Femtosecond lasers have been proved to be very efficient in production of topological and chemical surface
nano- and micro-textures.

This presentation provides an overview of our recent studies together with our Russian colleagues from the
Belgorod State Univ (Belgorod), A.M. Prokhorov General Physics Institute of Russian Academy of Scienc-
es (RAS)(Moscow), Institute of Automation and Electrometry, Siberian Branch of RAS (Novosibirsk) and
AN. Frumkin Institute of Physical Chemistry and Electrochemistry of RAS (Moscow) on femtosecond laser
fabrication of nano- and micro-textures on surfaces of different materials (metals — Ti, Al, Au, Ni, steel;
semiconductors — Si, GaAs, graphite; dielectrics — Al,O3, Si0,) using Ti:Sapphire laser and Yb-doped fiber
laser. Topographic and chemical surface characterization was performed by means of SEM and its EDS
option.

Antireflective surface A/4-layers in the form of surface diffraction gratings with sub-micron periods were
fabricated directly on GaAs coupler (0.65 um) and indirectly (through hot impressing of a Ni stamp with
0.47-um grating) on PMMA optics surfaces, demonstrating their optical transmittance enhanced in IR range
by tens percent. For a broad number of materials surface high-brightness colorizing diffraction gratings were
produced via a new approach.

Hydrophilic surface nano- and micro-textures were produced on Ti surfaces being additionally modified by
calcium hydroxyl appatite deposition, to provide their high biocompatibility to osteoblasts. In contrast,
superhydrophobic surface nano- and microtextures were fabricated on dielectric and metal surfaces to make
them self-cleaning.

Finally, nano- and micro-scale features were made on diverse material surfaces to work as cold electron
emitters, totally absorbing targets for ultrastrong field laser physics, active elements for surface plasmonic
optics, SERS substrates for nanophotonic sensing etc.

Acknowledgements: This research was supported by the Russian Foundation for Basic Research (Projects
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INVESTIGATION OF INTERFACE THERMAL RESISTANCE
OF DIAMOND FILMS GROWN THROUGH LASER-ASSISTED COMBUSTION SYNTHESIS

J.-F. Silvain', T. Guillemet'?, J.L. Battagliaz, A. Kusiak?, A. Capellaz,
JM. Heintzl, N. Chandra4, Y.F. L&

! Institut de Chimie de la Matiére Condensée, ICMCB-CNRS, Université Bordeaux 1, Pessac, 33608, France
Institut de Meécanique et Ingénierie, Dépt. TREFLE, Talence, 33400, France
’Department of Electrical Engineering,
’Department of Mechanical Engineering, University of Nebraska-Lincoln, Lincoln, NE 68588-0511

Diamond films are attractive materials for passive applications in thermal management because of their high
in-plane thermal conductivity and low thermal expansion coefficient. Although thermal conductivity of di-
amond films has been extensively investigated, there is still a need to evaluate the thermal resistance exist-
ing at interfaces between diamond films and engineering substrates such as silicon. Knowledge of the
boundary thermal resistance is critical to a better understanding of the heat-transfer process occurring at the
diamond film/substrate interface.

Diamond films were deposited on silicon and tungsten carbide substrates in open air through laser-assisted
combustion synthesis. Laser-induced resonant excitation of ethylene molecules was achieved in the combus-
tion process to promote diamond growth rate. In addition to microstructure study by scanning electron mi-
croscopy, Raman spectroscopy was used to analyze the phase purity and residual stress of the diamond
films. High-purity diamond films were obtained through laser-assisted combustion synthesis. The levels of
residual stress were in agreement with corresponding thermal expansion coefficients of diamond, silicon,
and tungsten carbide. Diamond film purity increases while residual stress decreases with an increasing film
thickness. Diamond films deposited on silicon substrates exhibit higher purity and lower residual stress than
those deposited on tungsten carbide substrates.

Modulated infrared photo-thermal radiometry was employed to measure the thermal response of diamond
films deposited on silicon substrates through laser-assisted combustion synthesis. The thermal resistance
normal to the diamond/silicon interface was then estimated from the measurement of the phase and the am-
plitude of the thermal response. The diamond/silicon boundary resistance has previously been measured for
diamond films grown through microwave-plasma assisted method. However no such data exists for the dia-
mond films grown through laser-assisted combustion synthesis. Preliminary results show that the layered
diamond/Si system exhibits an interfacial thermal resistance of about 2x10° W-K™'. The technique devel-
oped in this study enables a precise evaluation of the thermal resistance at the diamond/silicon interface and
i1s promising for various thermal management applications of diamond thin-films in optics, electronics, or
mechanics.

Keywords: combustion CVD diamond, silicon substrate, modulated infrared radiometry, interface, thermal
boundary resistance.
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DIRECT SURFACE NANOSTRUCTURING BY NS AND FS LASER PROCESSING
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Laser-matter interaction is a unique and simple approach to structure materials or locally modify their prop-
erties at the micro and nanoscale level [1]. Playing with the pulse duration and the laser wavelength, a broad
range of materials and applications can be addressed. Direct irradiation of surfaces with laser beam through
a standard optical beam setup allows an easy and fast structuration of these surfaces in the range of few mi-
crometers. Nano-patterning of surfaces requires generally sophisticated approaches which are time consum-
ing and need expensive technologies. In this presentation, two different approaches to achieve direct laser
writing of nano-craters are described.

The first one is based on the irradiation with nanosecond laser pulses of materials through an array of dielec-
tric nanospheres providing a unique opportunity to break the diffraction limit and to realize structures in the
range of hundred of nanometers [2]. This simple, fast and low-cost near-field nanolithography technique
will be presented and discussed, as well as its great potential. A specific study has been dedicated to the in-
fluence of the dispersion of the sphere diameter on the morphology of the ablation craters. This technique
has been used for patterning of glass and silicon, as well as bi-layer substrates (metal on glass, SiO, on Si).
In the latter case, the process leads to the formation of a nanoporous membrane which has been used to real-
ize an array of gold nanodots on silicon [3].

The second one is based on the non linear interaction of ultrafast laser pulses with dielectrics. Surface ablation
of fused silica is studied as a function of pulse duration (7450 fs) and applied fluence (Fi, < F < 10 Fy, Fi
being the ablation threshold fluence). We show that varying the pulse duration gives access to high selectiv-
ity (with resolution ~10 nm) for axial removal of matter but does not influence the transverse ablation selec-
tivity, which only depends on the normalized applied fluence F/Fy. The ablation efficiency is shown to be
inversely dependent to the pulse duration and saturates with respect to the applied fluence earlier at ultra-
short pulse durations (<30 fs). The deduced optimal fluence F, corresponding to the highest ablation effi-
ciency for each pulse width defines two regimes of laser application. Below F, the removed material depth
can be accurately adjusted in a large range (~40-200 nm) as a function of the applied fluence and the mor-
phology of the ablated pattern almost reproduces the Gaussian beam distribution. Above Fp, the material
removal depth tends to saturate and the morphology of the ablated pattern evolves to a top-hat distribution.
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Pulsed laser ablation (PLA) has proven to be an efficient and flexible method for synthesis of nanoclusters
and nanostructures. However, controllable production of nanoclusters with desirable properties is still chal-
lenging, especially for multi-component materials when there is an additional parameter to control, cluster
composition, which strongly affects cluster properties. This work is devoted to experimental and theoretical
studies of nanosecond PLA of compound semiconductors (InP, ZnO, CdTe, Co-doped ZnS) important for
various applications such as fabrication of solar cells and optoelectronic devices. Particular attention is giv-
en to characterization of the cluster formation process.

Detailed data on the ablation rate, the composition of the ablation plume and its expansion dynamics have
been obtained as a function of laser fluence and wavelength. Neutral and cationic compound clusters of var-
ious stoichiometry have been produced in the gas phase and investigated using time-of-flight mass spec-
trometry. Analysis of the plume composition upon laser exposure has revealed congruent vaporization of
ZnO while other studied materials exhibit a disproportional loss of the more volatile component. In addition,
a delayed vaporization of phosphorus under InP ablation has been observed. The character of vaporization
of semiconductors, congruent or incongruent, is found to affect strongly the composition of PLA-produced
clusters. In particular, clusters observed under ZnO ablation are mainly stoichiometric whereas ablation of
InP results in highly metal-rich clusters. Ablation of Co-doped semiconductors has been investigated in or-
der to reveal synthesis ways for nanostructures with magnetic properties. The strongly non-equilibrium con-
ditions inherent in PLA are shown to allow efficient generation of bimetallic thermodynamically stable clus-
ters of different stoichiometry. Formation mechanisms of the observed clusters and possibilities to control
their size and composition under PLA conditions are discussed.

Based on the analysis of abundances and velocities of the plume particles, we show that, depending on laser
fluence, different mechanisms dominate in particle desorption/ablation from the irradiated surface. Two
models have been developed to describe adequately the ablation process, electronic and thermal ones. The
thermal model has been refined to account for material composition changing in a surface layer as a result of
different volatility of the components. A model of non-thermal particle emission has been developed which
assumes emission enhancement due to non-radiative recombination of the laser-induced e—4 pairs. Modeling
allows to get a deep insight into the complicated dynamics of melting and solidification processes of com-
pound semiconductors.

Acknowledgements: This research is supported by the Marie Curie International Incoming Fellowship
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ZnO is a [I-VI wide band gap semiconductor with a direct band gap energy of 3.37 eV and a large exciton
binding energy of 60 meV. It is abandon and bio-friendly materials. Low dimensional ZnO crystals such as
nanowires, nanosheet and micro sphere and so on are especially attractive as the building blocks for the ul-
traviolet (UV) light emitting devices, because an optical function of the waveguide or the cavity can be real-
ized self-organizing way without using the expensive and complicated micro-nano machining processes like
optical lithography.

In this report, we present our recent progresses in the development of UV light emitting devices using the
ZnO nanocrystals. A variety of low dimensional ZnO crystals is synthesized by the nanoparticles assisted
pulsed laser deposition (NAPLD) [1] and the carbo-thermal method [2]. The synthesized crystals were char-
acterized by a scanning electron microscope (SEM), a transmission electron microscope (TEM), the XPS
analysis, the X-ray diffraction, a Raman spectroscopic system and the PL measurements. We have succeed-
ed to achieve a patterned-growth on a ZnO buffer layed pre-patterned by the laser ablation. Using this meth-
od, we can grow patterned ZnO nanowalls on demand. Next, the lasing characteristics of the low dimen-
sional ZnO crystals under optical excitation are described [3, 4]. Then we describe the laser processing, in-
cluding laser annealing [5], laser doping for the realization of the p-type ZnO crystals.

Acknowledgements: A part of this work was supported by a Grant-in-Aid for Scientific Research from the
Japan Society for the Promotion of Science (JSPS, No. 24656053) and Special Coordination Funds for Pro-
moting Science and Technology from Japan Science and Technology Agency is also acknowledged.
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A. Antipov, S. Arakelian, S. Kutrovskaya, A. Kucherik, V. Prokoshev
Stoletov’s Vladimir State University, Russia
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. The main goal of our work is the laser-induced fabrication of nanostructured materials including the

nano-and microclusters for control of electrical, optical and other properties for obtained structures. We
showed an opportunity to select of particles in the sizes and weights and also, in topology distribution for
some materials (carbon, Ni, PbTe, etc.).

We used as well, a method of laser deposition metal (and/or oxide) nanoparticles from colloidal systems
(LDPCS) to obtain the multilayered nanostructures with controlled topology including the fractal cluster
structures (for Ni,Ag, PbTe, PbS et all) — see below the AFM-image figures (islet-like and spherical
structures, microconnection of the particles).

In such a system can be two types of excitations, the configuration (structural) and the vibration (ther-
mal), which are separated. An important parameter is, the definition of the surface energy, which charac-
terizes the cluster energy and has a minimum for an optimal (hexagonal, in particular) structure. We will
be interested in the question, how quantum phase transitions still appear in the some properties of macro-
scopic systems, located at finite temperature, for coupling particles (atoms) with a pair of interaction.

. A correlated state for the system of nanoparticles occurs under conditions of «the energy trap» due to the

surface effects, being the suppress factor for the temperature fluctuations for nanoparticles, organized in
the cluster system.

The principal question to the quantum behavior development is, the estimation for effective mass for the
de Broglie wavelength Ag of a particle with mass m. E.g. for electrical transport properties of semicon-
ductors the reduced coefficient for m is not more than 0.1, and results in the value Ag > 25 nm, i.e. com-
parative with the cluster size. For quasi-particles with coupled states of different kind in collective phe-
nomena the fact takes place, as well. So, nanoclusters can demonstrate the quantum behavior in some ef-
fects even for room temperature. The physically means that the characteristic energy ties more than the
energy of thermal fluctuations, i.e. is not important in itself condition 77— 0, but the stability of the struc-
ture of the medium to the influence of temperature factors is a vital point. The fact is true for
nonhomogenous structures with hollow structures under the particle tunnel effect development. For struc-
tures in the figures we demonstrated the superconductivity tendency to increase the electrical conductivi-
ty (in several times for our case) in comparison with homogenous sample, both at room temperature.

. Such a generalization allows us to talk to nanoparticles on the conservation of correlation/coherence in

cluster systems with dephasing length /4 ~ A, also at high (room) temperature — analogue of the attrac-
tion between the atoms at low temperatures in the conditions of quantum states for condensed matter.

i nm nm

- L L i

on a glass substrate

Atomic clusters of Ni
on a quartz substrate
Nanoparticles of PbTe




71

Paper LM-I-14

INTERACTION OF INTENSE FEMTOSECOND PULSES
WITH LARGE MOLECULAR CLUSTERS: TOWARD BRIGHT X-RAY SOURCES
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In recent years, the generation of hard (above 2 keV) characteristic X-ray radiation arising from the interac-
tion of high intensity (/ > 10'> W c¢m?) femtosecond laser radiation with cluster targets has been the subject
of active investigations. Characteristic X-ray radiation contains information about the processes occurring in
cluster nanoplasma and can be used for monitoring its physical properties. Besides it can be used for radiog-
raphy of micro and nano-objects with high spatial and temporal resolution. All this applications require
bright characteristic X-rays with high-contrast (the ratio of the K-line intensity to the continuum intensity)
produced with high efficiency. It should be stressed that in cluster nanoplasma the X-rays can be generated
with higher contrast as compared with X-ray emission from a solid-state plasma.

In our experiments we firstly observed an efficient generation (10° photons/J with energy conversion effi-
ciency about 10~°%) of hard (2-4 keV) characteristic X-rays under the interaction of intense (/ ~ 10'® W/cm?,
E =5 mlJ) laser radiation with large molecular clusters (SFs, CF;I, CF,Cl,). It was obtained that at optimal
experimental conditions the efficient X-ray generation is accompanied with the multifocal plasma filament
formation. The multifocal structure of generated plasma filament can be used as a qualitative criterion for
the optimization of control parameters. We have firstly observed generation of two X-ray lines correspond-
ing to chlorine and argon (with efficiency of 3-10 " and 7-10 ® correspondingly) as a result of adding to the
mixture CF,Cl—Ar (1:32) light carrier gas He. Adding of He to the mixture CF,Cl,—Ar leads to more effi-
cient cooling of the mixture components that results in forming mixed clusters (containing from molecules
CF,Cl; and Ar atoms). The presence of mixed clusters is confirmed by the generation of X-ray lines that
correspond to the both molecular and atomic gas.

Using the ternary mixtures is a promising way to create the source of multiline X-ray radiation with tunable
line intensities, which can be controlled by changing the mixture concentration. The dual-energy X-ray
source can be used for nanoscale material discrimination with temporal resolution. The dynamic of relative
intensities of lines can provide information about the stability of mixed cluster formation.

In the presentation we will discuss the peculiarities of mixed clusters formation in the binary and ternary
mixtures of molecules with carrier noble gases and hard X-ray lines (energy range 2—-5 keV) generation un-
der intense femtosecond laser excitation of these clusters.
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BASED ON ELECTRON DYNAMICS CONTROL:
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An ultrafast (attosecond/femtosecond) laser pulse duration is shorter than many physical/chemical character-
istic times, which makes it possible to manipulate/adjust/interfere electron dynamics such as excitations,
ionizations, densities, and temperatures of electrons. This study proposes electron dynamics control (EDC)
to change transient localized material properties and corresponding phase change mechanisms by shaping
femtosecond pulse trains for micro/nano manufacturing. Based on our modeling predictions, our experi-
ments results demonstrate that EDC can 1) enhance material removal rate and increase drilling aspect-ratio
limit; 2) adjust the periods and orientations of submicrometer ripples; and 3) fabricate nanostructured sub-
strates to obtain high enhancement in surface-enhanced Raman scattering.

Keywords: laser micro machining, modeling, electron dynamics control.
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CONDUCTIVE CHANNEL FOR ENERGY TRANSMISSION

Victor V. Apollonov
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For many years the attempts to create a super long conductive channels were taken in order to study the up-
per atmosphere and to settle special tasks, related to the energy transmission. There upon the program of
creation of “Impulsar” represents a great interest, as this program in a combination with high-voltage high
repetition rate electrical source can be useful to solve the above mentioned problems. It looks like as a some
kind of “renaissance of N. Tesla ideas” for the days of high power lasers. The principle of conductive chan-
nel production can be shortly described as follows. The “Impulsar” - laser jet engine vehicle - propulsion
take place under the influence of powerful high repetition rate pulse-periodic laser radiation. In the experi-
ments the CO,-laser and solid state Nd YAG laser systems had been used. Active impulse appears thanks to
air breakdown (<30 km) or to the breakdown of ablated material on the board (>30 km), placed in the vicini-
ty of the focusing mirror-acceptor of the breakdown waves. With each pulse of powerful laser the device
rises up, leaving a bright and dense trace of products with high degree of ionization and metallization by
conductive nano - particles due to the ablation process. Conductive dust plasma properties investigation in
our experiments had been produced on the basis of two very effective approaches: high power laser con-
trolled ablation of different materials and by electrical explosion of wire. Experimental and theoretical re-
sults of conductive canal modeling will be presented. The estimations show that with already experimentally
demonstrated figures of specific thrust impulse the lower layers of the lonosphere can be reached in several
ten seconds that is enough to keep the high level of channel conductivity and stability with the help of high
repetition rate high voltage generator. Some possible applications of new technology to prevent natural and
human - induced disasters will be highlighted.



74

Paper LM-I-17

WAVELENGTH SWITCHABLE REMOTE LASER IN AIR
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We report on our recent observation on amplification of harmonic-seeded radiation generated through
femtosecond laser filamentation in air, which gives rise to laser-like narrow-bandwidth coherent emissions
at wavelengths corresponding to transitions between different vibrational levels of the electronic B*Zu" and
X?2g" states of molecular nitrogen ions, as shown in Fig. 1 [1, 2]. This unusual phenomenon based on an
“instantaneous” (e. g., within the interaction period of a ~100 fs laser pulse with the gaseous medium) estab-
lishment of a population inversed molecular ion system by strong field ionization seems to be universal as it
occurs not only in nitrogen but also in carbon dioxide [3]. To understand the ultrafast pumping mechanism
behind the lasing actions, we investigate the dynamics of population evolution of the excited molecular ions
with a two-color pump-probe scheme [4, 5]. Our findings show that the coherent emissions originate from
seed-injected amplification. Signature of molecular alignment has also been observed in the pump-probe
measurements, which will be reported in the talk, too.

Remote laser emissions
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Fig. 1. Working mechanism of remote lasing driven by midinfrared laser pulses.
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TEMPERATURE ASPECTS FOR LASER IGNITION
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Non-resonant laser plasma ignition is the most likely candidate for a successful commercial system of laser
ignition. A satisfying technical solution is achieved via a longitudinally diode-pumped passively Q-switched
(Cr*":YAG) Nd’":YAG laser capable of emitting ~1 ns-pulses of at least 20 mJ [1, 2]. This type of solid-
state laser confectioned in an engine-compatible form can be called a laser sparkplug. Early versions of this
concept comprised a high-power diode pump laser (quasi-cw power >500 W @ 808 nm with ~500 us dura-
tion) placed remote from the engine to avoid detrimental influences of temperature, vibrations, pollution etc.
In this case only the solid-state laser is exposed to the elevated temperature in the vicinity of the cylinder
walls (<100°C).

Recently, mainly cost-oriented considerations, but also technical advances, led to a change of concept from
fiber-based remote pumping via edge emitter arrays to the use of newly devel-opped so-called power
VCSELs. Thereby the symmetry of pump laser arrays is in the focus of attention: edge emitter arrays usually
consist of one row of some 20 emitters (aperture around 1x5 um) with ~50-100 um periodicity, i.e. a very
elongated arrangement of light sources. Collimation to form a round pump beam represents some challenge
applying the laws of classical optics. Opposed to that, VCSELs are 2-dimensionally arranged (e.g. [3]).
Hence the problem of collimation optics is much more relaxed. Additionally, direct mounting of the pump
laser onto the laser sparkplug will improve simplicity and eventually cost, provided operation at elevated
temperature due to direct mounting on the cylinder head of an engine can be tolerated.

The change of operation temperature has at least threefold impact on performance: the output power will be
reduced; the lifetime of the device will shrink and the emission wavelength will become slightly longer.
Mode characteristics might also vary, however this does not follow such a clear pattern. Typical specifica-
tions: changing from 20°C to 85°C @ 50 A current will result in a drop of the maximum output from ~50 W
to ~25 W, i.e. to one half [3]! The lifetime of VCSELs can lie above 1 Mio. hours (corresponding to
>100 yr) decreasing exponentially, however, with rising temperature [3]. This may lead to <1/10 of this time
span for a realistic temperature rise still remaining sufficient.

Under engine-like operation conditions, the laser sparkplug will work at temperatures up to 120°C and
hence the question of crystal temperature influence on laser performance had to be investigated [2]. A clear
dependence of the Q-switched output pulse energy could be mea-sured in different open and monolithic set-
ups. Consequences of this and other results will be discussed in more detail in the conference and proceed-
ings papers.
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Femtosecond lasers are a powerful tool for modifying the structure and properties of transparent materials.
Depending on material properties and irradiation conditions, a wide variety of modifications can be induced
that gives rise to numerous technological applications based on 3D photonic structures in bulk optical mate-
rials. Among transparent materials, optical glasses are of prime importance for optoelectronics and photon-
ics due to their relatively low cost, processability, and possibility of governing refractive index. The physics
behind laser-induced glass modification is extremely rich and involves the multiplicity of the consecutive
processes initiated by radiation absorption during the laser pulse and extending to millisecond time scales
when the final structure becomes “frozen” in the glass matrix. While tremendous achievements have been
made toward development laser-writing techniques, the physical mechanisms underlying glass modification
have not been fully understood. However, controllable generation of desired modifications in transparent
materials is impossible without deep understanding of the governing mechanisms of modifications.

In this work, the dynamics of ultrashort-laser-induced generation of free electron plasma inside bulk glass
(fused silica as an example) is analyzed. The results of modeling are presented for typical glass modification
regimes, obtained on the basis of the Maxwell equations supplemented with the equations describing elec-
tron plasma formation and the laser-induced electric current. We demonstrate that the model allows reveal-
ing important features of laser beam propagation in the regimes of dense electron plasma generation such as
strong scattering up to complete displacing of light from the plasma region followed by beam refocusing,
formation of periodic patterns in electron density distribution, anisotropy of laser energy absorption associ-
ated with the pulse front tilt. A controversial issue of the density level of electron plasma generated inside
bulk glass by ultrashort laser pulses is discussed. The energy balance of excited matter is considered with
introducing an “E,.—n,” diagram matching the level of transient excitation with the maximum temperature of
the glass matrix. From the simulation data on the geometry of the laser energy absorption zone, the glass
temperature is mapped which may be foreseen at the end of electron — glass matrix relaxation. This, in turn,
allows calculations of the laser-induced stress levels and making conclusions on the routes of glass modifi-
cation. Based on the modeling results, we propose the mechanism responsible for the formation of volume
nanogratings in a number of transparent solids under the action ultrashort laser pulses. Finally we address
the question on which material properties favor nanograting imprinting into material matrix.
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The processes of the nonlinear absorption and ablation of the transparent materials such as nitride semicon-
ductor, sapphire and others under terawatt/cm’-laser irradiation with ultrashort pulses are considered. The
power consumption under the ablation process is described in terms of the nonlinear mechanism of the tun-
neling absorption.

Laser ablation of the TW/cm? range laser irradiation is suitable technique for processing and machining of
transparent materials. A comparison of the ablation threshold has been performed for different transparent
materials under very similar irradiation conditions. GaN epitaxial layers on the sapphire substrates, sapphire
and silica-based glasses are tested [1, 2]. It was determined the laser-induced damage threshold (LIDS) and
result shows the correlation of the LIDT with energy bandgap and other material characteristics. The thresh-
old appears to grow as about third power of the energy bandgap.

The power consumption under the ablation process of transparent materials is described in terms of the in-
duced absorption with an effective absorption coefficient of 2.5x10* cm™'. The linear absorption in GaN at
400 nm is less than 100 cm™. It means that there is an effective nonlinear mechanism of the power irradia-
tion absorption in the transparent frequency region at TW/cm’-range of power density [2].

It is well known from the general theory of the nonlinear ionization of the atoms and solid materials that the
character of the nonlinear ionization under a field action is determined as the intensity / as the irradiation
frequency o [3]. The important parameter of this theory is adiabaticity parameter y. It was shown that if
y<<1 (high value of the laser power and the case of low frequencies) there is realized the tunneling mecha-
nism of absorption in the electric field. For GaN E,~3.43 eV and for / = 40 TW/em® y~ %2 and 0 = 10" 57"
It means that for the ablation processes in GaN at terrawatt laser power it is realized the tunneling mecha-
nism of absorption. Using the dependencies of w we was determined the LIDT dependence on Eg3 which is
in good agreement with experimental results. For other transparent materials parameter y are much smaller
than for GaN since the bandgap of GaN is the smallest one. In all the experimental results there realized the
tunneling mechanism of ionization. The corresponding increasing of the absorption coefficient was deter-
mined. For GaN we had estimated ¢ about 10* cm™ that is in good agreement with the experimental results.

Acknowledgements: The work was supported by the Russian Academy of Science Grants (24P and 70F)
and Russian Foundation for Basic Research Grant 12-02-00761-a.
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Multiferroics are multifunctional materials presenting two or more ferroic (or antiferroic) orders, such as
ferroelectricity, ferromagnetism etc. [1]. The complex transition metal oxide BiFeO; (BFO) is one of the
most investigated magnetoelectric material for its perovskite crystal structure and its ordering temperatures.
It is reported a G-type antiferromagnetic nature below the Neel temperature of 7y = 643 K and a ferroelec-
tric ordering below 7¢= 1103 K [2].

Here we report on the ceramic bulk target synthesis, the thin film deposition and structural, dielectric and
magnetic characterization of BFO aiming the integration in spin devices. Structural characterizations, per-
formed using FT-IR spectroscopy and X-Ray Diffraction, confirm the absence of any impurity phase in syn-
thesized target.

BFO thin films (300nm) were deposited using Pulsed Laser Deposition (PLD) on Si substrates with a 5 pm
Si0, top layer. A Lambda Physics 3051 ArF excimer laser (4 = 193 nm, 7 = 20 ns) was used with an energy
density of 2 J/cm” and a repetition rate of 10 Hz. The substrate was heated at 500 and 600°C. Samples were
prepared by varying the oxygen atmosphere with 0.1, 0.5, and 1.0 Pa pressure. For dielectric constant meas-
urements arrays of capacitors were fabricated in a cross bar architecture where the BFO film is sandwiched
between two metal electrodes. The room temperature dielectric constant of BFO is found to decreases with
increasing the oxygen pressure during the deposition. A large leakage current, probably due to oxygen va-
cancies or conductive impure phases, such as Bi,Os3, was recorded, in agreement to literature results [3].

Due to magnetoelectric coupling BFO can play a key role in the development of spin devices in which the
magnetic moment can be controlled electrically when an antiferromagnetic layer of BFO is in contact with a
ferromagnetic one [4].
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Steam turbine, as a key power equipment, plays an increasingly important role in many critical national
economy fields, such as petroleum, chemical and light industry. As the main part of turbine, blades run at a
high speed in the wet steam environment, which makes the leading edge of blade prone to cavitation and
results in failure, even causes accidents for the turbine unit. Therefore, the anti-cavitation ability of the blade
directly affects the efficiency and security of the steam turbine. As to various types of turbines and different
working conditions, the different laser processing techniques, such as laser alloying, laser repairing and laser
solid solution strengthening, were chosen to perform the modification and repairing on the surfaces of 2Cr13
and 17-4PH turbine blades in this paper. The microstructures, microhardness, residual stress, wear re-
sistance, corrosion resistance and cavitations resistance before and after laser hardening were investigated
respectively. The results show that, the laser alloying technology, which can replace the traditional flame
hardening and induction hardening, is much safer and more reliable, makes the microhardness of the blade
surface increase 1.8 times with respect to that of the substrate, and the cavitation resistance more than one
time relative to that of the substrate. The laser cladding based on the DMD technology was used to repair the
failed blade surface. There are no pores, cracks and other defects on the surface after laser cladding, the mi-
crohardness and wear resistance significantly improve as well. The further implementation of laser alloying
on the repaired layer can get the surface with higher performances. So the technique can replace the tradi-
tional inlaid Stellite alloy technique. The laser solid solution strengthening technology was introduced to
harden the precipitation hardened stainless steel blades. As the result, after the laser solution strengthening,
the thickness of the laser hardened layer is more than 1.8 mm, the microhardness is more than 400HV0.2,
and the cavitation resistance is more than one time from that of the substrate. The large deformation caused
by the overall solution treatment and the insufficient hardening depth were solved. The three laser tech-
niques performed on turbine blades have passed the installed tests in turbine manufactories, and the technol-
ogy has been widely applied in turbine industry, which shows that the laser technology has extensive appli-
cation prospect on the modification and repairing of turbine blades.
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Textile materials were coated with ZnO thin films or nanoparticles by pulsed laser deposition. The synthe-
sized nanostructures were physico-chemically analyzed by X-ray diffraction, scanning electron microscopy,
atomic force microscopy, contact angle measurements and microbiologically assessed by in-vitro tests. An
increase of pulses number from 10 to 100 resulted in a drastic modification of the surface coating, from a
dispersion of nanoparticles to uniform thin films that covered the fibers entirely.

Both ZnO nanoparticles and thin films deposited in 13 Pa Oxygen were hydrophilic, while the nanoparticles
sputtered in vacuum (10~ Pa) were hydrophobic and the thin films deposited in vacuum superhydrophobic.
This radical modification of wetting behavior will be explained in terms of differences in nanostructure and
surface electrical charging.

The textiles finished with nanoparticles and thin films in vacuum were antimicrobial, with 100% efficiency
after 24 h against Staphylococcus Aureus and Aspergilus Niger colonies. However, in case of filamentous
fungi recognized to be more resistant to ZnO, the efficiency of textiles finished with thin films dropped to
30%. To boost the activity against such microorganisms, we treated the textile surface with a hydrophobin
secreted by 4. Nidulans fungus. On its own, the hydrophobin was completely inefficient in stopping fila-
mentous fungi colonies to spread, but in conjunction with ZnO thin films, they increased the efficiency up to
~95%. Moreover, these structures proved very resistant to washing. We accounted these ameliorations to the
different growth orientation of ZnO crystallites in thin films deposited on textiles pretreated with hydro-
phobins.

These results can offer solutions for design in one step stable, superhydrophobic, antimicrobial textile sur-
faces, for large scale use in medical clothing.
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One of the most attractive systems for studying Bose-Einstein condensation (BEC) is a polariton gas in a
semiconductor microcavity (MC) with embedded quantum wells. Mixed exciton-photon states — polaritons
possess bosonic statistics and in a MC have an extremely small effective mass (~10™* of the free electron
mass). These properties allow one to observe MC polariton BEC at high (up to the room) temperatures,
which inspired considerable attention to this system in the last decade (see [1] for a review).

BEC is characterized by the macroscopic occupation of the ground state with wavevector £ = 0 and the first
order spatial coherence g on the scale larger than thermal de Broglie wavelength. In the present work we
studied the dynamics of the MC polariton BEC by monitoring the expansion of the spatial coherence [2] and
evolution of polariton distribution in k-space. The sample was a GaAs-based MC with the quality factor
Q =7000, and it was excited by 3 ps laser pulses. The dynamics of spatial coherence was studied on the ba-
sis of Young’s double slit experiment with different separations between the slits.

It was found that in the process of condensate formation the coherence expands with a constant velocity of
about 10® cm/s. This velocity is mostly related to the rate of polariton relaxation into k = 0 states being ~10"°
times larger than the coherence expansion velocity in the Bose condensate of ultracold atoms. At the stage
of condensate formation and decay, when the population of & = 0 states is not high (below ~10°), spatial co-
herence is determined by the polariton momentum distribution. In this regime the measured dynamics of the
coherence length is similar to that of 1/Ak, where Ak is the width of polariton momentum distribution. On
the other hand, in the range of maximal condensate density coherence is determined by the fluctuations of
amplitude and phase of the condensate wavefunction which are not suppressed during the condensate life-
time. It was found that in the range of the condensate decay spatial coherence exceeds that in thermal equi-
librium system. This effect is related to the large time required to reach equilibrium with respect to the time
of the condensate decay that was confirmed by the direct measurements of polariton k-space distribution
dynamics.
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It has been shown that short-pulsed laser is an effective tool for ultra-precise surface structuring of diamond
and diamond-like films. The amount of laser removed material can be as low as a few carbon atoms or clus-
ters per pulse. That is why this regime was called nanoablation [1].

In the present work nanoablation of graphitic layers was studied for two cases: solely laser irradiation and
combined with scanning probe microscopy (SPM) probe. The pulsed laser beam (7= 7 ns, A = 532 nm) was
focused to the spot of 1 um in diameter on the surface of crystal graphite either at the tip end (laser-probe
ablation) or far away from the probe. Special cantilevers with sharp tips, operating in tapping mode, were
used.

The dependence of the crater depth d for solely laser irradiation (total pulse number N = 3-10%) is presented
in Fig. 1. Note that ablation rate can be as low as 10°—10"* nm/pulse which correlates with the results ob-
tained for diamond nanoablation. Second, there is a threshold laser fluence Ey, ~ 1-2 J/em?. For E < Eq we
observed strong dependence of ablation rate on fluence (d ~ E') while for higher E > Ey, the value of d
grows with £ almost linearly.

Interesting phenomena was found for Laser-Probe combination (see Fig. 2). In this case for £ < Ey, addition
of SPM probe caused negligible variations in ablation rate. Only above Ey, the probe action becomes im-
portant and leads to essential (up to about 2 times) growth of ablation rate for E ~ 6-8 J/cm®.

In our opinion, probe tip can strongly enhance laser field in close proximity on the sample surface. Possible
mechanisms of graphite nanoablation below and above the critical laser fluence will be discussed.
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Fig. 1. Crater depth (d) v.s. pulse energy density (£) plot Fig.2. Comparative d—F plots for free surface (opened
for free surface ablation. circles) and laser-probe (solid triangles) ablations
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In recent years, it is observed a high interest to use the biofunctional nanoparticles in laser medicine [1]. As
a result of fabrication of biofunctional nanoparticles with the determined structure and properties, a new
possibilities for engineering of tissues and cells have been opened in medicine. So, new applications of
magnetic nanoparticles in laser diagnostics and healing cartilage damage have advance in orthopedics [2]. It
is the results from a high permeability of the particles with the size of 5-10 nm in the dense cartilaginous
matrix and high absorption of nanoparticles at the damage places on cartilage surface. Because of low vas-
cular substance of cartilage (a pore size of 20—40 nm and no blood vessels) it has poor ability to repair dam-
age. Laser irradiation of cartilage in no ablation mode and application of non-uniform magnetic field allow
impregnating magnetite nanoparticles in the bulk of tissue. Photo-thermal effect of laser radiation on the na-
noparticles localized at the damaged places of cartilage induces regeneration of tissue [3].

Magnetic nanoparticles of iron oxide have been obtained by the two methods: 1) direct generation of the na-
noparticles in laser ablation of a bulk iron target in water; 2) chemical synthesis of the nanoparticles in co-
precipitation process in the ferrous- and ferric chloride solutions. We compared physical and chemical prop-
erty of the produced nanoparticles.

Laser-ablated iron oxide nanoparticles with a core-shell structure are mechanically stable, protected from
corrosion, and have higher magnetic susceptibility. These properties are a little bit lower for chemical syn-
thesized nanoparticles. Aqueous dispersions of the nanoparticles obtained by both methods were susceptible
to agglomeration and sedimentation. By means of magnetic trap with axis-symmetric field, the nanoparticles
with the size of 5-10 nm have been separated from their large agglomerates. Size distributions of nanoparti-
cles in aqueous dispersions were analyzed by the measuring disk centrifuge. Magnetic susceptibility was
measured by Faradey’s technique.

Laser treatment of the nanoparticles in aqueous solutions of starch and PVP (stabilizer) is performed to pro-
duce stable colloids of magnetite. Kinetics of the total absorption spectra of the colloids has been measured.
The agglomeration of nanoparticles of magnetite is revealed in the intact solution. Laser treatment makes
these colloids stable without agglomeration and sedimentation for month’s storage time. Chemical stability
of these colloids is discussed.

Acknowledgements: Thanks to Russian Foundation for Basic Research for financial assistance Grant
No. 11-08-00574a.

References:

1. A. Omelchenko “Biofunctional nanoparticles in laser medicine” Vestn. Yu. Univ., Vol. 21, pp. 40-50 (2011) [in Russian].

2. O. Baum, V. Golubev, A. Omelchenko, E. Sobol, A. Shekhter, “Advance of magnetic nanoparticles application in laser diag-
nostics and healing of cartilage damage”, Proceedings of 3rd Eurasian Congress on Medical Physics and Engineering «Medi-
cal Physics-2010». Moscow, 21-25 June 2010. Vol. 3, pp. 222-224.

3. O. Baum, Yu. Soshnikova, A. Omelchenko, E. Sobol, “Nanoparticles for diagnostics and laser medical treatment of cartilage
in orthopedics”, Proc. SPIE, Vol. 8595. pp. 62—66 (2013).



84

Paper LM-O-3

INFLUENCE OF OXIDATION IN ULTRA SHORT LASER PULSE PROCESSING OF CFRP

Christian Freitagl’z, M. Komlenok3, T. Kononenko3, R. Weberz, V. Konov3, T. Graf®

'GSaME Graduate School of Excellence advanced Manufacturing Engineering,
Nobelstr. 12, 70569 Stuttgart, Germany
’[FSW Institut fiir Strahlwerkzeuge, Pfaffenwaldring 43, 70569 Stuttgart, Germany
'GPI Prokhorov General Physics Institute, 38 Vavilov Str., 119991 Moscow, Russia

christian.freitag@ifsw.uni-stuttgart.de

Laser processing of carbon fibre reinforced plastics (CFRP) is a challenging task due to the unique thermal
properties of this material [1]. The structure of the compound can easily be damaged by thermal effects such
as heat accumulation [2, 3]. To process CFRP with respect to high quality and productivity, adjusted process
strategies have to be developed. The presented work addresses the question, whether specific oxidation of
the carbon fibres can increase the productivity of the cutting process of CFRP.

Oxidation of Polyacrylnitril (PAN) based carbon fibres begins at temperatures of about 450°C with increas-
ing oxidation rates for increasing temperatures [4]. When laser processing carbon fibres or CFRP, the mate-
rial reaches sublimation temperature in the processing zone which is about 4000 K [5]. The object of the re-
ported study was to investigate the significance of oxidation compared with material evaporation when pro-
cessing CFRP with a high-repetition-rate picosecond laser system.

Nitrogen and oxygen have been used as process gases to ablate grooves in CFRP with different number of
laser scans. Grooves ablated in air serve as a reference. By using nitrogen, the laser ablation process can be
investigated without any oxidation effects. Parameters varied in the presented study were the distance of the
nozzle from the surface and the gas flow. At the initial stages of the multi-pass cutting process of CFRP high
ablation rates are achieved with every process gas. The observable effect of oxidation on the ablation rate at
initial stages is negligible. In greater groove depths, the ablation rate is generally decreasing. In this stages
of the multi-pass cutting process significantly higher ablation rates are achieved when using oxygen as a
process gas compared to grooves ablated in nitrogen or in air. The highest enhancement in process efficien-
cy is achieved with the highest gas flow. While through-cuts of the work piece were achieved when using
oxygen, no through-cut was possible using air or nitrogen. To investigate the influence of the additional ox-
ygen on the thermal damage of the material, the heat affected zone has been measured for each groove.
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Femtosecond (fs) laser micro-modification enables a uniquely flexible method of sculpting of waveguides in
various types of transparent materials, including glasses and crystals [1]. In particular, it offers a unique pos-
sibility for development of waveguiding structures in crystals suitable for Mid-IR applications. In this paper
we discuss suitability of femtosecond writing in a range of Mid-IR materials, such as ZnSe, ZnS, RbPb,Cls,
Si, LiNbO; based on published papers and our own recent results.

The femtosecond written waveguides in crystals can be classified as Stress Induced Waveguides (SIW), De-
pressed Cladding Waveguides (DCW), and Directly Written Waveguides (DRW) [2]. Since negative modi-
fication of refractive index is predominantly obtained in the above mentioned as well as in most crystalline
materials, we consider that only SIW and DCW types are suitable for Mid-IR applications. It has been re-
cently demonstrated that DCW-type waveguiding structures exhibit low losses and provide great flexibility
for near IR applications [3]. Design of this type appears to be the most attractive for Mid-IR devices since
waveguide diameter scales independently on the diameter of the individual tracks. However direct exploita-
tion of near IR geometries in Mid-IR range is inefficient primarily due considerable leakage losses nonline-
arly increasing with wavelength. Meticulous shaping of a waveguide with depressed cladding is required to
minimize leakage losses. We demonstrate examples of efficient low loss structures suitable e.g. for wave-
guide solid-state lasers and optical parametric oscillators operating in Mid-IR.
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Femtosecond direct laser writing (DLW) in transparent dielectrics has revolutionized the field of laser appli-
cations, providing localized 3D material modifications with potential sizes below diffraction limit. This ver-
satile technique appears as perfectly suitable for micro- and nanoscale 3D patterning of transparent materials
towards the elaboration of new photonics elementary building blocks.

Combining DLW technique with the use of focused complex light field endowed with single or multiple op-
tical phase singularities we demonstrate original vortex-assisted laser/matter interaction in a photosensitive
silver-containing phosphate glass. Namely, original sub-wavelength spatial distributions of laser-induced
linear and nonlinear optical properties are achieved. DLW was performed with a Ti:Sa amplified laser sys-
tem (800 nm, 65 fs, 250 kHz) with tight focusing into the bulk of glass, leading to the localized production
of Ag,*" silver clusters (with m < 10 the number of atoms and x the ionization degree), which provide a
strong and broadband white fluorescence emission for near-UV excitation [1].

Fig. 1. Incident spatial intensity profiles of a) fundamental Gaussian beam, b) optical vortex beam with topological
charge two, and c) optical quadrupole of single charge vortex. Corresponding laser-induced fluorescence patterns with
d) annular, e) bi-annular, and f) quadrupole like geometries.

More precisely, here we demonstrate that our DLW process is driven by laser beam spatial intensity distri-
bution, independently from its phase distribution. We also prove that our writing process is independent
from both the magnitude and sign of topological charge of the optical vortex. For a Gaussian writing beam
[Fig. 1a), d)], fluorescent silver clusters are arranged into a hollow pipe shape along the propagation axis,
with wall thickness of about 100 nm. In contrast, tight focusing of spatially engineered light fields [2], here
a charge two optical vortex beam and optical vortex quadrupole led to original fluorescence spatial distribu-
tions, namely bi-annular and quadrupole like fluorescence patterns, respectively. In addition, sub-wave-
length silver cluster organization displays micro-structuring and potential future nanoscale structuring.

Correlative microscopy of fluorescent and second harmonic generation also showed the stable existence of a
laser-induced buried static electric field being correlated to silver cluster profiles [3]. Such vortex-
engineered electric field will be reported to be the root of silver cluster existence and stabilization. Vortex-
assisted DLW thus appears as a very promising approach to tailor both fluorescent and SHG nonlinear re-
sponses below diffraction limit.
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Abstract: We successively probed energy transfer stages after femtosecond laser excitation of a bulk of
crystalline dielectrics from femtosecond to nanoseconds timescale. We observed a change in the frequency
of THz phonons from 1.4 to 4.6 THz, quasi-resonantly excited by laser plasma oscillations under tight fo-
cusing (NA ~ 0.4) of intense femtosecond laser radiation in a bulk of quartz. In BaF2 a 15 ps time delay of
the significant increase in the phonon wave amplitude was shown. In LiF the energy transfer between many
phonon modes is clearly visible.

In our recent experiments [1, 2] we discussed preliminary results on energy transfer dynamics in a bulk of
dielectrics after intense femtosecond laser pulse excitation. The experiments were carried out till time delays
of about tens of picoseconds. In this work we focused on deep analysis of current results and extension to
nanosecond time scales.

The key feature of our experiment is an extreme intensive laser pulse (~10'° W/cm?), which exceeds the
plasma formation threshold in a bulk of transparent solids, and a high-sensitivity version of pump-probe
technique for time-resolved diagnosis, based on registration of a signal of third harmonic of the probe pulse
[1, 2]. Radiation of Cr:forsterite laser system (4 =1.24 um, 7= 140 fs, £ =0.1-5 pJ with intensity contrast
~250) was employed. New opportunities related to time delay up to 2 ns increasing and using not only
pump-probe technique but also shadowgraphy to analyze the initial stage of shock wave formation. We
point out that in all our experiments the final stage of local energy deposition (NA ~ 0.4) into a bulk of solid
is micromodification formation (Fig. 1).
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Fig. 1. Microdefect reconstruction based on third harmonic data

Current results mainly describe the dynamics of energy redistribution on time scale up to tens of picose-
conds. Typical temporal behaviors of registered signals are sketched at Fig. 2.
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We obtained, that the energy transfer dynamics in quartz sample include three main regions: first is the co-
herent phonon (1.4-4.1 THz) quasi-resonant excitation by laser-induced plasma and further lattice cooling
along with soft phonon mode A; 147 cm™' frequency changes from 1.4 to 4.6 THz (from 300 to 846 K, see
Fig. 3), second one is the abrupt frequency change which possibly was related to fundamental phonon wave
appearing due to second harmonic conversion efficiency decreasing in time and the last one is the most in-
teresting threshold effect due to local bond breaking in interaction region.
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Fig. 4. The THG efficiency # of probe pulse in crystals: a) BaF, at pump pulse energy of 2 pJ, b) CaF, pump pulse
energy of 4 uJ) LiF pump pulse energy of 3.6 uJ as a function of time delay between probe and pump pulses.

The excitation and relaxation dynamics of coherent phonons in fluorine-containing crystals was also inves-
tigated (Fig. 4). For the first time in the recorded signals of the third harmonic generated by probe pulse in
BaF; and CaF; crystals the delays of the significant increase in phonon wave amplitude were observed. The-
se delays are related to the time of energy transfer from electronic to phonon subsystem. In the LiF crystal
the energy transfer between many phonon modes was observed, which is possibly related to the
anharmonicity of the phonon waves.

On the base of experimental results, we propose a new mechanism of coherent phonon generation in trans-
parent solids under plasma formation, so called quasi-resonant generation of coherent phonons by laser-
induced plasma. First, the coherent phonon seed is formed via stimulated Raman scattering by front of pump
pulse, then formed plasma absorbs a significant part of the laser pulse energy, and plasma energy is then
quasi-resonantly transferred from free electrons to seeded coherent phonons. A quasi-resonant regime of en-
ergy transformation occurs due to the large amplitude coherent oscillations of ions which, in turn, lead to
synchronous modulation of the dielectric band gap width. Such an effective energy transfer from plasma
electrons to coherent phonons occurs in phase with coherent phonon oscillations at a minimal band gap
width. Plasma dramatically influences the process of coherent phonons generation in crystals, including ex-
citation and relaxation dynamics. By now our work is directed to probe the initial stage of shock wave for-
mation, results will be coming soon. Till this time we established that for solids 2 ns time delay is not
enough to visualize shock wave formation.
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The photonic crystals (PhCs) introduced theoretically by Yablonovitch [1] and experimentally by John [2],
have been in the past decade the subject of the multiple studies due to their unique electromagnetic proper-
ties and the advantage that they can be used in many optical devices, such as optical filters, waveguides, op-
tical switches, chemical and biological sensors [3, 4]. PhCs are periodic optical structures consists of alter-
nating regions with high and low refractive index at the scale of the order of the photon wavelength, forming
the so called photonic band gap.

In this work we developed a photonic structure on TiO; thin films designed to show photonic band gap in
the near-infrared, at the telecommunication wavelengths. The plane wave expansion method was used to
compute the photonic band gap of the laser ablated structure. The impact of limited laser processing accura-
cy on the photonic band gap has been studied. The structure was produced by tightly focused femtosecond
laser beam in multi-pulses ablation regime. A Ti:Sapphire CPA laser system with pulse duration of 200 fs
and a focusing optics with numerical aperture NA = 0.5 was used to create the photonic structure. The re-
sulting periodic structure has an estimated photonic band gap centred at 1.53 um with a bandwidth of about
42 nm. The laser ablated pattern was characterized by Atomic Force Microscopy (AFM) (Fig. 1a).
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Figure 1. @) Photonic crystal structure produced by femtosecond laser ablation, b) photonic bands structure of the ab-
lated structure.
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In the last few years, new characterization and processing methods which are based on the near-field effect
were developed [1, 2]. Instead to use optical devices, such us microscope objective or lens systems, these
methods use micro optical elements to focus the electromagnetic field. When the dimensions of these
elements are comparable with the radiation wavelength, the electromagnetic field is focused in to a spot
smaller than diffraction limit. Moreover, the intensity of the electromagnetic field which is produced in this
spot increases several times.

Applying these effects for self-assembled colloidal particles, nano-patterns were produced on large surface
in a single exposure step [3]. However, the pattern imprinted using this method is limited to nano-holes ar-
ranged in a hexagonal geometry. In order to overcame this limitation, we replaced the colloidal particles
with transparent photopolymer mask. These masks can be produced in photoresist materials by laser direct
writing approach, or other techniques, like e-beam lithography.

In this work, we present a theoretical and experimental study were photopolymer mask are used as focusing
elements for near field ablation. The best mask parameters as well as the theoretic near-field distribution and
intensification factor was computed by Finite-Difference Time Domain (FDTD) method.

To demonstrate the feasibility of this method, a silicon wafer was processed using a mask realized in
PMMA positive photoresist through electron beam lithography. A single infrared femtosecond laser pulse
was used to expose the photopolymer mask. Periodic grooves with dimensions under diffraction limit were
produced on the silicon surface. The imprinted pattern was investigated with Atomic Force Microscopy
(AFM).
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The method of producing semiconductor nanoparticles of lead chalcogenides with an average size of 5—
50 nm by means of continuous laser radiation of a moderate intensity nearby infrared range (up to
10° W/cm®) has been proposed in this paper. As it is shown in our papers the application of continuous laser
radiation enables to initiate the nanostructuring of PbTe, PbSe, PbS semiconductors without specific de-
mands to the environmental conditions. Radiation with 1.06 micrometers wavelength corresponds to a quan-
tum of photon energy which considerably exceeds the width of a prohibited zone of semiconductors being
used.

We studied solid-state laser modification of the surface of PbX semiconductor films selforganisation at pho-
ton energies above the band gap of the semiconductor. Experimental data were used to construct a model for
defect deformation instability developing on the surface of an epitaxial film through strain-induced drift of
laser-induced point defects. The model is capable of qualitatively describing the observed surface morphol-
ogy and predicting the surface profile in laser modification experiments.

The method of laser ablation in liquids has been used for obtaining colloid systems; ethanol (C2H50H) and
glycerin (C3H5(OH)3) having been used as solvents.

The sizes of the particles obtained were determined by means of the particle size analyzer Horiba LB-550;
the principle of its operation relying on the phenomenon of dynamic light scattering.

The paper represents the results of laser synthesis of semiconductor nanoparticles of lead chalcogenides.
The method of laser evaporation in liquid was used for obtaining nanoparticles. The way proposed for ob-
taining nanoparticles under the action of continuous laser radiation has shown that nanoparticles can be
quantum dots by their geometric properties. The method of drop deposition used for shaping a deposited
layer consisting of quantum dots has been considered. It has been demonstrated that the given method ena-
bles to obtain structures with various morphology which depends on the substrate temperature. Later, optical
and electro-physical properties of the obtained structures will be studied which is very important for their
use in the devices of optoelectronics and photonics.
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Femtosecond ablation in metals with a different properties (aluminum, nickel) is studied. Time and spatial
resolved interferometric technique was used to investigate the deformation dynamics of target surfaces with
subpicosecond resolution. The experimental data on tensile strengths of metals in condenced state at ex-
tremely high strain rates of order 10°~10° s were obtained from the time evolution of surface velocity his-
tories. In conjunction with experiment the dynamics of ablation were investigated by a combination of two-
temperature hydrodynamic modeling and molecular dynamics simulations.

Approaching the ultimate shear and tensile strength of aluminum
in experiments with femtosecond pulse laser

We studied the shock-wave phenomena generated by femtosecond laser pulses in aluminum films 0.5 to
1.2 pm in thickness. The free surface displacement as a function of time has been measured with femto-
second interferometric microscopy and converted into the free surface velocity histories. The relation be-
tween the shock front velocity and the particle velocity indicates the shock compression is elastic at least up
to 13 GPa under these conditions. This is also confirmed by the small (<1 ps) rise time of the shock waves.
The data are in excellent agreement with dependence of apparent Hugoniot elastic limit on the wave propa-
gation distance in the plate impact experiments. Shear stresses reached 3.4 GPa, which is close to estimated
ultimate value for aluminum. The spall strength of aluminum at strain rates of about 10° s is comparable
with its “ideal” tensile strength and is in good agreement with molecular dynamics calculations.

Strength of metals in liquid and solid states
at extremely high tension produced by femtosecond laser heating

We will discuss results of combined experimental and theoretical investigations of ablation and laser-driven
shock-wave phenomena in metal films irradiated by femtosecond laser pulses. The femtosecond
interferometric microscopy technique was used to make time-resolved measurements of optical properties as
well as record the deformation dynamics at both the rear and frontal surfaces during initial two-temperature
electron-ion relaxation and subsequent hydrodynamic expansion. In conjunction with experiment, the for-
mation and propagation of strong tensile and compression waves were investigated by a combination of
two-temperature hydrodynamic modeling and molecular dynamics simulations. The experimental tensile
strengths of aluminum and nickel in solid and liquid states at extremely high strain rates in range 10°-10° s™'
were obtained from the time evolution of rear and frontal surface velocities. Theoretical tensile strengths
calculated by atomistic simulations of ablation and spallation using micron-sized films agree well with ex-
periment. Elastic-plastic response of metallic films to shock compression investigated by both experiment
and theory/modeling will also be discussed.
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In recent years lasers are practically used for remote cutting of metal constructions of dangerous gas wells.
Under these conditions there is no way for executing any quantitative measurements. Therefore, the only
way to obtain the required information is to carry out laboratory experiments.

The phenomenological analysis of these processes was started in the TRINITT at the beginning of 90s in the
previous century. During ground tests of the MLTC-50 complex (high-power CO;-laser) several fragments
of the gas armature were cut by a laser beam that passed through the flame area.

This work was devoted to experimentally investigating the absorption and scattering of laser radiation with
the wave-length of about 1 um under propagation through diffusion flames of aviation kerosene, ethanol and
ethanol-kerosene mixtures. The radiation of a pulse repetition rate (PRR) Nd:YAG laser (4 = 1.06 pum, the
half-amplitude pulse duration is 7= 130 ps, the pulse-repetition rate is f'= 1-50 Hz, the highest pulse energy
Emax=0.5J) or a CW ytterbium fibre (YB) laser (41 = 1.07 um, the peak power is 4 kW) was collimated into
the practically parallel beam. This radiation was then directed through the flame area to radiation detectors.
Part of the radiation scattered by a small flame segment was separated out to measure the radiation power in
dependence on the scattering angle.

Power measurements of the Nd:YAG laser radiation scattered by the flame were made under the beam prop-
agation through the yellow part of the kerosene flame of 4.5 cm in length. The distance between the beam
axis and the kerosene cell edge was # = 2 cm. The average radiation power at the flame input was equal to
2.5 W. The measurements were made under the various scattering angles: 70°, 90° and 110°. Our experi-
ments showed that the scattering was anisotropic and the fraction of the radiation scattered by the diffusion
flame of the aviation kerosene was as low as about ~0.23%.

We compared the measured absorption coefficients a for the PRR Nd:YAG laser radiation with the data for
the CW fibre laser and the same / for the kerosene flame. The radiation intensities at the flame input were
approximately the same and corresponded to the intensities usually used for the remote cutting of metals by
the CW laser radiation. The absorption coefficient for the CW laser radiation, as well as for the case of the
PRR laser radiation, decreased with the increase in the flame length. However, when the intensities and
lengths for both lasers were close, the absorption coefficient for the CW laser radiation was considerably
higher than that for the PRR laser. The greater a for the CW laser radiation is due to the fact that the average
temperature of the in-flame heated particles is higher under the additional CW radiation heating than under
the repetition rate radiation heating. As a consequence, the density of radiation-absorbing combustion prod-
ucts is higher, which leads to greater o.

So the radiation absorption coefficient of this flame depends on the flame length, radiation intensity, laser
operation mode and flame area through which the radiation propagates. The absorption of radiation with the
intensity of 10°-10* W-cm ™ in the flame depends on the fuel type and can vary within a wide range.
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The gas-assisted laser cutting of samples of mild steel with a thickness of 3 mm was monitored: the time
depended behavior of the melt temperature was measured along the cutting front by multichannel pyrometer
as described in [1]. The CO; laser of 1500 W and Ytterbium-doped fiber laser of 1800 W were used. Tem-
perature pulsations in five regions of cutting front spaced about 0.6 mm and with average size of 0.1 mm
were measured simultaneously; the cutting parameters: cutting velocity and pressure of assisted gas (oxy-
gen) were varied in different tests.

The cross-correlation functions of signals from adjacent channels were calculated based on technique de-
scribed in [2]. The delays of the temperature inhomogeneities travel from one region of view to another will
be presented. This technique was also repeated with filtered temperature data. Pre-filtration was performed
of temperature fluctuations in each channel: the entire range of temperature spectrum was divided into six
octaves: 62 Hz—125 Hz, ... 1 kHz-2 kHz, 2 kHz—4 kHz. The delays of the travel of “filtered” temperature
inhomogeneities were calculated too. Thus, the velocity of temperature inhomogeneities displacement and
its spectral components were determined. Spectral components of the velocity is determined here as velocity
of displacement of temperature inhomogeneities that repeated in a narrow range of frequency.

It is shown that this technique allows determining not only the surface velocity of the melt flow, but also the
speed of inertial waves [3]. These data were obtained for a range of cutting speed and pressure of assistant
gas (oxygen). So it is proven experimentally that differences (V'—Vy,) and (V,,—V") are varied with increas-
ing of the cutting parameters: cutting speed and oxygen pressure. It is known that differences remain largely
a function of surface-tension component in phase with the wave slope and local gas pressure as well as We-
ber number of the melt flow [4]. The decreasing of differences specified above with increasing cutting speed
in the case of fiber laser may be explained [5], by larger angle of cutting front compared with the case of
CO; laser cutting.

Acknowledgements: The reported study was partially supported by RFBR, research project No. 13-08-
00987.
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The thin films ZnO(Co) and Mn,Si,_, have been received by a method of a pulse laser deposition (PLD)
with the direction of a energy spectrum of ions low-temperature plasmas. For working off of technology of
production nanostructural ferromagnetic semiconductor materials detailed researches of their composition
and structural features by methods of X-ray photoelectronic spectroscopy and the X-ray diffraction analysis
were made. The technology of creation of compounds of Si;_.Mn, with the high content of manganese is
developed for the first time.

The modified method of a PLD on the crossed beams which allows to direct energy of deposited particles in
the wide range is developed. Samples of Zn; ,Co,O were received by a PLD with use of sapphire (0001)
substrates at a temperature of 500°C in the oxygen atmosphere at different pressure. Concentration of cobalt
in films changed from 0.1 to 45 at.%, varied thickness of films (60—130 nm). The limit of solubility of co-
balt in Zn;_,Co,O films with wurtzite structure up 35 at.% is reached. Strong hysteresis dependence of longi-
tudinal resistance Rxx on a field B directed perpendicularly of the film surface for Zn; ,Co,O films with of
d = 60 nm thickness was observed. Field dependence of longitudinal resistance of Rxx (B) for Zn; ,Co,O
film (x = 0.2) thickness of d = 60 nm shows that the magnetoresistance is negative. Resistance is maximum
at magnetization M = 0, i.e. in the field of H = Hc, where Hc — coercive force, and decreases at parallel ori-
entation of the magnetic moments of nanoclusters. Such behavior of a magnetoresistance (MR) is inherent in
granular metals in the conditions of spin-dependent dispersion of carriers of a charge when size MR is pro-
portional to M2. Such anisotropy enhances ferromagnetism of films and is important for application of mag-
netic semiconductor films in spintronics.

For the first time Si;_Mn, 55-70 nm thick films with the various maintenance of Mn (x = 0.44-0.6) are re-
ceived by PLD method with use of separation of besieged particles on speed. For the first time possibility of
creation of films of Si;_,Mn, on structure close to MnSi silicide (x ~ 0.5), possessing ferromagnetics is
shown at temperatures above 300 K [1]. It is shown that in nonstoichiometric alloys of Si;_Mn, at x = 0.52—
0.55 temperature of Curie can reach 500 K, and the abnormal effect of the Hall at 7= 300 K for these films
is nearly 5 times higher, than for Si;_Mn, films at x ~ 0.35 [2].

Acknowledgements: This work was supported by the Ministry of education and science of the Russian
Federation (grant no.24.08.12.8391) and by the Russian Foundation for Basic Research (project nos.
12 02 33022 mol_a ved, 12 07 _00301a, 12_08 00642a.

References:

1. V.V. Rylkov, S.N. Nikolaev, K.Yu. Chernoglazov, B.A. Aronzon, K.I. Maslakov, V.V. Tugushev, E.T. Kulatov, [.A. Likhachev,
E.M. Pashaev, A.S. Semisalova, N.S. Perov, A.B. Granovskii, E.A. Gan’shina, O.A. Novodvorskii, O.D. Khramova, E.V. Khai-
dukov, V.Ya. Panchenko, "High temperature ferromagnetism in Si; ,Mn, (x > 0.5) nonstoichiometric alloys” Pis’ma v Zhurnal
Eksperimental’noi i Teoreticheskoi Fiziki, Vol. 96, No. 4, pp. 272-280 (2012).

2. S.N. Nikolaev, V.V. Ryl’kov, B.A. Aronzon, K.I. Maslakov, I.A. Likhachev, E.M. Pashaev, K.Yu. Chernoglazov, A.S. Semisa-
lova, N.S. Perov, V.A. Kul’bachinskii, O.A. Novodvorskii, A.V. Shorokhova, O.D. Khramova, E.V. Khaydukov, V.Ya. Panchen-
ko, ”High temperature ferromagnetism of Si;_Mn, films fabricated by laser deposition using the droplet velocity separation
technique” Semiconductors, Vol. 46, No. 12, pp.1511-1518 (2012).



96

Paper LM-P-1

THE THIN FILM SYNTHESIS AND DEPOSITION OF NANOSTRUCTURES
FROM COLLOIDAL SYSTEMS BY LASER BEAMS

A. Antipov, D. Bukharov, A. Kucherik, S. Kutrovskaya, D. Nogtev, A. Makarov

Viadimir State University named after Alexander and Nikolai Stoletovs,
Gorkii str. 87, Viadimir 600000, Russia

Formation of metal coverings on a surface of various materials the important applied task. Use of laser radi-
ation stimulates process of deposition and allows controlling morphology of a deposited layer. Thickness
and width of the deposited layer can be varied from hundred nanometers to tens micron that allows to carry
out selective deposition on a surface of the any form.

In this work colloidal is produce from liquid phase (ethanol, glycerin etc) and metal nanoparticles (the size
less to 100nm). Varying parameters of a laser radiation and quantity of scans of a laser spot on the surface, it
is possible to obtain deposited layer of various width and a thickness.

Investigation of deposited layers by raster electron microscopy, atom force microscopy and X-ray spectros-
copy with FIB-profiling have shown that the deposition layer forming without damage of initial surface. For
investigation process of depositing the model of laser heating and particles diffusion are developed. This
model demonstrate the dependence of morphologies properties deposited layer from initial relief of surface.

In the given work the method of formation nanostructured films and covers is offered. This method realized
on base method of Laser Deposition of Metals from Solutions (LDMS) at action of laser pulse-periodical
radiation on colloidal systems. Offered method allows controlling process of particles deposition and allow-
ing forming different structures along a trajectory of moving a laser beam. Properties of the deposition layer
depend on a material of a colloidal solution used at preparation and properties of substrate.

4 6 8 10 12 14 16 18 um 0 2 4 6 8 10 12 14 16 18 um

a) b)

Laser deposition of nickel nanoparticles on a solid substrate surface placed into a colloid solution: AFM im-
ages of the deposition area on the copper substrate surface (a) and on the surface of a glass substrate (b).
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Dielectric and semiconducting films on metal substrate are good candidates for photocathodes, which can
withstand exposure to air [1]. Initially we used PLD technique to produce Csl, CsBr thin films on copper
substrate and measured quantum yield of such photocathodes [2]. In this work we decide to carefully inves-
tigate stoichiometry and structure of PLD films. GaAs is chosen as promising material for durable photo-
cathodes [3].

We have made thin films of Csl, CsBr and GaAs on dielectric substrates (glass). The films were made by
pulse laser deposition with Nd:YAG electro-optically Q-switched laser. The laser parameters: wavelength
1064 nm, pulse duration — 20 ns, the maximum pulse energy — 1000 mJ, the maximum frequency — 20 Hz.
Coating was carried out in a vacuum chamber with oil-free evacuation to 10> mbar. Coatings were deposit-
ed for 2 hours (20 Hz) at various temperatures of substrate: room temperature, S00°C, 1000°C. The laser
pulse energy was minimal, but one in which the target ablation occurred. During the deposition process was
performed manually adjust the focus of the laser spot on the target.

After production samples were transferred to stoichiometry and film structure study by X-ray diffraction
analysis and scanning electron microscopy. We found that the stoichiometry of Csl and CsBr is ideally co-
incides with the initial state of target. GaAs films have increased Ga content in all our samples, including
specially produced samples on Cu substrate. All films are polycrystalline with spherical clusters (Figs. 1 and
2). Increase of substrate temperature leads to increase coating density in all cases.

We attribute stoichiometry breach with the fact that constituent elements of the GaAs crystal are light
weight. After ablation Ga and As lose their bindings and fly away. Especially this can be demonstrated on
big droplets on film, which has 45% at. % Ga and only 17% at. (spectrum 1 on Fig. 3).

18 4@ -'SE

Fig. 1. CsBr film on glass (room temp). Fig. 2. Csl film on glass (room temp). Fig. 3. GaAs film on Cu (room temp).
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Dynamic adaptation method applied to gas dynamics problems was considered earlier [1]. Shock and con-
tact discontinues occurrence is the main problem to gain acceptable numerical solutions for gas-dynamics
equations. The existing techniques for solving gas dynamics problems can be divided into two groups: ex-
plicit front tracking methods and shock capturing methods. When physical statement doesn’t require explicit
boundary tracking the shockcapturing methods become more convenient. The artificial viscosity technique
is used in this paper as shock-captured method.

The adaptation function used in this paper is determined by the condition that the grid point is quasi-uniform
and is concentrated in the steep-gradient regions simultaneously. The features of the dynamic adaptation
shock-capturing method are demonstrated using two tests: SOD problem [2], and Woodward-Colella
problem.

SOD problem numerical solutions for N = 100 are shown on the figure: a — WENO3, b — WENOS, ¢ —
MUSCL, d - dynamic adaptation shock-capturing method.

Acknowledgements: The work was partially supported by RFBR Grants Nos. 13-07-00597, 12-07-00436.
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The time depended behavior of the melt temperature on the cutting front was studied while oxygen-assisted
cutting of metal sheets with CO,-laser. The temperature was measured by multichannel pyrometer described
in [1], discretization time was 0.062 ms. The temperature was taken from five local regions in upper part of
the cutting front with distance about 0.6 mm between each other.

Low-carbon steel sheets with thickness of 6 and 10 mm was used. Cutting parameters and assisted gas pres-
sure was varied in experiments with deviation from “optimal conditions”. The cutting speed of 10 mm steel
was much less than melting velocity (Vm is about 0.03 m/s), while for 6 mm steel the cutting speed was
0.025-0.04 m/s.

Then the cross-correlation, [2], was calculated based on measured multichannel data and so the delays of the
temperature inhomogeneities travel from one view region to another along the cutting front was obtained.
Knowing the distance between view regions one can get the dependences of melt surface velocity on cutting
speed and assisted gas pressure.

The calculation was performed but taking into account that two inertial waves are also present on the cutting
front: one with a larger velocity and second with a smaller than velocity of the melt surface [3]. Obtained so
melt depth estimation is in well accordance with calculated data from [4]. The analysis of obtained spectral
dependences of sweep velocity of temperature inhomogeneities is performed and results are discussed.

Acknowledgements: The reported study was partially supported by RFBR, research project No. 13-08-
00987.
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The RMHD model for formation of astrophysical jet outflow from the vicinity of a compact object sur-
rounded by a thin accretion disk and immersed into the nebula of a galactic plasma is considered.

The numerical methods for solving the systems of magnetic hydrodynamics (MHD) equations and radiation
transport equation in two-dimensional axis - symmetrical statement on triangular unstructured grid were de-
veloped. The numerical algorithms are based on division by physical processes and include a difference
scheme for the MHD system and discrete directions method for radiation transfer equation.

The numerical methods were implemented as a software system designed for high performance systems
with shared memory, including systems with graphical accelerators. Parallel implementation of RKDG
method for solution of two-dimensional equations of ideal magnetic hydrodynamics on triangular unstruc-
tured grids was considered. The software complex was built with the MPI and OpenMP technologies. The
algorithms for monotonization and divergence — free reconstruction of magnetic field are presented. They
allow getting physically adequate results with high order accuracy. The results of test calculations and ob-
tained from parallel technologies values of computation accelerations are discussed.

The modeling results show the formation of the accelerating channel and acceleration of jet plasma up to 1/5
luminal speed and comply with the available observation data. Computations are performed on a KIAM K-
100 cluster.

The processes of creation and development of magneto-rotational instability of near — star plasma disc were
investigated. The results show that instability leads to withdraw of the angular momentum on the periphery
of the disk and the accretion on a star.

Acknowledgements: The investigation is partially supported by RFBR (projects 12-01-00109, 12-01-
31193, 12-02-12096, 12-02-00687), grant of President of Russian Federation for state support of leading
scientific schools of RF (project NSH-1434.2012.2).
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This work is devoted to the analysis of the phenomenon of the nonlinear interaction of two surface plasmon
polariton (SPP) pulses at the interfaces of noble metal and the dielectric with cubic nonlinearity. Using such
interaction one can control the propagation dynamics of the signal pulse via the modulation of the intensity
of the pump pulse. Similar method based on the phenomenon analogous to the total internal reflection of
light implemented in the time domain was proposed in [1] for the bulk optical pulses. In contrast to ordinary
crystals or optical fibers plasmonic systems can provide more efficient methods of light control due to the
high energy concentration in SPP wave near the metal-dielectric interface [2]. Therefore the efficiency of
the various nonlinear interactions of surface waves is higher that the interaction of the bulk waves (see, for
example, [3]). Plasmonic systems are also characterized by the high frequency dispersion so that the dis-
tance required for the nonlinear interaction of the two pulses of different frequency is shortened. At the same
time we should take into account that the propagation distance of SPP is very small (about 100 um in the
optical frequency range).

We analyze the propagation dynamics of the pump and the signal SPP pulses taking into account dispersion,
cubic nonlinearity of the dielectric, losses in metal, group velocity dispersion and the interaction between
the SPP pulses. Strong pump SPP pulse induces the inhomogeneity of the dielectric permittivity moving
with the group velocity of the pulse. Weak signal SPP pulse of a different frequency propagates at the same
interface with a certain initial delay. Due to the group velocity dispersion it reaches the pump SPP. The in-
teraction of the pulses is studied both by the numerical solution of the derived slowly varying amplitude
equations and by the analytical description of the SPP trajectory using the eikonal method.

We found that under certain conditions if the pump SPP intensity is rather high the signal SPP pulse is “re-
flected” from the induced inhomogeneity. It means that initially propagating with higher group velocity sig-
nal SPP pulse slows down by the pump and continues travelling behind the pump SPP. This “reflection” is
followed with the spectral shift of the signal SPP. At the same time if the intensity of the pump SPP pulse is
below the critical value the signal SPP propagates through the pump in a usual way and runs ahead due to
the difference of the group velocities of pulses. Optimal duration of the signal and pump SPP pulses re-
quired for the implementation in such system is about 50 fs.

Therefore the intensity of the SPP pump pulse determines the delay and the relative position of the signal
SPP pulse.
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Magneto-optics is one of the most attractive fields of photonics as magneto-optical effects provide efficient
management of light properties [1]. Nanostructuring offers significant enhancement of magneto-optical ef-
fects. In particular, we suggest the plasmonic magnetic heterostructure shown in Fig. 1. Depending on the
magnetization direction various effects related to either polarization or intensity emerge.

L,

Fig. 1. Magnetoplasmonic crystal under consideration and the incidence configuration. The metallic grating is depos-
ited on a smooth magnetic dielectric layer.

We develop the original approach for the theoretical study of magneto-optical response of such heterostruc-
ture based on analysis of eigenmodes and S-matrix properties. The eigenmodes of the structure play a cru-
cial role both in the near-field and in the far-field magneto-optical response because their properties are de-
pendent on magnetization. That leads to resonant features in spectra of magneto-optical effects observed
both in reflected and in transmitted light. Our analysis reveals that excitation of eigenmodes leads to either
significant enhancement of conventional effects or emergence of quite novel phenomena originating solely
from nanostructuring.

If magnetization is directed along y-axis the transverse Kerr effect gets resonantly enhanced by 3 orders of
magnitude in comparison with bulk magnetic media [2]. Magnetization directed along z-axis is favorable for
the Faraday effect observation. The Faraday effect also gets resonantly increased by an order of magnitude
at the eigenmodes excitation [3]. Finally, if magnetization is directed along x-axis a novel intensity effect
emerges that cannot occur in smooth films. At this the intensity modulation can reach 100% and more [4].
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The reverse saturable absorption investigation of functional organic dyes is stimulated by the practical aims
of nonlinear laser elements development, for example Q-switch and optical limiter. It is very important to
find figures of merit for the functional dyes to develop these elements. In this paper we give a ground to the
two-parametric scaling law describing the functional dyes reverse saturable absorption. This law depicts the
experimental data very well as it is demonstrated in figure below.
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Transmission (T) is versus energy density (W). The left plot is zinc porphyrin in ethyl acetate and right plot in nano
porous glass — polymer composite. Solid line is the experimental date approximation by scaling low. Points are exper-
imental data [1].

We show that the parameters of this scaling law are the adequate figure of merits for the reverse saturable
absorption of functional dyes. They are presented in terms of the functional dyes characteristics (cross sec-
tions, relaxation times and so on) and permit to forecast the quality of the functional dyes.
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Pulsed laser irradiation is now one of the most widely used materials-processing tools, including semicon-
ductor. From the semiconductor materials most widely used in instrumentation is silicon. This material is
one of the most perspective for thin-film nanotechnology.

A detailed study of the dynamics of the processes taking place in the area of radiation and which result in
surface modification, including an analysis of the processes of heating, melting and evaporation is necessary
for the development of new technologies of surface laser processing of semiconductors and to optimize the
available.

In this paper by means of mathematical modeling methods we consider the dynamics of melting and evapo-
ration processes of the silicon plate under the influence of a picoseconds laser irradiation of various intensi-
ties with the wavelength of. The laser pulse duration was varied in the range of 10 '>~3.5x10"'! with a radia-
tion intensity — in the range of 10°~10'© W/cm?®. The mathematical description of the dynamics of phase
transformations carried out within the multi-phase version of the Stefan problem for the nonstationary one-
dimensional statement of the problem. Application of the Dynamic Adaptation method to the numerical so-
lution of partial differential equations allowed to determine the space-time distribution of temperature fields,
to explicitly distinguish the position of the moving of interfaces, the velocity of its movement, the lifetime
of the melt and the thickness of melted and vaporized layers.

Time profiles of the laser irradiation, the temperature on the target surface, velocity of melting and evapora-
tion fronts for the irradiation intensity G = 5x10° W/cm® and pulse duration = 3.5 ps are shown in Figs. 1
and 2.

Acknowledgements: The work was partially supported by RFBR grants NeNe 13-07-00597, 12-07-00436.
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The photophysical properties and nonlinear absorption of butyl substituted dysprosium bisphthalocyanine in
the tetrahydrofurane (THF) solution was studied. Z-scan measurements were carried out using the open ap-
erture z-scan technique with the pulsed laser light of 532 nm wavelength and pulse duration of 350 ps. The
luminescence measurements revealed that at such excitation wavelength two absorption bands, Q and BV,
are affected by the incident light. Therefore, we determined in what proportion these bands are excited under
such illumination. To accomplish this we evaluated absorption cross-sections at 532 nm relating to each of
the two considered transitions. Also, the lifetimes of these excited states were determined using TCSPC
technique. Theoretical model treating BV- and Q- excitation channels as parallel and independent was pro-
posed. Employing this approach we showed that these two channels compete with each other, where the one
relating to BV-transition saturates and the other relating to the Q-transition leads to the strong reverse state
absorption causing optical limiting.
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Fig. 1. Uv/Vis absorption spectrum of "'Pc,Dy. Inset Fig. 2. Diagram of excitation and relaxation processes

shows the electron transition scheme [2]. under illumination at 532 nm depicting two channels of
absorption, due to BV absorption (a) and due to Q ab-
sorption (b).
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Nanostructures of noble metal nanoparticles are promising to create optoelectronic devices with controllable
properties. Bimetallic structures have improved physical and chemical stability and selectivity compared
with isometric structures. The bimetallic complex is related to change the optical properties, in particular
transmission and absorption, depending on the structure. Separate direction of controlling the optical proper-
ties of such nanostructures formation of clusters with variable morphology.

In this work, a method for the formation of bimetallic clusters on the surface of an optically transparent me-
dia is offered. Noble metal nanoparticles obtained by laser ablation targets of gold and silver, placed in
glycerin. In this task use a continuous laser beam of moderate intensity (4 = 1.06 pm, 7 ~ 10° W/cm?). Parti-
cle sizes in generated colloidal solution were determined using the particle size analyzer by dynamic light
scattering and made approximately 8 nm.

For the cluster formation the method of laser deposition of nanoparticle from colloidal systems was used.
Nanosecond laser pulses (1 = 1.06 um, E ~ 1 J/cm?) were applied. The prepared colloidal solution was de-
posited on a cold substrate (glass polished K-8) with a thin layer. As a result, the local laser effects on the
colloidal solution on the surface of the substrate is deposited bimetallic clusters along the path of the beam.
After the deposition of the morphological properties of the clusters were investigated using atomic force and
scanning electron microscopy. The change of the absorption spectrum of the resulting structures, depending
on the concentration of gold and silver nanoparticles in the colloidal solution was shown.
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Fig. 1. a) The AFM image of Au-Ag clusters on the glass substrate, the concentration of particles 1:1; b) Changing the
transmission spectrum of the clusters: blue- only Au, greenonly Ag, red — Au/Ag.
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Coherent ultrashort x-ray pulses can be generated through Thomson backscattering of a probe laser pulse off
a relativistic electron mirror [1]. In this case, parameters of X-ray pulse, such as amplitude, frequency, enve-
lope, phase, etc., can be controlled easily. In this presentation, we consider problems, which should be
solved for experimental realization of this idea: shaping of the laser pulse front, generation of relativistic
electron mirror and back reflection of a probe laser pulse off such a mirror.

An idea for synchronous acceleration of electrons from a nanofilm with a superintense nonadiabatic laser
pulse was considered in [2]. For a nonadiabatic laser pulse of relativistic amplitude incident normally at the
nanofilm, all electrons can be expelled simultaneously out of the nanofilm in the longitudinal direction
(along the laser beam axis) due to the action of the longitudinal component of the Lorentz force. As a result,
a relativistic electron mirror can be formed - an electron bunch with diameter of several micrometers and
thickness of several nanometers or less. Accelerating laser pulse should be relativistic with amplitude ex-
ceeding some threshold, which is determined by material and thickness of the nanofilm, besides the front of
the laser pulse should be sharp enough.

We consider laser pulse front shaping using plasma layers with thickness of about laser wavelength or more.
Such layers allow fully suppressing the part of the laser pulse with small amplitude, and the transmitted
pulse maximal amplitude can be about that of the incoming laser pulse. Then, we studied numerically char-
acteristics for relativistic electron mirrors generated with shaped pulses. It was shown that, for a nanofilm
with a thickness of several nanometers, a lifetime of relativistic electron mirror can be tens of femtoseconds
with good homogeneity and with momenta spread of no more than 1-2%.

At last, the reflections of the counter-propagating probe laser pulses off generated relativistic electron mir-
rors were investigated. It was shown that a single coherent X-ray pulse with duration of less than 100 as,
wavelength of ten nanometers or less and power of several hundreds of gigawatts can be generated. Charac-
teristics for X-ray pulses were investigated such as dependence of the reflected pulse parameters on ampli-
tude and duration of the probe pulse, nanofilm thickness and electron density, etc. It was shown that if the
relativistic electron mirror stays in the field of accelerating pulse during interaction with the probe pulse, a
reflection coefficient of the mirror and a frequency up-shift coefficient for the probe pulse do not depend on
the amplitude of the probe pulse up to that of the accelerating pulse.

Acknowledgements: This work was supported by Russian Foundation for Basic Research (grants 12-02-
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Transfer phenomena in systems with nano-objects under the effect of resonance radiation are of interest for
many branches of nanotechnology. Resonance (e.g. laser) radiation can excite gas molecules and according-
ly change the character of the interaction between gas molecules and a condensed phase. The possibility to
affect surface processes by resonance radiation allows one to change a number of phenomena occurring in
aerosol systems with nanoparticles and porous bodies with nanoscale pores. The paper deals with a theoreti-
cal study of transfer processes and phase transitions in systems with nanoscale objects under the effect of
resonance radiation. It is shown that resonance radiation can induce the resulting mass flux in porous mem-
branes with nanoscale pores in initially equilibrium (before the effect of radiation) systems. The influence of
resonance radiation on the growth rate of nanoscale aerosol particles is also considered.

Resonance radiation can excite both the vapor molecules and molecules of a foreign (buffer) adsorbable gas
that is present in the system. This can lead to a change in phase transitions and mass transfer in the systems
with nanoscale objects. It is shown that excitation of foreign gas molecules leading to a decrease in the
sticking coefficient and adsorption time of these molecules (and correspondingly to a decrease in the con-
centration of adsorbed molecules of a foreign gas on the interphase boundary), depending on the parameters
of the system, can both increase and decrease the rate of condensational growth of the aerosol nanoparticle
and the resulting flux of molecules on the interphase boundary of the evaporating concave hemispherical
meniscus located in the nanoscale cylindrical capillary. It is also shown that a change in the concentration of
adsorbed molecules of a foreign gas on the nano-object surface in the field of resonance radiation can induce
the resulting flux of vapor molecules on the interphase boundary in the initially equilibrium systems. The
values of the critical (equilibrium) size of the above-mentioned nano-objects with consideration of foreign
gas adsorption on the interphase boundary and the effect of resonance radiation are obtained.
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The problem of heating of Aluminum target by an ultra-short laser pulse is considered within the framework
of one-dimensional hydrodynamic two-temperature model with explicit tracking of interphase fronts. [1].
The pulse duration is 0.1 ps, absorbed fluence 0.055 J/cm®. A method of calculation of volume melting is
suggested by means of introduction of nuclei —the new liquid phases into the superheated solid phase. These
new phases have moving boundaries where usual surface melting conditions are written. The same equa-
tions of two-temperature hydrodynamics are solved within the new phases. Such nuclei are introduced every
time when certain maximum superheating margin is reached. Depending on the particular laser action re-
gime, the total number of such nuclei in every moment of time can be up to 10-20. The efficiency of the dy-
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In this work we present a theoretical analysis of the processes in thin solid films irradiated by short and
ultrashort laser pulses in the regimes of film structuring and laser-induced forward transfer. The regimes are
considered at which vaporization of the film materials is insignificant and film dynamics is governed mainly
by mechanical processes. Thermoelastoplastic modeling has been performed for a model film in one- and
two-dimensional geometries. A method has been proposed to estimate the height of microbumps produced
by nanosecond laser irradiation of solid films. Contrary to femtosecond laser pulses, in nanosecond pulse
regimes, stress waves across the film are weak and cannot induce film damage. The main role in laser-
induced dynamics of irradiated films is played by radial thermal stresses which lead to the formation of a
bending wave propagating along the film and drawing the film matter to the center of the irradiation spot.
The bending wave dynamics depends on hardness of the substrate underlying the film. The causes of the re-
ceiver substrate damage sometimes observed upon laser-induced forward transfer in the scheme of the direct
contact between the film and the receiver are discussed.



111

Paper LM-P-16

THE NANOCLUSTERS AND MICRON-SIZED PERIODIC STRUCTURES CREATION
AT THE SURFACE OF THE CRYSTAL AND AMORPHOUS SILICA
BY RESONANT CO; LASER IRRADIATION

AF. Mukhamedgalieval, AM. Bondarl, LM. Shvedovl, M.A. Kononovz,
V.B. Laptev’, N.N. Novikova’

"Moscow State Mining University, Leninsky prospect 6, 119991, Moscow, Russia
’Institute of General Physics, Russian Academy of Sciences, Vavilov street 38, 119991, Moscow. Russia
3 Institute of Spectroscopy, Russian Academy of Sciences, 142190, Moscow, Troitsk, Russia

anel-mggu@mail.ru

The formation of nanoclasters and micrometer sized periodical structures at the surface of silica (crystal
quartz and fused quartz ) by action of pulsed CO; laser radiation (pulse energy of 1 J, pulse time of 70 ns)
have been investigated. The samples was irradiated by CO; laser in two regimes — single-mode (fluency of
40 J/em®) and multi-mode (fluency of 48 J/cm?) and with two laser frequency — 975 and 1076 cm .

The images of laser spots by means of the high resolution optical microscop and atomic force microscop
have been made. The infrared (IR) reflection spectra and luminescence spectra of irradiated surface also
have been recorded. It has been observed that by laser action on the surface of samples two kind of struc-
tures have appeared — periodical micron-sized structures with the period length close to wave length of CO,
laser irradiation and nanoclusters with size close to 50-100 nm. Micron-sized structures have appeared by
laser action with more low fluency — 5.2 J/cm® and single-mode laser action, whereas nanostructures have
appeared by more high fluency — 7-10 J/cm’. It has been observed that the relief depth of the periodic struc-
tures depends on laser pulses number.The maximal highness of nanoclusters at the resonant frequency of
laser (1076 cm™) has been observed. We believe that these nanoclusters consist mainly of silicon atoms that
confirm the luminescence spectra of irradiated sample.

The IR reflection spectra for irradiated samples show the enhancement of reflectance in the region of laser
frequency with the band width of 20 cm™' for crystal quartz. More high enhancements have been found at
the frequency of 1076 cm . It has established that the reflectance enhancement has an accumulating charac-
ter, namely, dependence of this ones on the number of laser pulses incident upon the samples take place.

We can made some conclusion. 1) The periodical micro-and nano-structures in a crystal and amorphous sili-
ca have appeared because of interference of incident waves and surface waves induced by incident waves in
resonant absorption media. That structures arise because of the increase of ablation velocity at the maxims
of standing waves. 2) Cumulative properties of periodical structures formation show us that the mainly abla-
tion processes take place by laser action on silica surface. 3) Dependence of relief depth from frequency of
laser action shows that microstructure formation connects with the resonant interaction of CO, laser radia-
tion with silicates. Intensive ablation in maxims of standing waves connects with the breaking of covalent
oxygen — silicon bonds in region of laser action frequency what can be proved by IR spectra of irradiated
samples [1].
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Direct-Laser Writing (DLW)

Innovative photonics developments require the multi-scale structuring of transparent composite materials,
from the 100 nm mesoscopic scale to macroscopic scale, to provide the elementary bricks of tomorrow’s
optical components [1]. DLW with tightly focused high repetition rate femtosecond (fs) lasers, has already
demonstrated its high applicative potential, thanks to its possibility to locally engineer 3-dimensionnal (3D)
structure modifications in prepared glass, as e.g. fluorescent clusters production [1]. DLW gives access to
promising optical contrasts in both localized linear and nonlinear optical properties, as well as in potential
meta-properties resulting from the global 3D architecture of laser-induced modifications.

Fluorescent silver clusters and space charge distributions

Silver containing zinc phosphate glasses are good candidates for DLW. We have demonstrated that 3D
structuring in this glass by fs laser irradiation at the TW/cm® level, leads to remarkable fluorescence and
electric field induced SHG (EFISHG) emissions from the structured zone. We used fluorescence and non-
linear induced properties as contrast mechanism for high potential 3D high-density data storage [2—6].

Here, we report on the correlative microscopy imaging of both fluorescence and EFISHG emission proper-
ties of structured lines induced by DLW in a prepared glass at the voxel of a focused fs laser. We show a
clear spatial correlation between these two emissions, even if they lead to significantly different profiles.
While fluorescence emission is associated to silver cluster production, EFISHG is related to the space
charge distribution induced by the silver cluster creation.

We have already studied spatial and spectral aspects to characterize these optical structures. However, the
full understanding of their formation remains challenging under laser irradiation, especially the space charge
distribution resulting from the spatial distribution of silver clusters at the edge of the structuring laser beam.
We believe further work including both experimental and numerical aspects could better incorporate the rich
physical phenomena (multi-photon processes, cumulative effects and local heating, heat diffusion, photo-
chemical reactivity and chemical diffusions of species), to explain such structure formation in order to im-
prove the control of the resulting properties.
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Figure. Overlapped emissions of fluorescence (blue) excited by a 405 nm laser diode, and EFISHG (red) of a
1030 nm fs laser beam, from a laser-induced linear structure (with sub-micron domain walls) in a photosensitive glass,
showing correlated but distinct spatial distributions.
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STUDY OF THE STRESS-STRAIN STATE IN GLASS-CARBON PLATES
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When using ultrafast lasers in micromachining processes it is necessary to account the possible negative ef-
fects that occur in the processing of brittle materials. Removing material from the surface in cold ablation
process caused by laser light, in such a short period of time with such a high rate, it creates the area of high
pressure in the interaction zone that could cause a microdamage of brittle materials.

To study the stress-strain state arising in brittle materials under the influence of ultrafast lasers, the follow-
ing physical-mathematical model of the process was formulated [1]. As a measure of the mechanical action
of laser radiation on the processed material in cold ablation the reactive force was taken. The force occurs
after an outflow of a certain volume of substance from the surface of the object being processed in a single
pulse:

Av

F=pAtu,

where u — speed of the substance outflow; v — volume of substance, being removed in one laser pulse; Az —
duration of the substance outflow from the laser-matter interaction zone; p — density of substance; ¢ — time.
When studying picosecond laser-matter interaction the Coulomb explosion was taken into account which
accompanied by the formation of a surface plasma cloud, ¥ = 10° m/s; speed of the substance outflow as-
sumed constant because of the ultrashort interaction.

As a mechanical reaction of the treated glass-carbon substrate a back pressure generated by the reactive
force was considered. Brittle materials suffer plastic deformation, as a rule, only in the areas of high-
temperature heating. Hence, in case of picosecond treatment in cold ablation process the material, from a
mechanical point of view, was seen as a perfectly elastic up to its destruction. From a geometrical point of
view, the processed object was presented in the form of a thin rectangular plate.

The intensity of stresses arising in the glass-carbon plate was taken as a parameter allowing estimation the
strength of the plate. On the base of the calculated results, the modes of surface picosecond laser structuring
were chosen for glass-carbon field-emission cathodes [2].

Acknowledgements: The study was supported by The Ministry of education and science of Russian Federa-
tion, project 14.B37.21.0746.
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The explosive boiling process of thin (~50 nm) liquid film is investigated in the framework of molecular
dynamics simulation in the case of homogeneous sub-nanosecond heating with different rates. Problem for-
mulation and calculation details are presented elsewhere. The results of calculations show that at these con-
ditions the surface evaporation process considerably affects the explosive boiling picture due to surface va-
porization cooling and formation of non-homogeneous (convex) spatial temperature distribution in the ho-
mogeneously heated film.

At low heating rate (2 K/ps) the film, which is initially in equilibrium with its saturated vapor at 6400 K, at-
tains steady state temperature distribution with maximum temperature ~6600 K = 0.877¢, where T¢ ~ 7600 K
is critical temperature of the film liquid. At higher rate of heating (4 K/ps) explosive boiling process begins at
T~ 7000 K =0.92T¢ and ¢ ~ 300 ps from start of the heating which results in cavity formation between two
fragments of the film moving in opposite direction. This movement is due to vapor pressure rather than inertial
effect as it is in the case of spallation. Maximum pressure value at the beginning of explosive boiling estimated
from the fragment acceleration is about 400 atm and velocity grows up to about 450 m/s at = 700 ps when
cavity dimension is about 200 nm as compared with fragment thickness ~ 20 nm. The fragments temperature 7’
during this time interval diminishes from 7000 to 6600 K. If the heating rate is greater than 10 K/ps then no
cavity formation is observed and film density distribution is relatively smooth in accordance with picture of
supercritical expansion. Pressure estimation in the central part of the film based on its particle velocity distri-
bution shows that the pressure value rapidly reaches and exceeds critical pressure of the film liquid (1.4 kbar).
Fragmentation picture at heating rate ~ 10 K/ps is different from supercritical expansion and explosive boiling
regimes and may be probably referred as spinodal decomposition where density fluctuations grow with no
pronounced interphase boundary formation.

Acknowledgements: The work was partially supported by RFBR grant Ne 13-02-01129, Grant Ne 13-07-
00597.
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UV-INDUCED HOLOGRAPHIC GRATING INSCRIPTION INTO POLYMER MATRIX WITH
EMBEDDED SILICON NANOPARTICLES
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We developed a technique for embedding silicon nanoparticles into the polymer matrix. Silicon nanoparti-
cles have a higher refractive index than polymer. Therefore, the refractive index of the composition can be
modified in a wide range by changing the concentration of nanoparticles.

We utilized interferometric technique at the wavelength of He-Cd laser (325 nm) to fabricate holographic
1D and 2D gratings in the composite material made of photopolymer and 10 nm Si nanoparticles. Silicon
nanoparticles migrated in the UV-curable polymer during UV exposure (see Fig. 1). Thus, doped and
undoped regions were produced [1]. The modulation of the refractive index had a high accuracy. The
achieved period of holographic grating is in the range from 500 nm up to 10um.
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Fig. 1. Diffraction patterns from fabricated gratings at 632.8 nm wavelength (left). Raman probe of doped and un-
doped grating regions (right).
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METHOD OF OVERLAPPING BLIND HOLES FOR STRUCTURING OF A SURFACE
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The process of laser structuring is widely used in brittle material processing, especially in glass-phase and
ceramic treatment. There is a traditional approach to structuring of the surface - the linear scanning. Parallel
and perpendicular lines with a choice of the minimum distance between them are engraved on the surface.
The density of peaks on the surface is determined by the number of grid lines. At the intersections of the
lines there are long grooves in the direction in which the last lines are patterned (Fig. 1a). We suggest anoth-
er technological solution - the formation of the surface structure by overlapping blind holes. The scheme is
presented in Fig. 1b.

In both cases, there is single-mode laser radiation; that is, the intensity distribution in the beam cross-section
is close to Gaussian. As shown in Fig. 1b, the overlapping blind holes technique allows the density of the
emitting structures to be increased. If the number of peaks obtained by linear scanning over a certain area is
N, then the number of peaks obtained by the second method is N* + (N—1)? in the same area.

1 2

Figure 1. Schemes of the surface treatment. a) Linear scan. Dark lines labeled 1 are cut lines; yellow squares labeled 2
are peaks. b) Overlapping blind holes. Dark points labeled 1 are holes; yellow dots labeled 2 are peaks.

The appearance of the surface structure differs depending on the time of interaction, intensity, pulse repeti-
tion rate, and average laser power. In this work we discuss the structures obtained with two modes: 1) diode-
pumped Nd:Y AG-laser setup, 50 ns pulse duration, 0.8 W average power, and 5 kHz pulse repetition rate, a
height of peaks 10 um; 2) with the same system and power of 1.0 W and a pulse repetition rate of 10 kHz, a
height of peaks 20 pum.

Acknowledgements: The study was supported by the Ministry of education and science of Russian Federa-
tion, project 14.B37.21.0746.
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LIBS-ESTIMATION OF DIFFUSION OF ELEMENTS
IN INTRAOSSEOUS IMPLANTS COATING
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A new type of bioactive coating of dental implants was tested. The mentioned coating is a special two-layer
film «boehmite (AIO(OH)) + hydroxyapatite (Ca;o(OH)2(PO4)s)» deposited on titanium substrate at differ-
ent time, temperature, chemical and other modes. The mutual influence of these parameters makes the re-
sulting coatings differ to each other. The diffusion of aluminum into the hydroxyapatite layer and into the
substrate determines the properties of the coating, including transplantability.

The penetration of boehmite into the hydroxyapatite layer and the substrate was characterized by means of
laser induced breakdown spectroscopy (LIBS). The diffusion in substrate was observed layer-by-layer way
with the aid of scanning sampling — four times from the same sampling path. Seventeen samples obtained in
different modes were studied with the same equipment and parameters.

The experimental set-up is based on Q-switched Nd:YAG laser (4 = 1.06 um). Pulse repetition rate is 25 Hz.
Power density in a monopulse mode reaches 10'°~10'> W/cm®. Focus spot size is about 10 um. Limit of el-
ement detection is 10 '” g; relative limit of detection is 0.001%. Registration of spectra is implemented by
diffraction spectrograph and CCD camera.

It was found out that the layer of bioactive coating is less friable in the case of deposition on massive titani-
um without powder titanium interlayer. Besides, some combinations of parameters of deposition cause un-
expected effect — increasing the proportion of aluminum in depth. Some other trends and their comparative
analysis are presented in the work.

Acknowledgements: The study was supported by The Ministry of education and science of Russian Federa-
tion, project 14.B37.21.0746.
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Due to the unique combination of high tensile strength, low density, thermal and chemical stability Kevlar
fiber is widely used for a manufacturing of the construction materials especially in the products to ensure
personal safety. The studies of the protection properties of Kevlar (or the similar materials) under laser radi-
ation are topical.

From the references [1-5] it is known that radiation of continuous 0.1-1 kW power CO,-laser, focused in the
area diameter of the order of hundreds of microns [1, 2], is successfully used for cutting Kevlar laminate.

The results of numerical modeling while using the code KARAT (description of the methods of calculation
is given in [6]) under the influence of the CW laser radiation demonstrated good agreement with the exper-
iments [1, 2], despite the lack of data on the temperature dependences of the optical characteristics of the
material in the infrared range. The unknown values of the effective absorptivity can be estimated on the ba-
sis of the cost of the laser energy on the destruction of the substance.

At the thermal Kevlar decomposition carbon is formed and it is not oxidized completely at 10'—10° K/s
speeds of laser heating, so the soot is deposited on the surface of the material [1, 2]. We suggest that there
are a significant shading of the laser radiation for the decomposition time and a decrease in the effective ab-
sorptivity of the surface. As a result the periodic structures on walls of the crater during the cutting Kevlar
laminate are obtained.

In addition, the numerical simulation of laser heating using the experimental data of [1-5], approximated to
the temperature of decomposition of Kevlar, leads to the conclusion to consider IR-radiation transmission
through the sample.

The studied evaluation of the optical characteristics of the material at the analysis of experimental data [1-5]
and numerical simulation [6] allows to estimate the heating rates, temperature gradients, as well as the re-
sistance of Kevlar to the CW IR-laser radiation at some kilowatts power in the laser beam area ~lcm?® for
~1 s duration of exposure.
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LASER ABLATION OF A CONSTRUCTIVE MATERIAL — ESTIMATION OF UNKNOWN
CHARACTERISTICS OF THE MATERIAL AND THE ABLATION PLUME
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The analysis of the action of laser radiation (4= 1.3 pm) with a power density of about 3 kW/cm” and a du-
ration of about 1 s on the carbon silicon carbide composite material (CSCM) sample is carried out.

In the experiments the functions of the temperature versus the exposure time were measured for the front
surface (with using the micropyrometer) and the back surface (with using the W-W-Re thermocouples). The
numerical modeling of the sample temperature fields by means of the KARAT code is carried out and the
experimental data being measured under the laser heating of the CSCM samples are compared with the
modeling results.

It was shown that the plume formed above the face side not only significantly limits the laser flux on the
sample decreasing the effective absorptivity of the sample. Moreover, the plume also reduces the thermal
flux from the surface catching by the pyrometer objective. So the pyrometer fixes a lower temperature than
the true temperature of the sample surface.

As the results of the analysis for unknown optical characteristics of the sample and the plume:

* the irradiative heat exchange between the plume and the sample are estimated including the light scatter-
ing by the plume;

» energy losses in the plume are estimated and the main reason for the screening of the laser radiation is
identified;

+ the temperature dependence of the effective absorptivity (i.e., the fraction of the laser radiation actually
absorbed by the sample, with allowance for the loss in the plume) is determined;

 the temperature functions of the true absorptivity of the sample are estimated;

» the distribution of particles in the plume, as well as their sizes and mass fractions are estimated;

« the particle concentrations are calculated;

+ the velocities of the emitted particles from the irradiated surface of CSCM sample are estimated;

* it is found that the burning of ablation products can be accompanied by the ionization of atoms in the
plume;

+ the significant influence of the silicon content and the porosity at the ablation of the sample is found.
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NUMERICAL SIMULATION OF FS LASER PULSE
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A number of recently published papers demonstrated method of local structure modification inside transpar-
ent materials by means of nonlinear absorption of fs laser pulses (e.g. [1]). Silicon is able to transform its
structure from crystalline to amorphous [2]. Thus one have a hypothetical possibility to use this method for
making microstructures inside c-Si volume.

Experiments made in our group [3] revealed two specific features of tightly focused fs pulse propagation
(A= 1.2 um, 7 = 250 fs, energy up to 100 pJ) through crystalline silicon. The first is high energy losses be-
fore focus, the second is formation of long (>1 mm) light filament. The energy losses can be well described
by simple mathematical model that takes into account only one nonlinear effect: two-photon absorption
(TPA). For better understanding of processes that lead to filamentation, numerical solution of electromag-
netic wave equation wave coupled with continuity equation for the free-carrier density was done. We used
wave equation with nonlinear terms written for slowly varying envelope in paraxial approximation. Simula-
tion results are in qualitative agreement with experimental femtosecond interferometry data.

Optical Kerr effect, TPA and plasma defocusing are causes of laser pulse filamentation. Influence of other
effects on pulse propagation is considered.

0.015

b

Fig. 1. Simulation of 2 pJ laser pulse propagation through silicon: @) fluence map (J/cm?); b) photo-induced
free-carrier density map (10'°/cm’). Map size is 2.5%0.08 mm.

a
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ABSORPTION INSTABILITY AS A POSSIBLE REASON OF GRATING FORMATION
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Femtosecond-laser-induced modification of transparent solids is a powerful tool for technological applica-
tions based on 3D photonic structures. In spite of impressive achievements in development novel fs-laser-
writing applications, rich physics of the modification phenomenon is not fully understood. To get insight
into modification processes, we have developed a 2D (axially-symmetric) model describing laser beam
propagation through transparent solids, based on non-linear Maxwell’s (NLM) equations. The model ac-
counts for the Kerr effect, photo-ionization, frequency dispersion of dielectric permittivity, and plasma hy-
drodynamics with laser-induced electron acceleration and avalanche. Material excitation dynamics has been
studied numerically for the fused silica case in a wide range of irradiation parameters. The simulations show
that, at large numerical apertures, relatively long laser pulse durations, and in a certain range of laser ener-
gies, laser energy absorption becomes unstable. It appears in the form of free electron density perturbations
with a characteristic size of order of the laser wavelength. Although the observed absorption instability de-
velops under the irradiation conditions when axial symmetry of the laser energy absorption is violated, it has
been found that the instability is a physical phenomenon but not an artifact of axial symmetry breaking in
our 2D model. This was verified by simulating the exact 2D NLM problem of “laser knife”” whose data also
showed the absorption instability at the same range of irradiation parameters. Remarkable is that the volu-
metric nanomirror structures (nanogratings) are formed under the irradiation conditions characteristic for
instability development.

We propose the mechanism of nanograting formation. The absorption instability leads to free electron densi-
ty perturbations with spatial dimension of laser wavelength and with a tendency to violate axial symmetry
towards an elongated geometry. Due to the glass memory effects conditioned by defect formation, the sub-
sequent laser pulses propagate in disturbed medium, thus enhancing perturbation of electron density distri-
bution in the laser-affected region with further tendency of forming an elongated structure with 2D features.
As a result of many pulses, the electron density perturbation transforms into a sliced (nanograting) structure.
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HIGH ENERGY ND:GLASS LASERS WITH INCREASED REPETITION RATE
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Nd:glass is widely used in petawatt lasers as an active media or as a pump for either a sapphire crystal or a
parametric amplifier of chirped pulses. The main advantage of Nd:glass is a possibility to store a large
amount of energy. However, a relatively low thermal conductivity of glass noticeably limits the repetition
rate of laser pulses. Nowadays creation of multipetawatt facilities with a pulse repetition rate of about 1 shot
per 1 minute or less is an urgent problem. According to the modern state of laser technology using Nd:glass
is the only one way to reach this goal. Notice that using Nd:YAG active medium except glass allowed to
achieve 1 PW at 1 Hz. But this result can not be significantly improved because of a small value of the
stored energy in Nd:YAG. The development of a multipetawatt region requires using Nd:glass amplifiers
with hundreds Joules of stored energy.
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Fig. 1. Laser layout Fig. 2. Output (left) and depolarized (right) beams

We have constructed a prototype of a pumping laser for Ti:Sa multipetawatt laser facility that operatse at
0.02 Hz of repetition rate. Laser layout is shown in Fig. 1. Start unit was based on Nd:YLF laser operating at
1054 nm wavelength. 20 mJ-energy, 30 ns-duration pulse passed through Faraday isolator and a polarizer
and was injected to the four double-pass four Nd:glass rods (25 cm long and 4.5 cm in diameter) with phase
conjugate mirror based on Stimulated Brillouin Scattering (SBS). Due to threshold nature of the mirror there
was no self-excitation of the amplifier line even though total double-pass gain was 1.3x10°. Due to 90-
degree rotators and Faraday rotator placed before SBS-mirror the polarization distortions were reduced from
25% to below 0.5% (see Fig. 2).

Output beam (see Fig. 2) energy was 220 J and beam quality was close to the diffraction limit. Pulse shape
was very close to the input pulse shape with 30 ns pulse duration. Output parameters of the laser can be easi-
ly multiplied by using several power channels in parallel.
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Alkali vapor lasers are under extensive research and development during the last several years because of
their potential for scaling to high powers while keeping a good beam quality. In addition, a possibility of
using efficient diode lasers for pumping of alkali vapors promises high total wall plug efficiency for Diode
Pumped Alkali Laser (DPAL). Since the first DPAL demonstration with output power of 130 mW in 2005
[1], a significant progress in this field was achieved. The output power of about 1 kW in continuous wave
(CW) operation with optical efficiency close to 50% was recently demonstrated for Cs DPAL [2]. Also, the
DPALSs based on other alkali metals (Rubidium and Potassium) were also demonstrated [3, 4].

In spite of these significant achievements, there are still several problems in DPAL power scaling exist that
must be addressed. Among them are the thermal [5] and photoionization [6] issues that become important
even at several tens of watts CW power level.

In this talk, we discuss main achievements in the field of DPAL research and development, different prob-
lems in DPAL power scaling and possible ways to mitigate them.
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Yb** doped CaF; is now one of the most intensively studied laser materials for the future high intensity and
short-pulse laser chains. Among other developments, it enters now as an efficient and scalable diode-
pumped laser amplifier medium in important laser programs such as ILE-APOLLON in France and
PENELOPE in Germany. It is also studied, in conjunction with especially developed high brightness pump
sources, to produce more energetic laser oscillators with higher repetition rates [1].

Yb*" doped LiYFy is also a laser system which has been proved to be able to produce fairly high laser pow-
ers [2]. However, its implementation as a bulk material is somewhat reduced owing to a pump wavelength
which is less favorable than in the case of CaF, and of a more complicated crystal growth which prevents
developments on a large scale. As a matter of fact, it seems much more promising for compact and efficient
laser systems such as laser waveguides built from undoped substrates and Yb*" crystalline layers grown by
using the LPE (liquid phase epitaxy) technique.

On the other hand, CaF, doped with Nd*" ions was forgotten for a long time as system laser because of a
very detrimental concentration quenching effect resulting from the clustering of the Nd’" active ions which
kills its emission efficiency. A hope appeared, however, towards the end of the 90s, by codoping the materi-
al with “buffer” (non-optically active) ions such as Y*" or La’" with the intention of “breaking” the clusters
and of improving the emission efficiency by restricting the energy transfers between the ions; but these first
tries were not really conclusive as much as the utilized optical pumping was provided by a flash-lamp and
that the laser performance remained very modest [3]. The idea therefore germinated to study the spectro-
scopic properties and the laser performance of CaF, crystals doped with Nd** and co-doped with Y* [4] or
Lu’" as a function of the co-dopant concentrations more carefully, and by pumping the crystals around
800 nm with a Ti:sapphire or a fiber-coupled laser diode.

Therefore, two types of results will be presented (i) the short pulse and/or the high power laser performance
of Yb*" doped CaF, and LiYF, crystals in the form of bulk crystals and waveguides, (ii) the spectroscopic
properties and the laser characteristics of Nd*" doped CaF, crystals co-doped with buffer ions like Y** and
Lu3+
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Nanosecond pulses with energies of the order of 100 mJ and tunable in the near and mid-infrared are of in-
terest for applications such as spectroscopy, remote sensing, biology and medicine, and material processing.
Optical parametric oscillators (OPOs) pumped by well-established, efficient lasers operating at 1 um offer a
simple and reliable way to generate such pulses. Quasi-phase matched (QPM) nonlinear materials in high
energy OPOs provide definite advantages, such as noncritical phase matching for any chosen signal-idler
pair, a large acceptance angle and the possibility to use the highest nonlinear coefficients. These advantages
of QPM can be achieved in the ferroelectric oxide crystals KTiOPO4 (KTP), LiNbO; and LiTaO; structured
by using the electric field poling technique. High-energy parametric devices require large-aperture QPM
crystals in order to mitigate optical damage. Moreover the homogeneity of the QPM structure is of para-
mount importance.

Fabricating large aperture periodically poled crystals in any of the above-mentioned materials is challenging
In thick samples even a small domain broadening can lead to merging of the domains, overall resulting in a
spatially inhomogeneous QPM grating. Periodically poled Mg:LiNbO; and Mg:LiTaOs with thicknesses of
up to 5 mm along the polar axis have been recently reported [1]. However, the periodic domain structures
were limited in homogeneity due to duty cycle variations, domain broadening and domain merging through-
out the crystal thickness.

KTP isomorphs are considered to be one of the best materials for frequency conversion in the visible, near-
and mid-infrared spectral regions down to 4 pm owing to their good mechanical and thermal properties, as
well as high nonlinearity and high damage threshold. Periodically poled structures in KTP and isomorphic
RbTiOAsO4 (RTA) crystals with a thickness of up to 3 mm have been reported previously [2]. RTA, how-
ever, is not readily available from commercial vendors. In flux-grown KTP the high ionic conductivity, the
inhomogeneous stoichiometry over a single wafer and a poor wafer-to-wafer consistency makes large-
aperture poling a complicated process even for 3-mm thick samples.

Here we demonstrate that the above-mentioned limitations of KTP can be overcome by employing Rb:KTP
[3]. Consistent periodic poling of this material over a crystal thickness of 5 mm has been achieved. These
crystals were employed in a 1064 nm pumped OPO and OPA setups for high-energy pumping of cascaded
parametric downconversion source operating around 6 pm.
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Infrared lasers operating in the mode-locking regime in the near infrared region are of great interest for vari-
ous applications. The most suitable way to get the self-mode-locking in compact low-gain solid-state lasers
is to use the semiconductor saturable absorber (SA). Further expansion for femtosecond laser spectral range
is possible due to second harmonic generation (SHG).

This report represents our experience in the design, manufacturing and testing of saturable absorbers and
second harmonic generation elements based on semiconductor A3;Bs nano-structures. The questions under
consideration are: methods of hetero-structures characterization [1], all-in-one semiconductor laser mirror
with saturable absorption and groupdelay dispersion compensation [2], UV laser modification of saturable
absorber recovery time [3], nano-structured fast SA with low optical loss for near-infrared femtosecond la-
ser[4], A3;Bs nano-structures for SHG of femtosecond near-infrared lasers.

Acknowledgements: Support of Russian Foundation for Basic Research Grant 12-02-00327a is acknowl-
edged.
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The constantly increasing need for more rapid data communication — both on-chip and device-to-device —
continues to motivate the search for higher speed, all-optical modulators that are compatible with silicon
technology. In this paper, I describe our recent progress in achieving GHz-speed optical switching in hybrid
ring resonators embodying vanadium dioxide as the switching element, with switching energies less than
1 pJ per bit. The femtosecond switching time of the insulator-to-metal transition in this material has long
attracted attention; however, the much slower metal-to-insulator transition (on a time scale of a few nano-
seconds) has seemed like a significant obstacle. However, recent experiments both on vanadium dioxide thin
films and on hybrid ring resonators suggest that it may be possible to circumvent this obstacle by femto-
second-laser-induced transient metallization without triggering the reversible, but slow, structural phase
transition from the monoclinic insulating phase to the tetragonal metallic state.
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Ultrashort light pulses with photon energies between 6.2—-12.4 eV are an ideal tool for studies of ultrafast
processes in small molecules and clusters because many of them can be ionized by a single photon in this
wavelength range between 100-200 nm, being a part of the so called vacuum ultraviolet (VUV). Although
by free electron lasers now a device is available that also can directly generate femtosecond light pulses in
this wavelength range, there is still a demand for small and flexible sources of ultrashort light in the VUV.

We will give an overview of our investigations of various approaches to generate and measure tunable vac-
uum ultraviolet (VUV) pulses with duration less than 100 fs. In detail we will discuss collinear [1] as well as
noncollinear [2] four wave mixing (FWM) in a gas cell. We will show that pulse energies up to 2 puJ and
pulse durations of less than 20 fs are attainable [3]. In order to achieve the very short VUV pulse duration in
the interaction zone of a time resolved experiment we demonstrated that by controlling the chirp of the puls-
es interacting for the VUV generation one has a tool to adjust the chirp of the emitted pulses.

To get real tunable VUV pulses we combined optical parametric generation with the FWM process. Because
of the broad bandwidth of the parametric conversion in BIBO we could achieve pulses with less than 50 fs
duration [4].

Based on a numerical model we will show that one of the main limitations of the FWM processes in rare gas
is the multiphoton absorption of the generated VUV pulse and will discuss approaches to overcome this
limit.

Finally we will present our first results based on second harmonic generation in randomly layered Strontium
Tetraborate (SBO) [5]. The layers with a thickness between 0.1 and 100 um are oppositely poled, allowing
an enhancement of the conversion by a process comparable to quasi phase matching. With about 4x10° the
SHG conversion is several orders of magnitude higher than in a coherence length of a crystal without the
layer structure and comparable to typical values for high harmonic generation.
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The granulated silica method (GSM) is one of the most versatile ways to produce preforms for optical fibers.
It offers the possibility to easily adapt the structure of a fiber to one’s requirements, e.g. to produce
microstructured optical fibers circumventing the limits on geometrical symmetry imposed by mCVD (for
standard fibers) or by the stack and draw technique (for microstructured fibers). It further allows to mix the
fiber preform elements (core rods, capillaries, granulated silica) such as to obtain virtually any fiber struc-
ture. In the past, we used this technique for the first time to produce passive large solid core photonic crystal
fibers.

With the introduction of rare earth, transition metals and aluminum oxides the full potential of GSM for the
production of photonic waveguide components and active optical fibers was deployed [1, 2].

The disturbing scattering losses encountered mainly at high dopant levels were significantly reduced by iter-
ative milling and CO,-laser remelting. When directly drawing the assembled preforms to fibers (without
prior vitrification) losses in the range of 0.35 dB/m at 633 nm were measured. In recent studies we have im-
proved this figure to about 0.2 dB/m at 633 nm by vitrifying the preforms before drawing by the use of a
laser based moving small zone heating technique. We found that a considerable part of the scattering is due
to Rayleigh scattering, so that this attenuation value is well below 0.1 dB/m in the near infrared (eg at 1030
nm, a wavelength of interest for Ytterbium activated fibers).

Current work aims at further improving the granulated silica method by producing the starting granulated
material by the sol-gel technique. The key benefits of this additional step are the increase in homogeneity of
the material at higher dopant levels as well as the eased co-doping with phosphor oxide, which is done at the
liquid stage in the early stage of sol-gel production process. Apart from mitigating photodarkening, the in-
troduction of phosphor oxide jointly with aluminum oxide allows to precisely control the refractive indices
of cladding and core materials. This allows to obtain very small index contrasts of the order of 10, which is
a key point for producing large mode step index fibers. Further, the the indices of the passive cladding and
the active core can be easily matched. This is difficult to obtain with other methods and is required to pro-
duce microstructured fibers such as PCFs or leakage channel fibers.

Acknowledgements: This work was supported by the Swiss National Science Foundation, SNSF, and the
Swiss Commission for Technology and Innovation, CTI in different projects.

References:

1. R. Renner-Erny, L. Di Labio, W. Luthy, “A novel technique for active fibre production” Opt. Mater., Vol. 29, p. 919 (2007).
2. M. Neff, V. Romano, W. Luthy, “Metal-doped fibres for broadband emission: Fabrication with granulated oxides” Opt. Ma-
ter., Vol. 31, p. 247 (2008).



132

Paper LS-1-9

PASSIVE COHERENT BEAM COMBINING OF Yb-DOPED FIBER AMPLIFIER ARRAY
WITH INJECTION-LOCKED SEED SOURCE

Jun Zhou, Yifeng Yang, Man Hu, Bing He, Yunfeng Qi, Houkang Liu

Shanghai Key Laboratory of All Solid-State Laser and Applied Techniques,
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China

Jjunzhousd@siom.ac.cn

Coherent beam combining (CBC) of fiber laser and amplifiers has created an interest to scale fiber lasers to
high power levels [1] and overcome the limits set by nonlinear optical process of single fibers [2].Passive
CBC with all-optical feedback loop is simple in design and operation, which has experienced a continuous
improvement in recent years [3]. A seed laser is necessary for the fiber amplifier chains in passive CBC [3].
In order to improve the visibility of the pattern when the phase locking is achieved, the seed laser is always
turned off. Unfortunately, the amplifiers may be damaged by self-oscillations with no seed laser. As a result,
the protection of the amplifier chains and the improvement of the visibility of the far-field interference pat-
tern becomes a dilemma.

In this letter, we demonstrated a passive CBC of four Yb-doped fiber amplifier chains with injection-locked
seed laser. An Yb-doped injection-locked fiber laser as the seed source, and a two-dimensional four Yb-
doped fiber amplifier chains passive CBC system is established to verify its function and stability (Fig. 1).
The phase locking of four separate laser beams is achieved. The visibility of the far-field interference pattern
with the total output of 20 W is 89.3% when the 1064 nm seed laser is on. The seed laser extinguished when
the pump power of the injection-locked fiber laser is lower than the upper bound, and then the visibility of
the phase-locked far-field pattern is improved up to 91.5% (20 W total CBC output power). Far-field inter-
ference pattern of four independent beams is shown in Fig. 2.
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BSI Fourierlens  BS2
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Fig. 1. Experimental apparatus of the passive beam com-
bination of four Yb-doped fiber amplifier chains with
injection-locked fiber laser seed source.

Fig. 2. Far-field interference pattern of four independent
beams (a) far-field pattern in an open loop, (b) calculated
far-field phase-locked pattern, (c) far-field phase-locked
pattern with 1064 nm seed laser on. (d) far-field phase-
locked pattern with seed laser off.
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The diffraction phenomenon, which was previously considered as a restrictive factor in optics, has currently
become a fundamental basis for creating novel optical components and advanced information technologies.
Since the 19-th century, the diffraction limit (DL), which can be defined as full-width half-maximum of the
Airy disk size, was considered to be unbreakable in optics: FWHM = 0.514/NA, where 4 is incident wave-
length, NA is the numerical aperture. Recent studies have shown that the DL can be broken. For instance,
with use of an annular aperture or radially polarized light [1] it becomes possible to break the DL through
enhancing the depth of focus and decreasing the energy efficiency. In this case, the focal spot size is equal to
the Bessel beam’s diameter of FWHM = 0.364/NA. Using diffractive optical elements, the light energy can
be redistributed to a side lobe, forming a bright ring around the focus. In this way, by decreasing the energy
coming to it, the focal spot size can be made smaller than the DL. This phenomenon is termed super-
oscillation [2]. By focusing light near the material surface (of refractive index n) using gradient-index or dif-
fractive optics, it becomes possible not only to attain an n-fold increase in resolution but also to break the
DL due to constructive interference of the surface waves (solid-state immersion [3]).

In this study, we discuss particular realizations of optical elements and devices that enable one to break the
DL. By way of illustration, a planar binary photonic crystal lens that approximates the gradient-index hy-
perbolic secant lens with n(x) = ng ch™'(ax), where ny is the refractive index on the lens optical axis and a is
the lens parameter that defines its focal length, can focus light near its surface into a focal spot of intensity
FWHM = 0.314 [4]. Another example is associated with focusing light by means of a zone plate (ZP). A bi-
nary ZP was realized in an electron resist for wavelength 532 nm. The ZP has N4 = 0.996. The focal spot
size is FWHM = (0.42 + 0.02)4 [5]. We also analyze the focusing of laser vortex beams that are generated
with a binary spiral microaxicon of period 560 nm (N4 = 0.95). The smaller dimension of an elliptic focal
spot is FWHM = 0.364 [6].
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The propagation of an optical discharge in an optical fiber was first observed in 1987 (25 years ago) and was
called catastrophic damage or the fiber fuse effect (see [1] and references therein). At the laser radiation in-
tensities >1MW/cm?, the optical discharge front moves towards the laser radiation in the optical fiber with a
velocity of several meters per second. In this case, the propagation mechanism is similar to the optical-
discharge propagation in gases in the slow combustion mode. The traces of discharge propagation especially
after the abrupt power shutdown are very freaky (see Fig. 1). We know that when the laser radiation intensi-
ty in gases increases, the slow-combustion mode changes to the light-detonation mode already at light inten-
sity of 5 MW/cm® [2]. Experiments with two order of magnitude higher light intensities in a silica fiber
core have shown that in this case we observe instead of fiber fuse quite different physical phenomenon very
similar to detonation wave. The propagation velocity of another type of optical discharge reaches 3 km/s (at
laser power levels of ~1 kW). But this is only half of the sound velocity in silica. The low and fast optical
discharges are essential processes limiting the laser power in fibers. They have to be taken into account both
for high capacity fiber communication systems and high power fiber lasers.
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Fig. 1. Breakpoints of the optical discharge propagation after abrupt power shutdown. Laser light propagated from the
left to the right. The scale is the same for all pictures. The laser power (A4 = 1058 nm) in the core before shutdown and
mode field diameter are indicated near each trace. Traces are shown here for fibers of 5 different types.
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The modern laser systems can generate ultrashort light pulses in femtosecond pulse regime having at the
same time TW—PW power. These ultrashort laser pulses, differing in many respects even from short - ps -
laser pulses, can be successfully applied in surgery, biology, nonlinear optics, material processing, micro-
machinery, 3D waveguide writing, plasmonics, etc. In many application their negligible thermal- and at the
same time considerable damage-effect can give us certain advantages [1, 2].

After giving an overview of the application of such ultrashort pulses in the above mentioned fields, in the
presentation we will emphasize on metrological aspects - e.g. determination of the damage threshold of dif-
ferent optical layers, optical materials and holographic elements (gratings, mirrors, beam splitters,
birefringent crystals, etc.), where different ionization phenomena are dominating on femtosecond time scale
on different band-gap materials.

Another application is the generation of white light continuum (WLG) having wide spectral range, short
pulse duration. These pulses are widely used in pump-probe measurements - different kinds of time-resolved
laser spectroscopy (transient-absorption spectroscopy, time-resolved fluorescence spectroscopy, time re-
solved photoemission spectroscopy, etc.).

The statistical properties of plasmons generated by femtosecond pulses were also studied and intensity—
intensity correlations were determined for light signals stemming from the spontaneous decay of surface
plasmon oscillations, generated in the Kretschmann geometry. Non-classical photon statistics and the transi-
tion from antibunching to bunching of the electron counts have been found experimentally and analysed on
a new theoretical basis [3].

The above mentioned methods, techniques and experiments would help the successful development and re-
alization of the Extreme Light Infrastructure - ELI ALPS - BEAMLINE - PHOTONUCLEAR laser facili-
ties, which will be the biggest laser projects in Europe.

Acknowledgement: The authors are acknowledge the support of the KTIA AIK 12-1-2012-0019 and
TET 10-1-2011-0725 projects.
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Supercontinuum generation beyond 2 pm is interesting due to the potential application in spectroscopy, at-
mospheric analysis, medicine, etc. As a rule, to generate supercontinuum in this spectral range special fibers
are applied. The main disadvantage of such sources is the bad compatibility with standard communication
fiber technology. In this paper we demonstrate a possibility to obtain the Mid IR supercontinuum in the sili-
ca based fibers.

Cladding pumped Q-switched Er-doped fiber laser was used as the pump source. Q-switching was realized
by emplacement of a self-saturable absorber based on a Tm-doped fiber. Lasing wavelength was of 1.59 pum,
maximum output power was near 1 W with repetition rate of 4.4 kHz and pulse duration of 35 ns. Pulse en-
ergy of 0.21 mJ and peak power of 6 kW can be estimated.

As an active medium we have used several samples of the standard fibers, fiber doped by germanium oxide
with molar concentration of 70%. Also we have tested Ho-doped fiber amplifier pumped at 1125 nm and
Tm-doped fiber amplifier pumped at 1200 nm.

In the standard telecommunication fibers we have obtained the supercontinuum from 1600 to 2400 nm with
the average power up to 0.85 W. Spectral variations of the intensity was less than several dB. Spectrum is lim-
ited by the optical losses which sharply grow in this spectral range. Typical fiber length was of approximately
of 10 m.

In germanium fiber nonlinear factor is higher and losses in this spectral range are less, than in conventional
optical fibers. As a result the application of heavily germanium doped fiber allowed us to obtain the
supercontinuum up to 2700 nm. Average output power as high as 0.49 W was measured. Intensity variation
in the range of 1.6-2.7 um was much less than one decade. Fiber length was of 7 m.

In the Ho-doped amplifier it was possible to observe the efficient
supercontinuum generation in the range of 2.0-2.5 um with the
strong depletion of the emission at the shorter wavelength. Very flat
spectrum was observed in the range of 2.20-2.42 nm where power
variation is less than 20%. The maximum average power was meas-
ured as 0.35 W for the pump power at 1125 nm of 5.6 W. Total out-
put pulse energy is 0.1 mJ with spectral density 10 W/nm.
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In the Tm-doped fiber amplifier we have obtained the flat spectrum
(=5 dB level) from 1900 to 2400 nm. It was caused by broadening of
two fluorescence bands due to nonlinear interaction (Fig. 1). First
band (1700-2000 nm) is caused by amplification of at the transition
Fig. 1. Supercontinuum spectra obtained  *F4— *Hg and the second band with the maximum at 2.4 pm. There-
in thulium-doped fiber amplifier. fore there is reason to believe the existence of the optical transition
3H4 -3 Hs in the Tm-doped silica based fibers.
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All-fiber source of supercontinuum with long-wavelength limit near 2.7 um was demonstrated. To enhance
supercontinuum in the certain spectral ranges Ho-and Tm-doped amplifier can be applied.
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Photoluminescence lifetimes can be measured in the frequency domain by exciting the sample with ampli-
tude-modulated cw laser light. Fluorescence lifetimes in the nanosecond range require modulation frequen-
cies of several ten MHz. The non-zero lifetime of the excited state leads to a phase shift (¢) of the fluores-
cence emission and a decrease of its modulation amplitude (M) with respect to the excitation, and it can be
determined from both of these effects. The corresponding lifetime values (“phase lifetime” 7, and “ampli-
tude lifetime” 7,/) are only identical, if the fluorescence decay is single-exponential.

An informative graphical representation of fluorescence lifetime data is the polar-plot or phasor approach
which corresponds to the Cole-Cole plot in dielectric spectroscopy. It consists in plotting M sin ¢ versus M
cos ¢. For single-exponential fluorescence decay, the data points are located on a semi-circle with radius 0.5
and center point (0.5; 0); for bi- or multi-exponential decay, they lie within the semi-circle. Also more com-
plex relaxation behavior such as Forster resonance energy transfer (FRET) can be identified from polar-plot
data.

We performed frequency-domain fluorescence lifetime imaging microscopy on gallium selenide (GaSe)
single crystals. GaSe is a chalcogenide semiconductor which consists of thin layers bound by weak (mainly
van der Waals) forces. The excitation source was a frequency-doubled solid-state laser at 4 = 532 nm which
was amplitude-modulated between 25 and 50 MHz. The polar-plot analysis revealed the following effects:

1. Different spots on the crystals exhibit very different fluorescence lifetimes and relaxation behavior. This
indicates a high concentration of local defects, which probably results from the low rigidity of the mate-
rial and the weak forces between its layers.

2. Most data points in the polar plot are located outside the semi-circle. This behavior is quite uncommon
and has its origin in the nearly quadratic dependence of the fluorescence signal on excitation intensity.

3. In addition, the polar-plot data form loop-like structures which indicate the presence of a donor-acceptor-
type energy transfer process between (at least) two emissive states. We tentatively interpret these states as
the edge of the conduction band and Wannier excitons. Two consecutive absorption processes involving
the excitons are probably the origin of the nonlinear intensity dependence of the fluorescence signal.
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Biaxial 5% Tm:Sc,S10s5 (Tm:SSO) optical quality laser crystal for lasing in 2 pm range have been grown by
the Czochralski method. Laser active element was cut out in the form of a cube with 3.5 mm edge. The un-
coated polished plane-parallel faces of the cubic crystal were oriented along crystallographic orientations
(100), (010). Active element was cooled by a contact with copper heat sink.

Tm:SSO crystal was pumped either at 795 nm (*H¢—H, transition) by laser diode or 1678 nm (*He¢—F4 tran-
sition) by a Raman shifted Erbium fiber laser (RSEFL) at 1678 nm.

Absorption, luminescence and lasing spectra for (100) and (010) oriented Tm:SSO crystals were investigated.
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Fig. 1. Output power vs. absorbed pump power

The hemispherical laser resonator was formed by a flat mirror and 52 mm radius of output coupler with 97%
reflectivity.

The best Tm:SSO laser efficiencies (total ~30% and slope ~42%) were reached at RSEFL pumping and
(100) crystal laser orientation (Fig. 1). Tm:SSO laser demonstrates efficiencies which are comparable with
efficiency of high quality commercially available Tm:YLF crystal under the same experimental conditions.
Efficiency of RSEFL pumping essentially exceeds efficiency of diode pumping of Tm:SSO laser.

The temperature dependence of Tm:SSO laser efficiency was measured.

The further improvement of both slope and total laser efficiencies is possible on the base of improvement of
crystal quality of active element by reduction of internal crystal impurities.

Acknowledgements: This work was supported by the Russian government in the frame of Program of RAS
No I1L.S.
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Here, we present laser sources based on a novel methods control of spectral parameters in diode-pumped
vanadate lasers.

Nd:GdVO4, Nd:GdVO4 and mixed Nd:Y,Gd;,VOs4 , Nd:Y,Sc;,VO4 vanadat are an excellent laser crystals.
This crystals are ideal laser host materials for the flash-lamp and diode pumped solid state lasers as its good
physical, optical and mechanical properties. The a-cut (o-polarization) and c-cut neodymium-doped vana-
date crystals are efficient active media and have a considerable potential to produce new laser possibilities

[1-3].

Spectroscopic and lasing properties of Nd:YVO4, Nd:GdVO,4 and mixed Nd:YxGd; ,VO4, Nd:YxSc; ,VO4
crystals were investigated. We have experimentally investigate, for the first time as far as we know, angular
dependences of the luminescence intensity of Stark transitions in vanadate crystals. The frequency shift and
redistribution of the luminescence intensity of Stark transitions are observed.

We have shown that lasers with nonselective resonator based on a-cut for z- and o- polarized vanadate crys-
tals) work at difference wavelengths. The different wavelength for z- and o- polarizations allows creating
two-color lasers with orthogonal polarization, which is important for the conversion to terahertz spectral
range using the GaSe nonlinear optical crystals as convertor for example.

Two-color lasing has been obtained in the a-cut (z- and o-polarization), variable-cut and c-cut vanadate
crystals at the spectral lines separated by 2.3, 3.2 and 3.8 nm with parallel and orthogonal polarization. QW,
mode-locking and Q-switching regimes with passive and active acoustic-optical modulators were realised
for two-color lasers.

The grazing incidence multipass amplifier based on 1 at.% c-cut Nd:YVOy slab (dimensions: 20 mm x 5 mm
x 2 mm) was used for the amplifier two-color radiation with parallel and orthogonal polarization.

We suggest using combinations of two different vanadate crystals or mixed vanadates for creation active
media with new parameters.

We have experimentally investigated the operation of diode-pumped passively Q-switched variable-cut
(0= var, ¢ = 0) Nd:YVOy, Nd:GdVOy, lasers with Cr*":YAG saturable absorber and compared their relative
advantages and drawbacks. The best passively O-switched performance obtained in our experiments is from
the variable-cut (8 = 25°, ¢ = 0) laser, which gives the narrowest pulse of 2.5 ns with the highest peak pow-
er of 10.3 kW.
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Laser induced damage threshold is a key parameter for all components in high-power laser system, that es-
tablishing limits of maximum achievable energy, and consequently average power. Currently, more power-
ful laser systems are built to meet the need of evolving technology. To provide reliable and stable laser
sources, desirable both in academic and industrial area, components of such sources has to be tested and
meet certain quality criteria. Utilizing of gathered knowledge and state-of-the-art then allows construction of
compact devices in applied research, which can reach substantial output powers and energy densities.

Together with laser system, LIDT station [1] offers necessary background for components reliability testing
and for overall high power lasers development. One of the main goals of application program in HiLASE [2]
project is to remove deficit of reliable, test-and-go facility for industry and applied research, and provide
valuable workplaces allowing fast set-up and exposure variety of samples. Within this scope, HILASE pro-
ject is developing three kW class thin-disk laser lines, delivering 1-2 ps pulses of energy up to 1 J with repe-
tition rate of 1 kHz and Gaussian beam diameter 15 mm, and one multislab system delivering 2—10 ns pulses
of energy 100 J with repetition rate up to 10 Hz and square beam with size 45 mm.

Following paper presents results of LIDT test of novel, high damage threshold broadband mirrors, intended
to use in laser system built within the HiLASE project. Also advanced LIDT test station design in compli-
ance with ISO 21254 standards series, fully computer controlled, which will use HiLASE laser as source is
described.

Acknowledgements: This work benefitted from the support of the Czech Republic’s Ministry of Education,
Youth and Sports to the HILASE (CZ.1.05/2.1.00/01.0027) and DPSSLasers (CZ.1.07/2.3.00/20.0143)
projects.
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There is currently great interest in solid-state lasers with stimulated Raman scattering (SRS) that provide a
Stokes-shifted output. An important issue in the case of crystalline Raman lasers is the ability to ensure effi-
cient generation of higher order Stokes Raman components and anti-Stokes waves. In the case of high-order
Stokes SRS generation, a considerable increase in pump intensity (limited by the optical damage threshold
of the crystal) is necessary, which would entail a drop in Raman gain coefficient with an increase in the
wavelength of Stokes Raman components. In the case of anti-Stokes wave generation through SRS, the
phase matching condition for four-wave mixing of Raman radiation components should be satisfied, which
is prevented by refractive index dispersion if the mixing waves propagated collinearly. The parametric Ra-
man anti-Stokes laser generation at tilted pumping of the Raman laser cavity satisfying vectorial phase
matching of four-wave mixing was studied for the first time in [1].

When the phase matching condition is satisfied, parametric four-wave mixing not only ensures anti-Stokes
wave generation through SRS, but also enables a substantial reduction in higher order Stokes SRS genera-
tion thresholds [2]. In [3], the original method of exact satisfaction of four-wave mixing phase matching
through biharmonically pumped single-pass SRS of orthogonally polarized waves in calcite was proposed
and realized. In [4], it was shown that the phase matching conditions for partially degenerate and
nondegenerate collinear four-wave mixing of several Raman radiation components are exactly satisfied in
certain directions of different birefringent Raman-active crystals upon interaction between orthogonally po-
larized waves at single wave pumping.

In this work, the possibilities of collinear four-wave mixing generation of Raman radiation components in
birefringent Raman-active crystals at satisfaction of phase matching conditions of several types differing by
combination of polarization vectors of mixed waves are studied. Low-threshold four-wave mixing genera-
tion in the calcite parametric Raman laser with collinear (longitudinal) pumping of the Raman laser cavity
satisfying theoretically determined phase matching condition ko — k; = k; — k; of partially degenerate four-
wave mixing of the laser pump radiation (wave vector ko) with the first (wave vector k;) and second (wave
vector Kk;) Stokes Raman radiation components is experimentally realized.
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Dielectric barrier discharge (DBD) can form the electrohydrodynamic (EHD) flow which may be used in
circulation system of electric-discharge lasers [1]. Circulation systems based on DBD have no moving parts.
They do not create vibrations and they are silent in work. From traditional lasers with electromechanical fan
it differs by simplicity, compactness and reliability. In present work we investigate high-power electric-
discharge laser with electrohydrodynamic gas circulation system.

Investigations were based on high-power Nj-laser [2]. Laser has discharge volume 2 cm:2 cm-50 cm =
100 cm’. When circulation system contain electromechanical fan the energy of radiation pulses (4 = 337 nm)
was equal to W = 3 mJ with repetition rate up to 150 Hz. In modified version the fan was removed from la-
ser chamber (LG) and replaced by electric-discharge device for EHD flow. Figure shows the schematic
cross-sectional laser chamber with EHD circulation system.
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The scheme contains two cascades 1 and 2. In [1] there were desribed the operation and main characteristics of
separate pumping unit. Plasma ion emitters (PE) were feeded by periodic voltage of 12 kV with frequency up
to 25 kHz. The constant voltage up to 20 kV was applied to the grid (G). Flow velocity ¥ in a discharge gap
(DG) exceeds of 5 m/s. If one cascade operates the energy maximum of /' = 3 mJ is reached at frequency of
50 Hz. When two cascades operate the same energy is maintained at frequency up to 100 Hz. This
demonstrates the scalability of the flux and possibility of increasing the pulse repetition rate by increasing the
number of pumping cascades.
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A fast and accurate method for the compensation of spatial distortions of the laser beam intensity profiles
based on computer generated holograms (CGHs) is presented. Considering the optical beam path from a CW
laser source, we simulated the aberrated intensity distribution in case of user-induced misalignments in the
optical setup using a numerical ray-tracing model. This numerically modeled setup is based on two spherical
mirrors which are responsible with the spatial distortions introduced in the optical system due to a fine user-
induced misalignment. To correct this aberrated intensity profile, an iterative code based on the Gerchberg-
Saxton algorithm (GSA) was used to design CGHs for a spatial light modulator. In order to experimentally
verify our numerical intensity profile correction method, two cases were investigated: the correction of the
distorted intensity distribution with the aim to improve the laser beam spot profile and the achievement of a
desired diffraction intensity pattern in a logo. For both cases, a specific optical setup based on two spatial
light modulators was built. Thus, we created a compact and easily-implementable optical system to correct
the distorted intensity profiles of the laser beam. The results are relevant for different applications with
needs of high quality laser beam profile.

Fig. 1. Correction of the laser beam intensity profile: (a) laser wavefront after the first SLM; (b) ideal Gaussian beam
profile - desired pattern in the image plan; (¢) associated computer generated holograms addressed on the second SLM
in order to correct the aberrated beam intensity profile (d I) and to generate high quality logo diffraction patterns (d II).
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Introduction: Optical vibrometer based on Laser Diode Self-Mix Interferometry (SMI) is the elective
choice in non-invasive vibration monitoring. We present an instrument aimed at measurement of small am-
plitude (10 nm < s < 1 um) vibrations at very low frequency, below 10 Hz. Intended application is in situ
vibration monitoring of artwork, e.g. during 3D surface topography aimed at indentification of the original
piece to counteract forgery of the artwork, or to prevent or detect theft during transportation before/after an
exhibition. In the intended application, long term stability and glitch-free operation are required. The pro-
posed vibrometer exploits the fringe-lock configuration, and the advantages offered by the presence of the
feedback loop. In previous design with AC feedback only, glitches were observed because of fringe lock
loss due to wavelength fluctuation induced by temperature fluctuation, even with TEC control of the Laser
Diode temperature.

2 Instrument description and results: Basically, in SMI
— ; - [1] a returned field Er exp(jp(?)) is added to unperturbed
0.5 1 cavity field Ey, generates amplitude (AM) and frequency
(FM) modulation of the lasing field. Intensity modulation
ik | 1s easily read by the power monitor photodiode as a

i , , J , , ‘ interferometric signal / = Io(1+F(¢(?))), where the actual
» # = vhy ¥ = #  form of F(p(#)) depends on physical parameters of the
o DeonTon LD and on the ratio Er/Ey, i.e. the injection level. At low
' ‘ , ’ ' injection level, F(¢(f)) is the usual cosine and become
distorted at higher injection level. In a proper regime of
injection, F(p(f)) becomes sawtooth, allowing develop-

ment of the fringe-lock vibrometer [2]. Usually, AC cou-

. o = £ & == =, pled feedback loop is employed. Our improved design

L fs] uses, in addition to the usual AC coupled loop for signal

Fig. 1. Typical signal with AC feedback only (up- extraction, a separate DC loop to improve long-term sta-

per) and with DC loop added (lower); LD tempera- bjlity of the system. Long term measurements of a rigid

ture is controlled by TEC in both cases. set-up on top of a vibration isolation honeycomb table are

shown in Fig. 1. The glitches seen with open DC loop

arises from the wavelength drift due to temperature fluctuation (dA/dT = 0.65 nm/K), and vanishes when DC
loop is closed, allowing long term acquisition lasting up to 10 minutes and longer.

% [m]

x [m]
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New Bi doped ZnWO4:1.48wt.%Bi,05 crystals were synthesized using Czochralski technique and IR bis-
muth fluorescence in as grown crystals was investigated. Under 532 nm excitation intensive IR fluorescence
of Bi ions in ZnWOy crystals was observed. The measured decay curves in IR spectral region have demon-
strated well pronounced double exponential shape as could be seen in Fig. 1. As follows from the figure the
decay curves are well fitted by a sum of two exponentials with short (about 1 ps) and long (about 6 us) life-
times which could be assigned to two different types of Bi optical centers. Fig. 1 also demonstrates that the
contribution of different Bi optical centers to overall fluorescence varies strongly for different wavelengths.
The significant difference in the fluorescence lifetime allowed to measure a time resolved fluorescence spec-
trum of ZnWO4:Bi crystal under 532 nm excitation shown in Fig. 2 with time delays for two presented fluo-
rescence spectra chosen according to measured lifetimes for two Bi ions optical centers.

ZnWO :1.48%wt.Bi O T-300K, % -532nm ZnWO,:1.48%wt.Bi.O, A _ - 532nm, T-300K
1 1.0 ‘
i ! ‘ m o ol(~10ps)
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0.1 N ez~ 6.0p8 1A, - 0.8mkm £ o nfy (\ t (delay) - 15ps
: Ny -~ . 2 0.6 Y
< M Ry NEN B\
~ P
— 2 = \
. S04 § o)
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Fig. 1. Double exponential decay curves for Fig. 2. Time resolved fluorescence spectra of
ZnWO4:Bi crystal under 532 nm excitation. ZnWO4:Bi crystal under 532 nm excitation.

As could be seen from Fig. 2 the spectral maximum position and width of the fluorescence spectra are changed
with time delay. As follows from the figure for short delay time of 4 ps broad fluorescence peaking at
~1000 nm was observed while increasing delay to 15 ps results in shift of IR fluorescence maximum towards
shorter wavelengths and narrowing of the fluorescence spectrum. As could be also seen from Fig. 2 the time
resolved fluorescence spectrum for 4 ps delay in ZnWO4:Bi crystal could be well decomposed into two Gauss-
ian shape lines peaking at ~1100 nm and ~1000 nm the latter having very similar shape with fluorescence
spectrum measured for 15 ps delay. To determine the two Bi optical centers contribution to the overall IR fluo-
rescence the decay curves were measured at a number of wavelengths and the amplitudes for two components
are plotted in Fig. 2 by hollow dots (square — short and circle — long component, respectively).

Thus intensive IR fluorescence in as grown Bi doped ZnWOy crystals was observed and analyzed. The IR
fluorescence was suggested to be a product of two different Bi ions optical centers fluorescence with long
~6 us (maximum at 1000 nm) and short ~1 ps (maximum at 1100 nm) lifetimes. IR fluorescence behavior
for other excitation wavelengths and temperatures was also investigated and will be presented.
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In cases when it is needed to lock the optical frequency of a CW laser such as a DFB diode laser to a precise
metrological reference [1, 2] a possible way is to utilize a setup where an optical frequency comb is used for
transferring the stability of a radio frequency (RF) normal (GPS-disciplined oscillator, H-maser, etc.) to the
optical domain.

Such system takes the signal generated by the RF standard (usually 10 MHz or 100 MHz) as a reference and
stabilizes the repetition (f.,) and offset (f..,) frequencies of the comb contained in the RF output of the f-2f
interferometer [3]. In the next level, the frequency of a beat note (f5..) between the tunable DFB diode laser
and a selected component of the comb spectrum is locked to the same RF standard. As a result, we get a di-
ode laser with optical frequency derived directly from a stable RF reference. These control loops are usually
built around analog electronic circuits processing the output signals from fast photodetectors. The presented
work describes a different approach based on digital signal processing and software-defined radio algo-
rithms used for processing the f-2f and beat-note signals.

The measurements of fp, feeo and frea; Were analyzed by means of calculating Allan deviations for times
ranging up to 10 000 s. The digital system is able to stabilize the 100 MHz repetition frequency with abso-
lute deviations observed in mHz. The offset frequency stabilized at 10.7 MHz center exhibits fluctuations in
kHz order. In case of fj., stabilized at 5 MHz offset from a comb spectrum component, the observed fluctu-
ations were in 0.1 kHz order of magnitude. Observed stabilities in the RF domain result in the overall per-
formance of the complete system in the optical domain where it is able to stabilize a diode laser with optical
frequency stability in the 10" order.
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The main factor limiting the output power of fiber lasers is the influence of nonlinear effects: stimulated
Raman scattering (SRS), stimulated Brillouin scattering (SBS), etc. To obtain high power densities, it is
proposed to sum coherently radiations from several sources [1]. A generally accepted approach is to use a
narrow-band master oscillator and several cascades of fiber amplifiers [2].

In this study, we present a two stage high-power amplifier using ytterbium-doped GTWave fiber in the first
stage and tapered ytterbium-doped fiber concept in the second stage. The T-DCF approach takes advantage

of the large mode volume combined with good beam quality and utilizes cost-effective low-brightness end
pumping.

The seed laser and two-stage power amplifier stud-
ied here are shown in Fig. 1. We used a 1062 nm,

20 m Yb GTWave pump 976 nm

125 um

seed iso is0
| ey |
=-= i

pre-amplifier

18m Yb T-DCF

amplifier
HR 1060 nm
AR 915 nm

pump 915 nm —
400 pm
* output backward
1062 nm output

20 mW single-frequency semiconductor laser as a
master oscillator. The first stage is a Yb-multicore
fiber amplifier. The active fiber has an absorption
coefficient of 0.8 dB/m at 975 nm pump wavelength
and a length of 20-meter is used in this stage. The
first stage can boost the output power to 3 W then
pumped 7.5 W. The TDCF amplifier was 18 m long

and had a tapering ratio of 7~6 with core/cladding
diameters of 44 pm/700 pum and 7.5 pm/120 pm in
the wide end and narrow end, respectively. The fiber
was coiled with 15 cm radius and freespace pumped with a 915 nm fiber-coupled diode laser using collimat-
ing and focusing lenses, and a dichroic mirror. Pump absorption in the T-DCF was measured to be 15 dB.
The output end face was angle cleaved to ~7° to suppress feed-back. An additional cladding mode stripper
was placed at the narrow end of the taper to block 915 nm pump light unabsorbed in the amplifier. A 10%
tap coupler was spliced between the isolator and the CMS to monitor backward-propagating signal.

Fig. 1. Experimental setup.

The useful single-frequency signal is about 130 W at maximum output power of 160 W. The slope efficien-
cy was 61.4%. The maximum backward power is 0.3 W. Maximum achievable gain was about 40 dB. Las-
ing linewidth was less than 3 MHz. Beam quality factor is 1.05/1.2 (for two orthogonal axes).
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We present a measuring technique for displacement and position sensing over a limited range with detection
of standing-wave pattern inside of a passive Fabry-Perot cavity. The concept considers locking of the laser
optical frequency and the length of the Fabry-Perot cavity in resonance. Fixing the length of the cavity to
e.g. a highly stable mechanical reference allows to stabilize wavelength of the laser in air and thus to elimi-
nate especially the faster fluctuations of refractive index of air due to air flow and inhomogeneities. Sensing
of the interference maxima and minima within the cavity along the beam axis has been tested and proven
with a low loss photoresistive photodetector based on a thin polycrystalline silicon layer. Reduction of
losses was achieved thanks to a design as an optimized set of interference layers acting as an antireflection
coating. The principle is demonstrated on an experimental setup.
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The contribution is oriented towards frequency stabilization of frequency-doubled Nd:YAG lasers for
nanometrology through spectroscopy in molecular iodine. We designed and manufactured a series of new
type of iodine absorption cells and tested the frequency stability of the laser stabilized with these cells. The
set of starved iodine cells does not need a cold finger for stabilization of the pressure of the absorbing media
due to the saturation pressure of iodine is defined during the iodine filling process. A second part of the con-
tribution is focused to absorption cells made of borosilicate glass instead of traditionally used fused silica.
Absorption cells prepared by these two approaches were used for frequency stabilization of Nd:YAG laser
by the linear and saturation spectroscopy in different environmental conditions and resulted frequency sta-
bility was compared to commonly used laser standard based on quartz silica glass cell. The achievable hy-
perfine transitions linewidths were studied in detail.
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The use of the Stimulated Raman Scattering (SRS) of laser radiation in crystalline materials is an efficient
way to design spectrally positioned laser sources. Scheelite type StMoOQj crystal is the promising SRS mate-
rial having congruently melting composition and holding no phase transition in temperature region from
room temperature to the melting point. Introduction of rear-earth impurity dopants into the matrix allows to
combine laser and nonlinear features in the same optical element.

In this work the results on the growth technique, spectral and luminescence characteristics of Pr’” ions in
SrMoOs Raman crystals are presented. The samples of SrMoO;, crystal doped with praseodymium were
grown by Czochralski method from the 100 cm® Pt crucible in the air. The impurity was introduced in the
form of PrNbO4 in the concentration range from 0.1 till 3.0 wt.% in the melt. Search for the optimal growth
conditions such as thermal cell construction, volume crystallization rate, growth and annealing regimes was
carried out and optically homogeneous single crystals with diameter 25 mm and 90 mm length were ob-
tained. Absence of light scattering centers, growth striations and refractive index inhomogeneities was ap-
proved by methods of optical microscopy and dynamic holography. The spectral emission analysis of
StMo004:PrNbO;4 (3.0 wt.%) sample showed that the Sr—Mo ratio corresponded to a stoichiometric composi-
tion and the value of effective segregation coefficient of Pr’* ions for it was found to be 0.85.

Absorption spectra of StMoO,:Pr’” crystals revealed a number of absorption peaks in the visible spectral
range that corresponded to 3H4—3P0, Py, s, 3P2, 'D, transitions. The maximal absorption was observed at
449 nm that well corresponds to the emission band of blue GaN laser diodes. Fig. 1 shows linear depend-
ence of absorption coefficient at 449 nm with respect to concentration of Pr’* ions. The fluorescence spec-
trum (Fig. 2) exhibited intense optical transition at 646 nm under laser diode excitation.
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Fig. 1. Absorption of STMoOg4:Pr’" crystals at 449 nm. Fig. 2. Emission spectrum of StMoQOy:Pr

under laser diode excitation.

The radiation lifetime was measured under excitation with second harmonic of pulsed tunable LiF:F*" color
center laser (450 nm). The lifetime was reduced from 1.5 ps to 1.25 pus for StMoO4:PrNbO,4 samples with
the increase of PrNbO4 concentration from 0.5 to 3 wt.%. The suitability of this material for simultaneous
laser and SRS oscillation will be discussed.
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The axicon is known to generate a zero-order Bessel beam with the central spot size for intensity FWHM =
0.364/NA [1-4], which is 37% smaller than the Airy disk produced with a similar numerical aperture (NA)
lens. However, that results have been obtained for the radially polarized incident beams. Although a great
number of intra- and extra-cavity schemes have been proposed for generating radially polarized beams, all
of them either make the optical setup rather sophisticated or require costly devices.

If the incident beam is linearly polarized (as in most lasers), a decrease in the focal spot size is hindered by
the contribution of the strong longitudinal component of electric field which energy is concentrated in the
side lobes. A linearly polarized laser beam can rather easily be transformed into a circularly polarized beam,
which retains a circular symmetry even when being sharply focused. The resulting focal spot is also wid-
ened owing to a ring contribution of the longitudinal component.

It is possible to redistribute the longitudinal component into the central part of the focal spot using incident
beams with a linear or vortex phase singularity [5, 6]. A similar result can be obtained with use of a bi-
axicon and spiral binary axicon [7].

An analytical and numerical study of the diffraction of linearly and circularly polarized laser beams by three
types of binary diffractive axicons (axisymmetric, spiral and bi-axicon) is performed. The numerical simula-
tion was based on the plane wave expansion method with regard for the Fresnel transmission coefficients
and the finite-difference time-domain method.

Generation of on-axis light spot with considerable longitudinal component is significant for applications
such as microscopy, high-resolution metrology, electron acceleration, and material processing.
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Lanthanum — gallium tantalate crystals LasTay sGassO14 (langatate, LGT) are regarded as a perspective laser
material. However, due to the lack of optical quality of LGT crystals such application hasn’t been devel-
oped, therefore the luminescent properties of these crystals are slightly investigated. At the present time sig-
nificant improvement of crystal quality opens an ability to use LGT crystals for lasers.

Thereby the main purpose of this paper is the complex investigation of the influence of single crystal obtain-
ing conditions (the growth atmosphere) on luminescent properties of LGT crystals.

In this study, we performed experiments with langatate crystals produced by the company Fomos-Materials.
The space group of symmetry is P321.The crystals were grown by the Czochralski method in iridium cruci-
bles in an Ar atmosphere and in a mixture of argon and oxygen (Ar +(2%) O,) and (Ar +(~0.5%) O,). Polar
cut samples were used. All samples were investigated with methods of optical spectroscopy, diffuse reflec-
tion spectroscopy, optical microscopy, atomic force microscopy, X-ray photoelectron spectroscopy [1].

The first obtained luminescence of langatate single crystals are investigated. The luminescence was excited
with third harmonic of YAG:Nd*" laser with energy of 2 mJ.

Wide emission spectra were observed with a maximum at ~450 nm. Registered lifetimes of the lumines-
cence on different wavelengths are up 5 to 8 ms. Occurrence of individual peaks at 3.1 and 2.9 eV are prob-
ably connected with formation of oxygen vacancies at different sites of lattice.

Decrease of oxygen concentration in the growth atmosphere of crystals leads to the considerable changing
of their optical and luminescent characteristics. Crystals grown in an Ar atmosphere are almost colorless,
while those grown in an (Ar + O,) atmosphere are of bright orange color [2]. The luminescent intensity de-
creases with increasing of oxygen concentration in the growth atmosphere. It indicates the activization of
oxygen centres formation.
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Yttrium-stabilized zirconia crystals activated with rare earth ions have a disordered structure. The absorption
and luminescence spectra of rare-earth ions in the crystals are inhomogeneously broadened. The wide lumi-
nescence bands of rare-earth ions in these crystals provide potential possibility of receiving on their basis of
the tunable lasing and realization of a mode-locking regime.

In this paper results of studying of the spectral-luminescence characteristics of yttriumstabilized zirconia
crystals activated with Tm®” and Ho® " ions are presented. The crystals were grown by directional crystalliza-
tion technique with direct RF-heating in the cold container (skull melting).

Lasing at the 3F4 -3 Hg transition of Tm®" ions in diode-pumped ZrO; — 12 mol% Y,03 — 2 mol% Tm,03
crystals is obtained for the first time (Fig. 1). The lasing wavelength is 2046 nm.
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Fig. 1. Lasing spectra of Tm®" ions for the *F,— Hg transition in ZrO, — 12 mol% Y,0; — 2 mol% Tm,Os crystals at
T=300K

The spectral dependence of the gain cross section for the 3 I, — 5 I laser transition of Ho*" ions in 710, —
13.6 mol% Y,03 — 0.4 mol% Ho,0s; crystals shows that the gain range for the transition of Ho>" ions in
Zr0,—-Y,03-Ho0,05 crystals corresponds to the wavelength range of 2120-2350 nm.

Acknowledgements: The work was supported by the federal targeted program “Scientific and Pedagogical
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Photovoltaic cells are an important source of “green” and renewable energy and attract attention of re-
searchers all over the world. Currently, their wide commercial application is limited due to its relatively low
efficiency. The average efficiency of industrial silicon solar cells is now less, than 20%. The energy gap in
Si solar cells is approximately 1.12 eV, which is equivalent to the photon with a wavelength of 1.1 pm.
Thus, the significant part of the solar energy absorption is spent on the thermalization of charge carriers,
generated by the absorption of high-energy photons. If we could able to split one high-energy photon with
energy higher than 2.24 eV (wavelength less, than 550 nm) on two low-energy photons (down-conversion,
DC), the efficiency of the solar cell will significantly be increased. Another additional way is to use the up-
conversion mechanism to employ the infrared part (wavelength more than 1.1 pm) of the spectrum. It is
shown, that the use in the solar cell unit the up- and downconversion materials can increase its efficiency to
50%.

So, the materials, which convert the high-energy part of the solar spectrum into the near-infrared (NIR)
wavelength region attract attention due to its potential application in solar energy industry. Rare earth ions
with abundant energy levels are being actively studied as good candidates for DC materials. As such DC
materials recently studied the systems of RE-Yb*" (RE = Tm’", Ce3+, Pr, Tb3+, Eu2+), where the energy of
the excitation is transferred from sensitizer ion to Yb ion. Another way is the using of self-sensitizing mate-
rial, e.g. molybdates that have strong absorption in UV region and could transfer the excitation energy from

the host-lattice to the Yb ions. The strong absorption band

1,0 4 in UV region is due to excitation from the filled oxygen 2p
levels in the valence band to empty Mo 4d levels of the
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Recently interest in synthesis and study of nanofluorides increased significantly due to specific features of
nanodisperse compounds. Luminescence properties of nanopowders change in comparison with parameters
of bulk materials because of an interaction between radiation and surface layer of nanoparticles. This ena-
bles designing a new generation of luminescent materials and scintillators. Fluoride nanopowders with com-
plex compositions are used for different biomedical applications. Nanopowders also can be used as precur-
sors for preparation of laser ceramics and single crystals.

In this work, unique monolithic optically transparent fluoride xerogels with rare earth elements were ob-
tained using aqueous solutions technique. Morphology and characteristics of these samples were studied. It
was found that they consist of agglomerated nanoparticles and water solutions.

Our investigations by SEM, AFM, and TEM has shown that the obtained transparent xerogels have a hierar-
chical structural organization. Primary nanoparticles have a size 20-30 nm, and they agglomerate into big-
ger particles of about 100 nm witch form so-called “Skeleton” with multiple cavities and channels. The syn-
thesized xerogels are not found in the nature. XRD phase analysis of the samples has revealed submicron
heterogeneous system containing solid crystalline phase and adsorbed hydrate layer which stabilize the
overall structure. Optical transparency of these samples gives a possibility to build a new type of optical
materials.

Infrared transmittance spectra with heating the sample were measured in the temperature range 25-460°C
using a vacuum sample chamber. Detailed temperature dependence of the transmission spectra demonstrated
a decrease of intense water bands at 275-350°C. A further heating up to 425°C and, then, a cooling down to
20 °C in a vacuum chamber did not markedly change the spectra. However, after a brief contact with atmos-
phere, the sample rapidly absorbs the atmospheric water vapors, and in 20 minutes, as is evident from the
spectra, it received about one third of the water lost during the heating. This result may indicate decisive role
of water in the structure of the investigated object.

Acknowledgements: authors thanks R.P. Ermakov, A.E. Baranchikov, O.V. Uvarov for their help in carry-
ing out the work.
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Continuous-wave optical parametric oscillators (OPOs) being of narrow linewidth and widely tunable de-
vices are almost ideally suitable for high-resolution spectroscopic applications in near- and mid-infrared
ranges [1]. The principle of OPO’s operation is based on dividing the energy of photon of highest energy
(the pump) into two lower energy photons (denoted the signal and idler). Such a frequency down-conversion
appears as one, two or all three involved optical fields are resonant and threshold of a parametric interaction
is reached. Now, the sing-ly-resonant OPOs (SROs) with one wave resonating (most usually, the signal
wave) have only found a widespread implementation. The SROs, however, require tens-of-watt pumping
lasers in order to overcome the threshold. One of the routes to diminish the threshold is to place an SRO
within a high-finesse cavity of a pumping laser. In particular, such the intracavity SRO (ICSRO) was
demonstrated with a neodymium laser (Nd:YAG) [2]. Unfortunately, ICSROs pumped by neodymium lasers
appear to show pronounced relaxation oscillations of output wave intensity. To eliminate this disadvantage
the pumping of the ICSRO by a semiconductor vertical external cavity surface-emitting laser (VECSEL) has
been proposed recently [3].

We propose and analyze a novel type of a compact ICSRO pumped by a VECSEL. Unlike to the ICSRO
presented in [3], we have usage of the common cavity both for the pumping laser and the signal down-
converted wave. When doing so we suppose that the normalized differ-ence between the pump and the sig-
nal wavelengths doesn’t exceed about ten percents. Be-sides, frequency selective elements, e.g. Fabry—Perot
etalons or birefringent tuners have been removed from the cavity, thus taking advantage of maximal com-
pactness and simplicity of the construction. The total length of our ICSRO’s plano-concave cavity with a
nonlinear crystal of quasi-phase-matched GaAs inserted is just about 10 mm. According to the findings of
A. Garnache et al. [4], a VECSEL itself shows single-frequency operation without intracavity eta-lons pro-
vided the cavity is quite short (about 10-20 mm). These observations allows us to ex-pect a single-mode op-
eration of the proposed ICSRO.

The detailed description of the ICSRO and the results of numerical analysis will be presented.
Acknowledgements: This study was supported by RFBR grant No.12-02-31888-mol_a.

References:

1. F. Tittel, D. Richter, A. Fried, “Mid-infrared laser applications in spectroscopy”, in Solid-state mid-infrared laser sources. Eds.
T. Sorokina, K. L. Vodopyanov, Springer-Verlag, Berlin—Heidelberg (2003).

2. D. Stothard, M. Ebrahimzadeh, M. Dunn, “Low pump threshold, continuous-wave, singly resonant, optical parametric oscilla-
tor” Opt. Lett., Vol. 23, pp. 1895-1897 (1998).

3. D. Stothard, J. Hopkins, D. Burns, M. Dunn, “Stable, continuous-wave, intracavity, opical parametric oscillator pumped by a
semiconductor disk laser (VECSEL)”, Opt. Express, Vol. 17, pp. 10648—-10658 (2009).

4. A. Garnache, A. Ouvrard, D. Romanini, “Single-frequency operation of external-cavity VCSELs: non-linear multimode tem-
poral dynamics and quantum limit” Opt. Express, Vol. 15, pp. 9403-9417 (2007).



157

Paper LS-P-13

LEAD-BARIUM FLUOROBORATE GLASSES
AND TRANSPARENT GLASS-CERAMICS DOPED WITH Nd** OR Er**

0.B. Petrova', T.S. Sevostjanova], D.A.Lis>, A.V. Khomyakov1

'D. Mendeleyev University of Chemical Technology of Russia
’Prokhorov General Physics Institute, Russian Academy of Sciences

petrova@proriv.ru

Oxyfluoride glass-ceramics is widely researched as host materials for active optical ions because they not
only have comparatively low phonon energies which corresponding to fluoride crystals, but also high chem-
ical and mechanical stabilities related to oxide glasses. By heat-treatment made closely to the crystallization
temperature of oxyfluoride glasses, oxyfluoride glass-ceramics can be obtained, in which fluoride crystal-
lites are dispersed in the oxide glass matrix. In lead fluoroborate and barium fluoroborate systems it’s possi-
ble to get glasses doping by RE [1-4]. Heat treatment of glasses in PbF,—PbO-B,0; system results to sepa-
ration of two crystalline phases: orthorhombic a-PbF, and cubic f-PbF,. f-PbF, phase can effectively in-
cluded RE [2, 3]. In BaF,-BaO-B,0; glasses there is separation of only one crystalline phase: cubic BaF,,
but it does not include RE** [4].

In this work, we have synthesized combined lead-barium fluoroborate glasses doped with 1 mol. % of RE
(RE = Nd’* or Er’") and have studied their properties and the possibility of modifying the glasses by heat
treatment at the temperatures above the glass transition (7;) as well as the possibility of using these glasses
as the matrix for glass ceramic material contained cubic fluoride crystal phases. Such materials are perspec-
tive for using at laser optics.

Glasses in system PbF, (BaF,) — BaO (PbO) — B,0O; with different ratio of components (25PbF,—25BaO—
50B,0s3, 25BaF,-25PbO-50B,03, 20PbF,-30BaO-50B,0;, 30BaF,—20PbO-50B,03) doped with NdF; or
ErF; were synthesized at 850—900°C for 1 hour in corundum crucibles. The glasses were prepared with cast-
ing. We investigated the influence of the source of fluorine (BaF, or PbF,) on properties of glasses and crys-
tallization. Glass transition temperatures, density, refractive index, microhardness, the limit of elasticity
glasses were measured.

According to the XRD analysis heat treatment leads to mixed fluoride Pb,Ba,..F2-phase crystallization, but
when the fluorine is doped into glass as BaF, — x = 0.02—-0.04, and as PbF, — x = 0.4-0.5. According to the
luminescence spectra, Nd** is effectively included in the crystalline phase.
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The standard silica-based Er, Yb co-doped fiber amplifiers (EDFAs) have doping level limitations and thus
limited gain per unit length. On the contrary phosphate glass can contain high concentrations of lanthanide
ions. It is also a unique laser host that provides high efficiency of energy transfer from Yb ions to the upper
laser level of Er ions and efficient lasing at ~1.5 pum under pumping into Yb absorption band. This paper de-
scribes laser action in a multimode fiber with neodymium-doped phosphate glass core and silica cladding.
The fiber perform was made by melting the components of the phosphate glass in a silica tube.

In the present investigation the fiber fabrication process was started not from raw chemicals but from the
well-dehydrated Yb—Er laser glass. To minimize the inevitable mechanical stress between the phosphate and
silica components in the fiber perform and the fiber itself we have chosen for the composite fiber the glass
SELG Yb—Er laser glass with the lowest available room-temperature thermal expansion 7.2x10 ® K.

To pump Er—YDb doped fiber we applied Yb-doped fiber laser emitting at 1064 nm with the maximum power
of 4 W. As one could see, output fiber of 1064 nm source was spliced with high-reflective fiber Bragg grat-
ing, and then the grating was spliced with Er—Yb fiber. It should be noted that this Bragg grating was written
on SMF fiber with 9 um core diameter that corresponds to core diameter of the Er—Yb fiber. So splice losses
at the last case were about 3 dB. Cavity of the Er—Yb laser was closed by the high- reflective Bragg grating
with the resonance wavelength that 1535 nm and cleaved output end. The length of Er—YD fiber in the cavity
was of 0.9 m.

One can see that the oscillation wavelength is of 1535 nm that corresponds to the resonance wavelength of
the Bragg grating. The maximum of output power of 130 mW was measured. Efficiency slope can be esti-
mated as 4%. Relatively small value of the efficiency can be explained by the high background losses and
losses on splice connection. To increase the lasing efficiency a length of the cavity should be shorten. That
can be achieved due to the active ions concentration increasing and/or due to optimization of the pumping
wavelength.

For the first time an optical fiber with Yb, Er co-doped phosphate glass core in a silica cladding was fabri-
cated and tested. 1.54 um laser action was demonstrated under 1.06 um pumping into Yb absorption band.
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The two-frequency nanosecond and picoseconds laser pulses can be efficiently converted in terahertz emit-
ters and nonlinear optical crystals [1-3]. The general aim of our research is to obtain two-frequency emission
with ps-pulse duration on vanadate crystal under longitudinal diode pump. The scheme of laser setup to
demonstrate the capabilities of laser double-wavelength tuning is shown in Fig. 1. As active laser elements,
we used the a-cut composite Nd:YVO4,~YVO,. As a selecting element, we used an intracavity Fabry—Perot
cavity standard [4] made of a YAG crystal in the form of a plane-parallel plates about 80, 97, 130, 270 pm
thick. In this work, we proposed and realized a promising method of wavelength tuning for the a-cut (o-
polarization) YVO4: Nd:YVO, crystal. Realized restructuring difference wavelengths in the range of 1.2 to
4.4 nm. Fig. 2 shows the output spectrum of the laser radiation at entry to the cavity FP standards in contin-
uous generation. A stable two-frequency lasing at the *Fs,—'I,1 transition of the neodymium ion in
YVO4:Nd:YVOs crystals is obtained in the cw regime, acousto-optic Q-switched regime, active acousto-
optic mode-locked regime.
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Fig. 1. Scheme of the laser. M1- mirror deposited on the Fig. 2. Dual-frequency spectrum of the radiation Nd:
A-E, A-E — active element, A-O-M1,2 — acousto-optic YVO,4-YVOQOy-laser FP thickness 80, 97, 130, and 290 um,
modulators, M2,3 — spherical mirrors=340mm, F—P — respectively.

Fabry—Perot cavity standard, M4 — output mirror.
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We present UV laser sources for medicine application based on a novel methods control of spectral parame-
ters in diode-pumped vanadate lasers.

We have investigate polarization and angular dependences of the luminescence intensity of Stark transitions
in of Nd:YVOy4, Nd:GdVO, and mixed Nd:Y,Gd; ,VO4, Nd:Y,Sc; .VO4 vanadate crystals. The frequency
shift and redistribution of the luminescence intensity of Stark transitions are observed.

It is known, that too large emission cross-section of with a-cut z-polarized vanadate crystals is a shortcoming
for Q-switched lasers, because it limits their energy-storage capacity, leading to smaller pulse energies. Usual
methods to avoid this drawback are to use c-cut vanadat crystals [1], mixed vanadates Nd:Gd, Y VO [2] or
a-cut (o-polarization) vanadat crystals [3, 4]. However wavelengths of c-cut and a-cut o-polarized vanadate
crystals distinct from a-cut z-polarized emission. In addition c-cut vanadate crystals have nonpolarised radia-
tion.

Using angular dependences of the luminescence intensity of Stark transitions in vanadate crystals we can to
create active media with different coefficients of gain and wavelengths.

Variable-cut composite YVO,Nd*:YVO, (8 = 25°, ¢ = 0) crystal have stimulated emission cross-section
value are comparable to one c-cut or a-cut (o-polarization) vanadate crystals. It has the polarized radiation,
Moreover wavelength of radiation coincide with a-cut z-polarized emission. It allows creating effective
master oscillator-amplifier systems.

Laser operation under different angles of cut were investigated for composite YVO,~Nd*":YVO,. Cr*":YAG
saturable absorber with initial transmission 65% and 80% oriented with their normal along the (111)-crystal
axis, were used as the passive Q switch.

We have shown experimentally that the variable-cut (6 = 25°, ¢ = 0) YVO4~Nd*":YVOy-laser could have
good passively Q-switched performance, which gives the narrowest pulse of 2.5 ns with the highest peak
power of 13 kW.

The average power of visible and UV radiation up to 210 and 9 mW has been obtained in the case of
extracavity conversion of the laser radiation in crystals PPLN and BBO, respectively.

We have demonstrated a low-cost, compact, high-efficiency passively Q-switched UV-VIS-IR laser medi-
cine systems based on the variable-cut YVO4—Nds:YVOs-laser with Cr*":YAG saturable absorber crystal.
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The F, :LiF lasers are efficient and reliable sources of tunable laser radiation in near IR spectral region
(1.08-1.29 pum) [1-2]. Advantageous spectral position of absorption line allows to use commercially availa-
ble ytterbium and neodymium solid-state and diode lasers as a pump source in order to get the F, :LiF laser

oscillation with an efficiency of up to 39% [1]. In [3] the F, :LiF crystals was used as the effective laser am-
plifiers of picosecond pulses of the self-Raman Nd*":KGd(WOy,), laser Stokes radiation with an output pow-
er of up to 10'"® W and an energy of up to 30 mJ. In [4] the F, :LiF crystals was used not only for passive
Qswitch of the diode-pumped self-Raman Nd*":SrMoQ, laser, but also as the laser amplifier of
subnanosecond pulses of this self-Raman laser Stokes radiation. In [5] the spectral and lasing properties of
F, colour centers in new nanostructure LiF ceramics are studied and compared with those for single crystal
samples at room temperature.

In this work, the laser oscillation spectra in the F, :LiF crystal at various low temperatures and pumping
levels are studied. The anomalous differences between the laser oscillation spectra and the luminescence
spectra at 77 K are experimentally discovered. It is caused by influence of more that one phonon frequencies
of the F; :LiF crystal to the laser oscillation spectra formation. The mathematical model of multifrequency
laser oscillation kinetics taking into account two phonons with frequencies of 250 and 270 cm ' is proposed.
The modeling results have an agreement with the experimental results and also provide insight into lasing
and vibrational properties of the F, colour centers in LiF crystals and ceramics.
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Finding the ways to control the concentration of impurity chromium ions with a different valence in forster-
ite laser crystals is highly important for the wide usage of Cr: forsterite in tunable and femtosecond solid-
state lasers emitting in the near infrared range (1.17-1.37 pm). Now it’s restrained by the parasitic absorp-
tion of Cr*" ions. Earlier, in Refs [1, 2] it was reported that oxidizing annealing can, in principle, reduce the
concentration of divalent chromium ions and increase at the same time the content of active tetravalent
chromium ions.

The results of our attempts to improve the characteristics of Cr:Mg,SiOj laser crystals by the prolonged oxi-
dizing annealing are presented in this talk. The evolution dynamics of chromium content in different oxida-
tion states during the series of prolonged oxidizing annealings of forsterite single crystals grown in different
growth conditions and having the initially different ratios of Cr*":Cr’":Cr*" concentrations was studied.

Forsterite single crystals were grown by the Czochralski technique using iridium crucibles on seeds cut
along the a crystallographic axis (Pbnm notation). The pulling and rotation rates were 3 mm/h and 12 rpm,
respectively. Chromium concentrations in the melt were 0.13—0.14 wt %. As the growth atmosphere the ex-
tra-pure argon or a mixture of argon with oxygen (the oxygen partial pressure 2.2 kPa) were using. The last
parameter was controlled in real time using the oxygen analyzer AKPM-01. Samples shaped as cubes
(5%5x5 mm®) were cut from single crystals and oriented using a DRON-4-13 X-ray diffractometer. The se-
ries of annealings of the samples in air was performed at 1573 K during 240 hours each treatment.

Room-temperature polarized absorption spectra were measured before treatment and after each subsequent
annealing by a Shimadzu UV-VIS-NIR scanning spectrophotometer. The obtained absorption spectra were
approximated by sums of elementary Gaussians corresponding to elementary transitions between spin-
orbital components of the ground and excited states of chromium ions in different oxidation states (Cr*",
Cr’" and Cr*"). The spectrum of the sample, in which the elementary band of the particular type is better re-
solved, had been used to determine the peak position vi and FWHM w; for the corresponding Gaussian.
Then, using the set of Gaussians with determined in such a way fixed v{ and w; values, we calculated the
Gaussian amplitudes Ai and background levels y0 for each spectrum, which provided the best approxima-
tion of the experimental curve.

It was found, that the prolonged oxidizing annealing of Cr:Mg,Si0, crystals leads to the fast decrease of the
Cr*" ion concentration and slow monotonic increase of Cr*" ion concentration. The dynamics of both pro-
cesses were studied and discussed.
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Study of the characteristics and mechanisms of the deposition of the inhaled drugs in the lung and upper
respiratory tracts are of great importance for the efficient delivery of the active agents to the required areas.
The deposition is affected by a number of factors, including, but not limited to the size and velocity of the
particles, geometry of the airways or the inspiration pattern of the patient. Some in vivo [1] and in vitro [2]
studies were performed on this topic, but the methods used there were of poor resolution, complicated or
had effect on the deposition process itself.

In this study the deposition of inhaled drug on the walls of an artificial lung was studied using laser Raman
spectroscopy. The lung was prepared by 3D printing from computer tomographic data of a real human lung
tract. The inhalation of the drug was performed on breath simulator equipment able to reproduce real human
inspiration and respiration patterns. Small pieces of silicon wafer were attached to the inner surface of the
different sections of the lung sample. After the inhalation experiments they were removed and measured us-
ing a micro-Raman spectrometer. The Raman measurements were performed on a Renishaw 1000 micro-
Raman spectrometer attached to a Leica microscope, using the 488 nm line of an Ar ion laser for the excita-
tion. The equipment allowed the characterization of the samples by both optical microscopy and mapping
Raman spectroscopy.

Our results showed that Raman spectroscopy is an excellent tool for the characterization of the deposition of
the inhaled drugs in different tracts of the respiratory system. It allowed determining and comparing the
amounts of the active agent attached to the lung surface at the trachea, primary and secondary bronchi
regions.
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Retinal photocoagulation is a long time established treatment for a variety of retinal diseases, most common-
ly applied for diabetic macular edema and diabetic retinopathy. The damage extent of the induced thermal
coagulations depends on the temperature increase and the time of irradiation. So far, the induced tempera-
ture rise is unknown due to intraocular variations in light transmission as well as scattering and
RPE/choroidal pigmentation, which can vary interand intraindividually by more than a factor of four. Thus
in clinical practice, often stronger and deeper coagulations are applied than therapeutically required, which
lead to extended retinal damage and strong pain perception.

In this project, an optoacoustic (OA) method is developed to determine the temperature rise during retinal
photocoagulation. The principle of OA and OA temperature determination relies on the short pulsed laser
irradiation and heating of an absorber, which subsequently leads to thermoelastic expansion and the emis-
sion of a bipolare pressure. The amplitude of the pressure wave p(¢) is proportional to the pulse energy Ej
and the material specific Gruneisen Parameter I'(7) according to P(T) ~ I'(T)Ey. With proper calibration it
can be used to measure the temperature rise during retinal thermal therapies in vivo in realtime [1].

A clinical study comprising 20 patients was conducted in order to determine the temperature rise during
photocoagulation. Irradiation is performed with a modified photocoagulation laser (Carl Zeiss Meditec AG,
Visulas 532s, A =532 nm). Pressure waves were detected with an acoustic ultrasonic transducer embedded
in an ophthalmic contact lens anyway used for treatment.

The clinical data evaluation shows very similar temperature profiles and absolute temperatures for most of
the lesions ranging from 60—80°C. The observed temperature slopes are within the range which is expected
from heat diffusion theory [2]. However, Arrhenius parameter derived vary significantly from published
values for the retina.

In conclusion, it has already been demonstrated on in vivo on rabbits that these data can be processed in real
time and be used for an automatic treatment laser switch-off on preselected coagulation strengths, when the
appropriate temperature is reached [3].

Acknowledgement: This collaborative project is supported by the German Ministry of Research and Tech-
nology (BMBF), Grant # 01EZ0732-35.
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Optoacoustic phenomenon is unique in a way it allows to generate complete volumetric tomographic da-
tasets from the imaged object using a single interrogating laser pulse. This possibility does not exist in most
other imaging modalities as it is usually necessary to perform sequential excitation of the object from multi-
ple source locations in order to acquire tomographic data required for efficient volumetric image reconstruc-
tions. Yet, multiple technical limitations exist for efficient implementation of real-time optoacoustic imag-
ing, such as lack of appropriate ultrasound detection and laser technologies and limitations on the digital
sampling and processing capacities. Herein, we developed a handheld optoacoustic imaging system capable
of acquiring volumetric optoacoustic data in real time. The system is based on the simultaneous acquisition
of 256 optoacoustic signals by means of a transducer array with elements distributed on a spherical surface
surrounding the region of interest. Thereby, volumetric reconstructions can be done at high frame rate, lim-
ited by the pulse repetition rate of the laser. We further developed accurate model-based algorithm for quan-
titative optoacoustic image reconstruction in three dimensions [1].

The presented optoacoustic tomography system presents important advantages over other systems that use
scanning for attaining volumetric optoacoustic data. Due to scanning, the latter systems usually suffer from
relatively long acquisition times, thus volumetric in-vivo images are generally affected by motion artifacts,
which effectively reduce the spatial resolution and quantification abilities [2, 3]. Our approach, on the other
hand, is capable of acquiring complete volumetric tomographic datasets from the imaged object with a sin-
gle interrogating laser pulse. Along with the handheld design approach brings important advantages for both
small animal imaging as well as clinical studies. First, dynamic processes, such as the biodistribution of mo-
lecular probes, can be monitored in the entire volume of interest. Second, out-of-plane and motion artifacts
that could degrade the image quality when imaging living specimen can be avoided. Finally, real-time 3D
performance can obviously save time required for experimental and clinical observations.

Acknowledgements: The research leading to these results has received funding from the European Union
under grant agreement ERC-2010-StG-260991.
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For versatile medical optoacoustic imaging an epi-illumination and detection technique is preferred to avoid
strongly attenuating media such as gas in hollow organs or bones. Unfortunately, such an approach causes se-
vere clutter from strong optoacoustic emissions close to the probe, which limits useful clinical imaging to
depths of one centimeter of less when using 7.5 MHz transducer probes. Clutter signals may propagate directly
to the acoustic probe (direct clutter), or reach the probe via acoustic scattering from echogenic structures (echo
clutter). Several methods for clutter reduction or even clutter elimination had been developed and tested in
phantom experiments and in-vivo applications. Deformation compensated averaging, which exploits clutter
decorrelation during tissue strain, has achieved signal-to-clutter ratio improvements in clinical epi-
optoacoustic imaging of about three, limited by the maximum achievable deformation and the minimum de-
formation step required for local clutter decorrelation [1-3]. To reach the noise limited depth however much
larger gains are needed. A very promising new method uses vibration-induced localized displacements to tag
optoacoustic signals at their place of origin, enabling signal identification and, in theory, full clutter cancella-
tion if ideal conditions are met. Such localized transient vibration can be induced, among other potential meth-
ods, by means of an acoustic radiation force (ARF) generated by an ultrasonic focused beam. ARF generation
using transmit beam forming is already implemented in radiation force ultrasound elastography, where ARF
ultrasound transmission over a fraction of a millisecond generates a localised tissue displacement on the order
of a few tens of micrometres.
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Figure. (a) Conventional optoacoustic image of gelatine phantom with cylindrical inclusions mimicking blood ves-
sels. Owing to clutter, the cross-sections of only the most superficial two inclusions are visible as white double-arc

structures. (b) Localised displacement after ARF push. (c) Resulting optoacoustic image, with the inclusion indicated
by white arrowhead.

This clutter cancellation method may also offer benefits in conventional US and other imaging modalities
where clutter limits image contrast.
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grant agreement No. 318067.
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Our group has pioneered biomedical optoacoustic imaging, sensing, and monitoring and developed this
technology for a number of diagnostic applications. The optoacoustic technique utilizes time-resolved detec-
tion of thermoelastic ultrasound waves induced in tissues by short optical pulses under stress-confined irra-
diation conditions. This yields a noninvasive diagnostic modality with high optical contrast and ultrasound
spatial resolution. One of the most important applications of this technique is noninvasive detection and
characterization of intracranial hematomas and monitoring of blood parameters, in particular, oxygenation in
specific blood vessels. We developed a number of laser optoacoustic systems that are based on solid-state
lasers or laser diodes. In this work we report our results on development and pre-clinical and clinical tests of
medical grade optoacoustic systems that are based on optical parametric oscillators (OPO)s tunable in the
700-1064 nm spectral range or on pulsed laser diodes. The systems generate nanosecond pulses to provide
the condition of stress confinement. We have developed unique patient interfaces incorporating highly-
sensitive, wide-band probes for detecting optoacoustic waves induced with these laser systems in hemato-
mas and specific blood vessels such as the radial artery, superior sagittal sinus, and central and peripheral
veins. Our results obtained in pre-clinical studies in small and large animals and in clinical studies in pa-
tients with traumatic brain injury, healthy volunteers, anemic patients, and neonatal patients indicate that the
optoacoustic systems can provide rapid detection of hematomas and real-time, continuous monitoring of
clinically important blood parameters. Further development of these systems will greatly facilitate prompt
recognition and treatment of a variety of life-threatening illnesses in patients with traumatic brain injury,
circulatory shock, surgical patients, critically ill patients, and neonates.

Acknowledgements: The authors acknowledge support of these studies by the NIH (Grants US4EB007954,
RO1EB00763, ROINS044345, R41HL103095, R43HD075551, and R41HDO076568), John Sealy Memorial
Endowment Fund for Biomedical Research, Moody Center for Traumatic Brain Injury Research, 2 DOD
grants, UTMB Business Acceleration Program, and Texas Emerging Technology Fund. Drs. Esenaliev and
Prough are co-owners of Noninvasix, Inc., a UTMB-based startup that has licensed the rights to
optoacoustic monitoring, sensing, and imaging technology.
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A dual-probing technique is proposed to increase sensitivity and specificity of both ultrasound (US) and
photoacoustic (PA) molecular imaging in detecting abnormal cells or tissues targeted by a new type of com-
posite contrast agent, which combines a 250 nm emulsion bead core with surface-assembled gold
nanospheres (GNSs) [1]. GNSs absorb light efficiently in the near infrared due to a red shifted absorption
spectrum from their high packing density. Under laser irradiation, they promote a phase transition of the
emulsion bead into a transient bubble. This process produces stronger PA signals than from thermal expan-
sion, thus enhancing PA responses. In addition, delivering an US probe pulse to the generated bubble creates
harmonic signals, enabling nonlinear contrast-enhanced imaging of molecular targets.

The emulsion bead dispersion and a control linear GNS cluster dispersion with the same optical absorption
were measured in a tube phantom. Figure 1 shows the acoustic signals received by a broadband (0.1-
30 MHz) transducer at different probe conditions, including US pulse/echo signals, pulse laser (6.3 mJ/cm?)
induced PA signals, and dual-probing (US+PA) signals. The PA signal of the emulsion beads is three times
larger than that of the linear sample, showing enhancement of PA sensitivity using this contrast agent. Also,
the nonlinear residue signal of emulsion beads by subtracting single US and PA signals from the dual-
probing signal is 10 times larger than that of linear GNS clusters, indicating the capability of this technique
to sensitively and specifically detect targeted regions by locally activating the nonlinear contrast agent.
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Figure 1. Signals of linear gold nanosphere cluster (top row) and nonlinear emulsion bead (bottom row). Differential
signals between dual-probing (US+PA) and single US and PA signals show nearly complete suppression for the linear
agent, but 10 time larger residue for the nonlinear emulsion beads.
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Elastography is an ideal method to map local stiffness within soft tissue and provide useful information for
clinical diagnosis. Optical methods are gaining increased interest for detecting mechanical response of tissue
because of their ability to achieve high spatial resolution without tissue contact. A combined acoustical and
optical method is proposed for tracking in time and space induced shear waves propagating within the cor-
nea, leading to quantification of localized wave velocities with high resolution that cannot be achieved by
traditional competing elastography modalities.

Shear waves were launched in mouse cornea in vivo at low kHz frequencies using a stacked piezoelectric
actuator. A phase sensitive optical coherence tomography (PhS-OCT) system tracked the propagating waves
in space and time. The PhS-OCT system was operated in M-B mode with an equivalent frame rate of
47 kHz, precisely synchronized with stimulation-induced 5 kHz tone bursts. Processing M-B scan data pro-
vided the time sequence of propagating wave displacement fields. Representative frames of wave propaga-
tion at 4 different time points during the experiment are shown Figure 1(a), where wave propagation in cor-
nea from left to right is clearly visible. The procedure was carried out on age-varied C57 mouse corneas.
Using a time-of-flight method, the localized group-wave velocity was calculated and mapped onto the struc-
tural OCT image. Figure 1(b) shows a comparison of the group velocity of mechanical waves for a young
mouse (3 months) and an old mouse (15 months). Clearly, the old mouse has a higher wave velocity, i.e.
higher stiffness, than the young one. These preliminary results demonstrate the potential of the proposed
technique to sensitively detect and record tissue mechanical motion with high speed and high resolution,
opening up opportunities for future studies of mechanical property measurements of corneal microstructures
and potentially useful tools for clinical applications in ophthalmology.
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Figure 1. (al—a4) Displacement field B-frame images at different time points: (al) =27, (a2) =47, (a3) =6T,
(ad) =87 (T stands for sampling period), (b) group velocity map computed from dynamic wave fields: (bl) young
mouse, (b2) old mouse.



171

Paper PA-1-8

HIGH SENSITIVE INTERFEROMETRIC FIBER OPTIC SENSORS
FOR OPTOACOUSTIC IMAGING

H. Lamela', D. Gallego'
!Optoelectronic and Laser Technology Group, Universidad Carlos III de Madrid, Madrid, Spain

horacio@ing.uc3m.es

Recent advances in ultrasound and optoacoustic imaging techniques for clinical applications demands for
miniaturized and wide bandwidth ultrasonic probes [1]. It has been presented in 2012 the images of internal
organs in vivo using a 2.5-mm diameter optoacoustic and ultrasonic dual-mode endoscope [2]. In order to
extend the use of these kind of dual mode endoscopes to complement the intravascular ultrasound (IVUS),
adding to the morphological information the specificity of the optoacoustic imaging, it is necessary to minia-
turize the probe to be fitted in less than Imm to pass through thin vasculature. Moreover, for a practical
IVUS/IVPA catheter is mandatory to have a wideband ultrasonic detector up to 50 MHz with enough sensi-
tivity despite the necessary miniaturization. The optical detection of ultrasound using optical fiber sensor
can provide the compactness, sensitivity and bandwidth required for this application.

Our group, previously, has demonstrated that ultrasonic sensitivity of an interferometric single mode poly-
mer optical fiber sensor (SMPOF) is one order of magnitude higher than a silica counterpart [3]. However,
these SMPOF are not easily commercially available and its performance in terms of loss and coupling light
into is very poor what makes them impractical for real implementation. In contrast, microstructured polymer
optical fiber (mPOF), exhibiting the same acoustic sensitivity, presents moderate low loss at visible wave-
length regime and can be made endlessly single-mode.

In this contribution, we present a complete ultrasonic characterizations of intrinsic mPOF sensor based on
PMMA and TOPAS. Most of the POFs are based on PMMA. However, TOPAS presents the fundamental
advantage over PMMA of the humidity insensitive. This is important for ultrasonic measurements due to the
sensor must be inside an inherently wet medium.

In order to make a more compact and reliable ultrasonic sensor, a Fabry-Perot interferometer embedded in
PMMA mPOF made from two FBG is investigated. The results are compared with a straightforward fiber
optic Mach—Zehnder interferometric sensor based on the same mPOFs.
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Direct experimental access to ultrafast shear structural relaxation dynamics in liquids remains challenging.
On slow time scales, dynamic mechanical analysis and sonic or related measurement methods can be used.
Faster responses at MHz frequencies are accessible to ultrasonics and impulsive stimulated thermal and
Brillouin scattering, and the low GHz range may be accessed through spontaneous Brillouin scattering. Re-
cent work in x-ray Brillouin scattering has accessed THz longitudinal acoustic frequencies; however, this
technique is not yet capable of measurements at shear acoustic frequencies in liquids. Deep-UV Brillouin
scattering from longitudinal acoustic waves in this range has been demonstrated. However, it is poorly
adapted to measurements of shear relaxation in non-visquous liquids where acoustic damping is strongest.

Picosecond ultrasonics, which applies femtosecond lasers for both generation and detection of coherent
phonons, has provided tabletop access to most of the GHz frequency range for longitudinal acoustic waves.
Adaptations of this method for GHz shear wave generation through sudden laser interaction with a peculiar
sample with broken transverse isotropic symmetry have been developed in the recent years. However, stud-
ies of shear waves in liquids have remained elusive.

We will describe a novel approach of laser generation of frequency-tunable shear acoustic waves in the GHz
frequency range. We will further demonstrate a sample and optical configuration that allows measurements
on viscous and non-viscous liquids [1]. Frequency dependent results in the GHz frequency range and tem-
perature dependent measurements for glycerol and water will be shown. Preliminary results on confined lig-
uids with thicknesses down to a few monolayers will be presented. Finally, we will present the principle of
the generation and detection of inhomogeneous shear acoustic waves by laser-induced gratings [2].
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Results of measurements of electromagnetic pulses with 3 to 10 mcs duration at frequencies 0.55, 0.68, and
0.87 THz generated by a large orbit gyrotron are presented. Operation of the thermoacoustic probe is based
on effect of acoustic signal generation when electromagnetic pulses are absorbed in the layered structure:
radiotransparent substrate — absorber — immersion liquid. Thin metallic film of nanometer thickness sput-
tered onto the quartz substrate is used as an absorber. The transformation of electromagnetic radiation into
acoustic pulse is performed in the film and in the immersion liquid contacting with the film. Acoustic pulse
is detected by the broadband acoustic transducer and registered with a digital oscilloscope.

The profiles of THz pulses of 4.8 (curve 1) and 8 ps (curve 2) duration at frequency 550 THz detected by
the thermoacoustic and control probes are shown in Fig. 1a. Calculated integrals of profiles 1 and 2 are pre-
sented in Fig. 1b. It is shown that for the pulse of microsecond duration the signal waveform detected by the
thermoacoustic probe is completely matched to the derivative of a profile of terahertz pulse. When water
and ethanol are used as immersion liquids the presence of additional film absorber is not compulsory be-
cause these liquids absorb effectively the electromagnetic radiation at the specified frequencies.
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Fig. 1. Profiles of the pulses detected by the thermoacoustic probe (a) and their integrals (). The signals of the con-
trol probe are marked with “c” letter. 4-mm layer of ethanol and 10-nm chromium film on a quartz substrate were
employed in a construction of this thermoacoustic detector.
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In this paper we demonstrate two-photon absorption-induced photoacoustic imaging using pulses from a
femtosecond laser. In contrast to earlier works [1] we extend the method to non-liquid samples and exclude
that the photoacoustic signals are generated by second harmonic generation, white light generation, thermal
radiation or plasma formation. For this we in situ measure the luminescence spectrum. To proof that the
photoacoustic signal stems from two-photon absorption we measure the photoacoustic signal as a function
of the excitation laser light intensity. We present theoretical predictions for the photoacoustic signal. Exper-
imental signals of a Rhodamine B/water solution and of the Rhodamine B dyed microspheres exhibit a
quadratic dependence on the incident laser light intensity, which match the theoretical predictions (Fig. 1b
and 1d). In addition we show photoacoustic signals stemming from single-photon absorption (Fig. 1a) and
from surface melting or plasma formation (Fig. 1¢). Finally, we present two-photon induced photoacoustic
imaging on dyed microspheres by scanning the laser beam utilizing galvanometer mirrors (Fig. 2).
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Fig. 2. Two-photon absorption-induced photoacoustic im-
age of a polyethylene microsphere dyed with Rhodamine B.
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Fruits are important for humans in general, because they have been associated with lower risk of chronic
diseases; people with health problems like cardiovascular diseases, cancer, hypertension and diabetes type
two benefit of them due to their high content in dietary bioactive compounds. Metabolic disturbances (irra-
diation, toxicity, temperature, freezing, growth hormone etc.) in fruits are followed by significant and rapid
changes in the rate of ethylene emission. Irradiation preserves the fruits by disrupting the biological process-
es that lead to the decay of fruits quality. Radiation interacts with water and other biological molecules in
the fruit system and can lead to the decrease of the quality when lipid oxidation takes place, can cause sev-
eral changes in the molecular structure of the organic matter [1].

We used a state-of-the-art trace gas Laser photoacoustic spectroscopy (LPAS) technique to quantify and to
compare the ethylene gas released by organic strawberries fruits with ethylene gas from nonorganic straw-
berries fruits [2, 3].

We show the potential and capabilities of LPAS as a powerful method for trace gas detection with fruit qual-
ity assessment applications, focusing the attention on quantitative determination of ethylene contained in
organic vs. nonorganic strawberries fruits.

Measurements were made to determine if the nonorganic fruits release more ethylene gas compared with
organic ones. Ethylene was measured for 8 organic/nonorganic strawberries samples. We also assessed the
effect of nitrogen flow for organic fruits quality using LPAS method.

Our findings proved that nonorganic fruits determine a greater increase of the ethylene concentration in the
respiration of strawberries. Also, we demonstrated that organic strawberry fruit released ethylene in higher
concentrations from opening flowers to mature red fruits.
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In this paper we present multichannel photoacoustic imaging (PAI) using an integrating line-detector array.
The individual integrating line detectors are realized by using optical fibers [1] and multichannel imaging is
facilitated by a combination of parallelization and multiplexing. The optical fibers are part of fiber-optic
Mach-Zehnder interferometers. Ultrasonic waves which impinge at the optical fibers change their index of
refraction and the respective change in optical path length is demodulated by the interferometers.

Up to now we have demonstrated three-dimensional PAI with single channel detectors only, e.g. as present-
ed in [1]. Multichannel imaging was mainly hindered by the high-cost per channel. Recently, we demon-
strated parallelization of fiber-optic detectors by using in-house produced photodetectors and low-cost com-
ponents from telecommunication industries [2]. In the present work we extend the system by introducing
fiber-optic switches to multiplex the channels and demonstrate a planar eight channel array of integrating
line detectors. The linear detector array consists of graded-index polymer optical fibers (GIPOFs), which
exhibit a better sensitivity than glass optical fibers (GOFs) [3]. Light from a coherent laser source at
1550 nm is distributed into the GIPOFs and respective reference paths which include optical phase shifters.
The light from those paths are superposed within fiber couplers; demodulation is done with self-made bal-
anced photodetectors. The high frequency outputs of these detectors are fed to a multichannel sampling de-
vice. Self-made analog control circuits use the low frequency outputs of the photodetectors to stabilize the
operating points of the interferometers. A 4:1 fiber-optic switch multiplexes four line detectors to one chan-
nel, thus, the amount of needed photodetectors, control circuits, phase shifters and sampling channels are
reduced by a factor of four.

In addition, we compare the signal/noise ratio of the “standard” realization of the Mach-Zehnder interferom-
eters [1, 2] with an improved detection scheme, including fiber-mirrors and circulators. Furthermore, we
present measurements with the device and analyze the directivity of the sensors.
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The laser based photoacoustic method is among the most sensitive techniques in the world, being able to
measure gas concentrations at sub-ppb levels (partial pressure of 107'° atm) [1]. The unique properties of the
laser based photoacoustic detection such as: high selectivity, large dynamic range, multicomponent capabil-
ity has been exploited in designing of sensing devices for gas traces measurements. Though the
photoacoustic systems have been intensively developed by a continuous upgrade which enlarged their utility
areas (e.g. monitoring of the air pollution, industrial processes, medical diagnostics, etc.), there is still a
challenge for optimization of the systems performance according to: the kind and number of detectable sub-
stances, the minimum detectable concentrations, the dynamic ranges, and the spatial and temporal resolution
[2]. Based on the selectivity of the laser radiation absorbed by the specific gas molecules, the success of the
photoacoustic technique is mainly related with the properties of the tunable laser source (accessible wave-
lengths, tuning characteristics) and of the detection scheme employed. Moreover, a multicomponent gas
mixture detection rises additional problems due to a partial overlapping of the individual absorption spectra
of several compounds, to a resonant energy transfer processes between vibrational energy levels of excited
molecules or to a temporal delay in the production of the photoacustic signal leading to a phase shift of the
photoacoustic signal, which make difficult to distinguish between the individual components without an
apriori knowledge of the mixture composition [2, 3].

In this presentation we propose an algorithm based on the least-squares iterative method for the detection of
multicomponent gas traces by photoacoustic technique. Based on this algorithm we calculated the individual
gas concentrations from measured photoacoustic signal amplitudes and phases at selected CO, laser wave-
lengths used as source. For the first instance the algorithm was applied for the multicomponent analysis of a
synthetical air sample with a known mixture composition. Further the algorithm test was extended to the air
quality measurements, for the characterization of air samples collected from the Bucharest underground
network, a heavy traffic street node and from a greenhouse. A comparative study of the results from per-
formed measurements was also considered from the point of view of the exposure risk to both urban and ru-
ral pollution.
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Microparticles, including cells, suspended in fluid can be separated and manipulated using acoustic fields
that are generated with laser beam by means of photoacoustic (PA) effect. This technique can be used for:
(a) holding particles in a given area, (b) trapping particles to the desired path, and (c) separating of dissimi-
lar particles.

We consider the laser beam which passes near the particles through the liquid with small absorption. Due to
PA effect the sound wave field is created. For specific laser beam geometry and duration the acoustic field
have “potential well” [1, 2]. In this well small particles may be trapped.

For the case of circle-geometry laser beam acoustic field in linear theory for some range of nondimensional
pulse duration 7, = zco/ry (t — the laser pulse duration, o — beam’s radius, ¢y — sound speed in water) has po-
tential well. Acoustic radiation force moves particle towards this well. The dependence of this force from
nondimentional distance #/ry, calculated for the polystyrene and pyrex glass microspheres in water for two
different 7, shown on Fig. 1. For 7; = 7.5 all particles move towards potential well near the beam’s boundary
(Fig. 1a). When the 7; changed to 3.75 only glass particle moves towards the beam’s boundary, while the
polystyrene particle moves out of the beam axis (Fig. 1b). So, the particles can be separated and trapped by
varying the laser pulse duration or beam diameter.
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Fig. 1. Dependence of the acoustic radiation force from nondimensional distance for circular beam geometry for poly-
styrene and glass beards for 7, = 7.5 (a) and 7, = 3.75 (b) pulse duration.
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The mechanism of wet laser cleaning (WLC) is still not fully understood, in particular, laser removal of
paint coatings by WLC virtually has not been investigated. Currently, for laser cleaning is economically fea-
sible using of the multiple-pulse fiber lasers with pulse repetition rate of 20-100 kHz and a pulse energy of
up to 1 mJ. Therefore, the aim of this work was investigating of the WLC, performed by means of fiber la-
sers, and the definition of an effective regime of laser cleaning of surfaces from paint coatings.

In our experiments the cleaning of surfaces of metering (anilox) roll, construction steel from paint coatings
have been carried out by using laser machine “Mini-Marker 27, it’s created on the based a pulsed 20 Watt-
fiber laser (pulse energy 1 mJ, repetition rate 20—100 kHz, IPG-Photonics). The acoustic emission from laser
irradiation surface was detected at an angle (45°) to the sample surface with a wide-band electret micro-
phone (20-20000 Hz). The acoustic signal has been recorded using an oscilloscope (Tektronix TDS 3052C).
The spectral analysis method, fast Fourier transform (FFT), was used to study the acoustic waves and to
build the relationship between the acoustic waves and laser pulse energy.

As a result of experiments were obtained dependence between the fundamental frequency of the Fourier
spectrum and the energy of the laser pulse. The amplitude of the fundamental frequency of the Fourier spec-
trum suffered a leap at the laser pulse energy of the order of 0.5-0.6 mJ, this indicated of the change of the
mechanism of WLC. Obtained dependence was approximated by two straight lines. Also, the thickness of
the liquid layer which was necessary for the most effective way to remove paint coatings was determined
and appearsequal to 1 mm. At a thickness of the fluid layer 0.5 mm the optical interference were observed,
which is significantly reduced the efficiency of laser removal of paint coatings.

It was concluded finally the optimal laser cleaning regime in the frames of WLC is a regime in a presence of
developed bubbles collapse along with a shock waves in a liquid.
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Gas-plasma strings from 2-color femtosecond laser filaments constitute one of the most convenient and
promising sources of pulsed terahertz (THz) radiation. It is one of the approaches that allow one to achieve
at the same time ultrabroadband THz spectra and very high amplitudes of THz electric fields. Such sources
present major advantages for applications of sensing, spectroscopy, imaging, and nonlinear optics. In view
of the numerous applications an understanding of the emission from the filament and the far field spatial dis-
tribution of the terahertz radiation, is crucial. One of the first works towards this direction [1], revealed a
highly directional THz radiation while a more recent publication [2] proposes a donut-shape spatial pattern.
The most recent results reported by Kim et.al. [3], propose an off-axis phase matched emission from the
filament due to interference effects between the different point sources across the filament, resulting thus in
a donut-shape profile. A simple theoretical model was also proposed in [3], which is though insufficient to
explain all observations.

Here we present new experimental results and a more comprehensive model describing the THz spatial
distribution in the far-field [4]. We find both on-axis and off-axis components, unifying previous scarce
findings in the literature. As for the physical interpretation we demonstrate the failures of the model
presented in [3] and suggest appropriate improvements. Our experimental and theoretical findings let us
also suggest ways for controlled directional off-axis THz emission that can be useful in many applications.
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Two schemes for efficient generation of THz radiation based on lithium niobate nonlinear crystal (LiNbO3)
were investigated experimentally. In the first one the Cherenkov radiation mechanism was implemented in
sandwich geometry [1] consisting of a 35 um LiNbOj layer, metal substrate and Si output prism. A record
high optical-to-terahertz conversion efficiency of 0.25% was realized with femtosecond laser pulses propa-
gated in such a planar Si-LiNbOs-air-metal structure. Also it was demonstrated terahertz spectrum tuning by
adjusting an air gap between the LiNbO; layer and the metal plate.

In another approach we investigated THz generation in LiNbO; by femtosecond laser pulses with a tilted
intensity front at cryogenic temperatures at high (up to 10 mJ) pump energy for different laser pulse duration
and crystal length. Maximum conversion efficiency of ~0.2% is obtained for 5 mm crystal length and 190 fs
pulse duration. The mechanism responsible for the saturation of the efficiency of THz generation observed
in the experiment will be discussed.

Terahertz generation by two-color femtosecond laser pulses in ambient air was recently proposed to produce
broadband THz radiation which (tightly focused) allowed to reach electric field up to 1 MV/cm [2]. In this
talk, to clarify the two-color mechanism, we report the results of the terahertz wave generation in air using
inverted two-color excitation scheme. We used in addition to the strong laser field at fundamental frequency
(at 800 nm) a weak subharmonic signal with frequency equal to one half of fundamental one (about
1600 nm). The wavelength of subharmonic field could be tuned. Polarization of THz radiation as a function
of mutual polarization of fundamental and subharmonic frequencies was investigated altogether with de-
pendence of THz radiation on energy in fundamental and subharmonic pulses. Resonant dependence of THz
yield on frequency detuning was observed. Experimental findings agreed very well with the residual current
density model.

We applied our expertise in THz generation to diagnose the crucial parameter of a plasma filament produced
by intense femtosecond laser pulses in gases — the plasma concentration and its decay. Plasma density was
found from the experimentally measured scattered THz signal [3]. The plasma decay was measured in dif-
ferent gases in a wide range of pressures (2—760 Torr). The influence of external DC electric field on plasma
decay was also investigated.
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Two techniques based on the measurement of the transmission and attenuation of evanescent waves have
been developed at Novosibirsk terahertz free electron laser (NovoFEL), whose radiation wavelength can be
gradually scanned in a wide spectral range, for sensing of metal and dielectric surface characteristics. In the
first technique, the sensitivity of surface plasmon polaritons (SPPs) to the thickness and dielectric permit-
tivity of thin layers covering a metal is employed in the study of metal-dielectric-air interfaces. A non-
invasive study of SPP characteristics bases on characteristics of free wave arising when an SPP is diffracted
at the surface edge. A theory tying characteristics of the diffracted wave with those of the initial SPP was
developed and corroborated experimentally. The propagation lengths for SPPs travelling along Au-ZnS-air
interfaces have been measured for plane and cylindrical surfaces with real-time detectors of three types.
“Jumps” of SPPs through air gaps were studied both experimentally and theoretically. Possible application
of the results obtained to the development of terahertz optical communication systems is discussed. In the
second technique, attenuation of an evanescent wave produced by the laser radiation above the surface of a
total internal reflection element is used for measurement of the absorption coefficient of a sample attached
to the surface (attenuated total reflection (ATR) system). A broad-band terahertz circular-dichroism (TCD)
spectrometer with an ATR element to study highly-absorbing substances has been developed. A Michelson
interferometer with crossed photolithographic polarizers in the arms and one of the mirrors mounted on a
translation stage generated the beam which elliptical polarization was modulating between left- and right-
rotating polarization states. Polarimetric characteristics of a number of polysaccharide enantiomers in aque-
ous solution as well as of other optically active media were studied using the TCD spectrometer. The exper-
iments have clearly shown high efficiency of both techniques for sensing of materials in the terahertz range.
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GENERATION OF TERAHERTZ WAVES IN CRYSTALS
WITH INHOMOGENEOUS DISTRIBUTION OF SECOND-ORDER
NONLINEAR SUSCEPTIBILITY

G.Kh. Kitaeva
M. V. Lomonosov Moscow State University, Moscow 119991, Russia

The nonlinear-optical methods of terahertz wave (THz) generation are known to be among the best laser-
based methods for effective THz generation, advantageous not only due to room-temperature operation, but
also due to possibilities of instantaneous detection using inverse frequency-conversion process and the same
laser source. The problem of matching the phases of optical and terahertz waves is avoided in some tasks by
using the quasi-phase matched (QPM) crystal structures with a periodic inversion of the crystal axes. Due to
spatial periodic variation of the sign of second-order optical susceptibility in such structures, by a proper
selection of the variation period one can obtain narrowband generation with a high spectral power density at
any necessary frequency within the THz range of the crystal transparency.

Recently we have studied characteristics of the QPM generation and detection of short THz pulses [1, 2] in
periodically poled lithium niobate crystals (PPLN) with regular one-dimensional domain gratings of two
different types, fabricated by applying the standard electrical poling technique, and obtained directly within
the off-center Czochralski growth procedure. Due to the technical features of the post-growth method, the
transverse sizes of the input and output windows of crystals of this type are limited to 0.5—-1 mm. The win-
dows of in-growth PPLN crystals are wider in 5-10 times, but domain grating periods are not spatially uni-
form. Our study demonstrates that the generation efficiencies of the post-growth samples and the most regu-
lar parts of the in-growth crystals are of the same order. Stochastic character of the in-growth samples did
not affect appreciably the width of the generation spectrum, but decreased the peak power. However, the
crystals changed their roles when we applied them in the electro-optical sampling scheme. The larger input
aperture enabled us to realize the narrow-band QPM electro-optical detection in the in-growth PPLN crys-
tals, while the detection efficiency of the post-growth samples was too low for this application.

We propose and demonstrate also the new schemes of QPM THz generation, such as optical rectification of
nanosecond laser pulses [3], and generation of multi-line THz spectra in specially designed aperiodic QPM
crystals. Theoretical models of the methods are developed with account of any arbitrary spatial distribution
of the second-order optical susceptibility in the QPM structures. Engineering of non-linear optical elements
opens a way to control both the spectrum of the THz generation and the spectral sensitivity of the QPM THz
detection.

Acknowledgements: The author acknowledge support from the Russian Foundation for Basic Research
(projects 12-02-12034 and 11-02-12102) and the Russian Ministry of Education and Science (grant 8393).
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Measurement of electric (E) field is of a major interest in versatile applications e.g. near field pattern,
bioelectromagnetism, spectroscopy, ... Among the available methods to perform an experimental assess-
ment of the E-field vector, electro-optics constitutes a relevant non-invasive technique. This latter one is
based on the E-field induced perturbation of an optical beam within a non-centrosymetric crystal. The first
order non-linear optical effect (also called Pockels effect) actually can be expressed as a modification of the
EO crystal eigen refractive indices with the E-field vector components. These latter ones can be probed both
in magnitude and phase, thanks to a laser probe beam which sees its amplitude, its phase and its polarization
state modulated [1]. The frequency bandwidth exceeds 10 THz and the spatial resolution can be diffraction
limited and is actually as low as some 10 um. The EO dynamics spreads from a minimum detectable field
weaker than 1 V/m/VHz to more than 1 MV/m. Furthermore, as the transducer is fully dielectric (only an
EO crystal), the disturbance on the field to be measured remains very low comparatively to more commonly
used sensors such as antennas. Remote measurement can be achieved thanks pigtailed EO devices.

Taking benefits of the previous mentioned intrinsic properties, recent development concerns not only in lab
experiment aiming innovative and unprecedented results [2, 3] (e.g. real time evolution of the E-field vector)
but also a lot of industrial applications (e.g. energy lines monitoring) requiring reliable and reproducible
tools.

A concise tutorial of EO sensor principles will be given during the conference. Theoretical expectations as
well as experimental developments and results will demonstrate the potentialities of such a technique. The
presentation will also focus on the limiting factors of the EO bandwidth measurement concerning very low
frequencies (down to DC) as well as for high cut-off frequency (up to a few tens THz).
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Two-dimensional electron plasma in nanometre size field effect transistors can oscillate in Terahertz (THz)
frequencies, far beyond transistors fundamental cut-of frequencies [1]. We present an overview of some im-
portant and recent results concerning the physics of nanometre scale field effect transistors showing that
they can be used for the detection of terahertz radiation

The subjects were selected in a way to stress some new aspects/developments rather than purely tech-
nological/engineering improvements. The basic physics related problems like temperature dependence of the
photoresponse [2], interferences of THz signals leading to helicity sensitive detection are presented [3].

Until now most of works on nanometer FETs detectors were considering only THz imaging applications.
We show the first results on the application of nanometre FETs as detectors in wireless communication with
signal modulated in GHz range [4]. Finally we present also results from THz detection by grapheme transis-
tors [5]. A possible development of future THz detectors using grapheme structures is also addressed.

Examples of the imaging using using FET detectors with electronic sources and THz gas lasers will be also
presented
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THz GYROTRONS: DEVELOPMENT AND APPLICATIONS
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Terahertz frequency range (0.1-10 THz) has a number of specific features that make it very attractive for a
wide range of basic and applied research in physics, chemistry, biology and medicine. Terahertz waves are
promising for diagnosis and spectroscopy of various media, including the development of high resolution
electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spectroscopy. Powerful te-
rahertz radiation can be used to create dense plasma and control its parameters (controlled thermonuclear
fusion, “point” plasma X-ray sources, remote detection of ionizing radiation).

In the pioneering IAP works in 1970-1980°s was shown the principle possibility of a high-power CW and
pulsed gyrotrons operation at frequencies from 0.33 to 0.65 THz. Recent experiments using the original
pulsed solenoid with a magnetic field up to 50 T yielded generation on the main cyclotron resonance with 5—
0.5 kW power in single pulse duration of 50 microseconds at record frequencies 1-1.3 THz [1]. One of the
promising applications of high power THz gyrotrons considered remote detection of ionizing radiation
based on localized terahertz discharge at a time when the number of free electrons, slightly higher than the
natural background. For this method at distances of several tens meters, 0.67 THz / 200 kW gyrotron has
been developed [2]. Same gyrotron has been successfully used for THz discharges in gases in studies de-
signed to create a point source of extreme ultraviolet light.

To obtain high-frequency radiation in the IAP along with traditional gyrotrons are also being developed so
named large orbit gyrotron (LOG) with axis-encircling electron beam. Such beam result selection excitation
of high harmonics with harmonic number equal to mode azimuthal index. In 80 kV voltage LOG excitation
of second and third harmonics obtained single mode 10 microseconds pulses with frequencies 0.55-1.0 THz
at power level 1.8-0.3 kW [3]. LOG with permanent magnet created by IAP in collaboration with FIR FU
(Japan) implement the generation of 3—5 harmonics at frequencies up to 0.14 THz [4].

For technological, biological and medical research IAP jointly with FIR FU was developed CW gyrotron
with a frequency of 0.3 THz and a power of 2.7 kW [5] based on helium-free 12-T cryomagnet.

To obtain high-resolution high-field NMR spectroscopy complex based on CW 100 W / 0.26 THz second
harmonic gyrotron with internal mode converter of operating mode to narrow beam and high power and
frequency stability has been realised. Experiments with this gyrotron allowed 80 times the sensitivity and
resolution of the NMR spectrometer [6].

In recent years a number of new results have been obtained such as the penetration of gyrotrons in the fre-
quency range above 1 THz, development and application of sub-THz gyrotrons for spectroscopy and plasma
physics experiments.
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ALL QUANTUM-DOT BASED COMPACT THz SOURCES
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The THz optoelectronics field is now maturing and semiconductor-based THz devices are becoming more
widely implemented as analytical tools in spectroscopy and imaging. Research into ultrafast semiconductor
materials for THz devices is predominantly devoted to improving the optical-to-THz efficiency of photo-
conductive materials that generate THz signals when driven by suitable ultrafast coherent optical sources.

Materials traditionally used for this include low temperature-grown gallium arsenide (LT-GaAs) and LT-
InGaAs for longer wavelength operation, and are used because the growth process integrates lattice defects
and carrier trapping sites throughout the bulk, which act to shorten carrier lifetimes but also compromises
carrier mobility and PC gain. We demonstrate here photoconductive THz antenna devices comprising of
GaAs/InAs quantum dot-based semiconductor structures, which utilise ultrafast carrier capturing offered by
InAs QDs to allow THz operation. This allows optical pumping of the device with ultrafast pulsed (time-
domain) or “dual-mode” continuous wave (CW, frequency-domain) laser(s) at wavelengths over the 800—
1300 nm range, which is absorbed by both/either the high quality GaAs crystal and/or InAs QDs, with high
carrier mobility and almost arbitrarily short carrier lifetimes (below 0.7 ps) which is strongly determined by
the pre-chosen QD layer periodicity.

We discuss such THz devices which exhibit optical-to-THz conversion efficiency around 5 times greater
than commercial LT-GaAs-based devices in time-domain setups, and exhibits efficient optical-to-THz oper-
ation in frequency-domain setups at both LT-GaAs and InAs absorption wavelength ranges, <850 nm and
<1300 nm respectively.
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Hot-electron bolometers mixers have been established as detectors of choice for terahertz observational as-
tronomy because they offer a noise temperature which is typically a few times the quantum limit, a rela-
tively wide intermediate frequency bandwidth, and also because they require much less local oscillator
power [1]. Typically HEBs are patterned as bridges from 3.5-nm NbN films deposited onto high-resistivity
Si substrates. The length-to-width ratio of the bridge is usually 1:10 in order to ensure a better match be-
tween the sensitive element and the planar antenna. With respect to the method of coupling an HEB with
electromagnetic radiation, one speaks about the waveguide design and quasioptical design. The advantage of
the former is that corrugated horns reduce edge diffraction, improve beam pattern symmetry and reduce
cross-polarization.

A promising type of the photon counting detector is SSPD. The SSPD is patterned from 4-nm-thick NbN
film as 120-nm-wide and meander-shaped strip that covers a square area of 10x10 um’. At wavelength
A< 1.3 um quantum efficiency (QE) of our best devices approaches 35% at 2 K with 35 ps timing jitter. The
system has already found a number of practical applications for detection of radiation from the quantum dots
with high temporal resolution, as well as in quantum cryptography and nanophotonics circuits [2].

Here we present also recent advances in the development of SSPDs. In an effort to promote SSPD to the
middle infrared, we have developed SSPD made of 40-nm-wide strips connected in parallel. These detectors
show a response to 10 um photon. Another development was the SSPD on a silicon waveguides [2]. We
have shown that such SSPD has a quantum efficiency up to 94% at telecom wavelengths, high speed of
detection and ultrashort timing jitter of 18 ps.

In particular we used ZBLAN fibers, allowing operation at wavelengths beyond 1700 nm. The best achieved
DE is up to 28% at a wavelength of 0.75 um, 20% at 1.55 um and 11% for 1.8 um fiber ZBLAN at 10 dark
counts per second at a temperature of 2 K.

Also we present our approaches to the development of fiber-coupled superconducting single photon detec-
tors with enhanced photon absorption. For such devices we have measured detection efficiency in wave-
length range from 500 to 2000 nm. The best fiber coupled devices exhibit detection efficiency of 44.5% at
1310 nm wavelength and 35.5% at 1550 nm at 10 dark counts per second [3].
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Detectors are among the critical components of THz/sub-THz imaging systems. The questions related with
performance of some type of THz uncooled detectors and the state of the art of arrays development in imag-
ing systems are discussed.

To make THz/sub-THz (v ~ 0.1-10 THz) cost-effective it is desirable to use un-cooled detectors and arrays
on their base. Estimations of ultimate noise equivalent power (NVEP) of direct detection uncooled rectifica-
tion and bolometer type detectors or arrays that define their applicability in active or passive imaging sys-
tems when comparing the estimated NEPs with experimental ones for given radiation frequency range are
given.

The comparison of operational parameters for different types of thermal detectors (Golay cells, metallic bo-
lometers, pyroelectric detectors) and rectification ones (Schottky barrier diodes (SBDs), field effect transistors
(FETs) and some others) as un-cooled THz/sub-THz detectors is considered. Signal rectification by un-cooled
THz/sub-THz detectors seems is an advantageous technique for fast direct detection of radiation, allowing
combine such detectors into focal plane arrays for applications in real time active or passive imaging.

The analysis of silicon FETs as direct detection THz/sub-THz detectors using the allregion model (with ac-
count of both drift and diffusion current components) has shown that the FET detector performance is main-
ly limited by parasitic effects. Frequency dependence (in high frequency range) of detected signal is similar
for direct detection FET and SBD and is ~v 2 or ~v* dependent on the antenna type and the measurement
procedure. Taking into account the parasitics and detector-antenna matching one can describe FET detector
parameters and estimate the ultimate performance limits of such detectors. Compared to SBD detectors the
FET ones can be preferable in applications if possible better adjustment of advanced FET impedance to that
of antenna is attained. To the date FET detectors have demonstrated NEP in the spectral range v ~ 100—
300 GHz that is appropriate for active imaging ~(10'°~10""") W/Hz"* and is about one order of magnitude
worse or comparable to the best values of SBDs. To operate well in THz frequency range small area SBDs
with lower barrier height, compared to GaAs one, are required.

The application of narrow-gap mercury-cadmium telluride for mm-wave/THz hotelectron bolometer is also
considered and it is shown that it can be used in linear arrays for active mm-wave/THz vision systems. NEP
of such detectors with antennas and silicon microlenses can achieve NEP ~ (1-3)-10"° W/Hz"? [1] in radia-
tion frequency range of v ~ 77-200 GHz. Some small number (8 to 16 elements) arrays were designed and
some pictures (see e.g. [2]) in the range of v ~ 150 GHz were obtained.

Acknowledgements: Authors are thankful to M. Smoliy, S. Bunchuk, and Z. Tsybrii for detectors manufac-
turing and V. Reva and J. Gumenjuk-Sychevska for useful discussions.
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We present a fabrication technique of ultra sensetivity NbN Superconducting Single Nanowire Photon De-
tectors (SSNPD) made by proton irradiation method based on selective displacement of atoms [1]. Showed,
that proton irradiation process leads to change superconducting and optical properties of SSPD fabricated in
standart technology [2]. At fixed dose about 10*' proton per second that correspond to displacement per ion
(dpi) ~ 0.7 quantum efficiency to increases up to maximum possible value 30% at wavelenght 1.3 pm. But
critical current /; and critical temperature 7, to decreases in half times. XPS (x-ray photoelectron spectros-
copy) analysis showed that Nb to N atom ratio to be 0.505/0.495 before irradiation and oxygen concentra-
tion to be 10%, but after proton irradiation oxigen concentration to be 25-30%. We are propose the phe-
nomenological model of single photon detection fabricated by proton irradiation method.
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Studies of electromagnetic characteristics of nanostructured composites based on graphene materials are the
scientific and technological basis for a wide range of different radio devices and coating having the desired
electromagnetic properties.

One of the main methods for the synthesis of graphene-based materials is the process of graphite intercala-
tion with thermal expansion in induction chambers and the separation of multilayer graphene structures.
However, this method to obtain the substance (expanded graphite) contains of the graphene film is not more
than 0.1%, which is due on the one hand insufficient degree of intercalation of graphite and the other low
rate of thermal degradation of the substance.

The authors of method of the microwave thermal destruction has been developed a facility consisting of an
electrochemical graphite intercalation in high pressure reactor, unit microwave generator with the resonance
chamber and an adjustable level of absorption of the microwave radiation in the environment of high-purity
argon.

Experiments have shown a high degree of intercalation graphite and substantially more efficient absorption
of microwave energy and the particulate material as a consequence of a high heating rate in the process of
interaction with the high-frequency electromagnetic field.

The resulting material consists of multilayer graphene 10-20 nm thick structures, separated graphene films,
complex filaments in length from 0.1 to 2 mm and an effective diameter of 0.001 to 0.03 mm, particle crys-
tallites and amorphous carbon. Absorption surface of the substance reaches 700-900 m?/g with a bulk densi-
ty of 1.6 kg/m’. After dynamic separation and processing the received substance by ultrasound chamber
multilayer graphene structures were dispersing in the polymer matrix. The resulting material has high local
conductivity and ability to produce two or three-dimensional cohesive structure (multifractal clusters) com-
posed of a few atomic layers (including one) of the transverse dimensions of a few tens of micrometers,
suitable for the study of their mechanical, optical and electronic properties.

The authors have been investigated polarization properties multilayer graphene structures depending on the
concentration of the binder (polymer) in the centimeter wavelength range (3—10cm). With the help of a
spectrum analyzer measured of the amplitude of a incident wave and the reflected wave from multilayer
graphene composite.

We investigated the case of normal incidence of the electromagnetic wave to the composite film. Revealed
the presence of anisotropy in the film which is rotated in a plane perpendicular to the direction of propaga-
tion of the wave. Polarization of the amplitude of the reflected wave under the rotation of the film was 20 to
30%, depending on the topological structure of the fractal clusters. The influence of the anisotropy of the
medium on the reflective properties both of TE and TH polarized waves is theoretically analyzed. Based of
this theoretical research the method of determination of electromagnetic parameters of multilayer graphene
composite is developed and experimentally proved.

Acknowledgements: This work was supported by the Russian Foundation for Basic Research (Grant 13-02-
97035 a).
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Abstract: Interference between the free electron photocurrent and the nonlinear polarizationof neutrals, can
be used for the femtosecond coherent control of the THz spectra and polarization in a femtosecond filament.

OCIS codes: (190.0190) Nonlinear optics; (260.3090) Infrared, far; (300.6290) Spectroscopy, four-wave
mixing.

Gas is one of the promising and convenient medium for generation of broadband pulsed terahertz radiation.
The highest THz generation efficiency is reached in the case of high intensity dual-frequency femtosecond
laser pulses. The most important contribution to generation of low-frequency field is provided by the photo-
current of free charges, induced by photoionization, and the four-wave mixing process, which describes
nonlinear response of bound electrons in a gas.

In this paper we show both theoretically and experimentally that the THz-range radiation produced by co-
propagating in nitrogen and air 800 nm and 400 nm high-intensity femtosecond laser pulses consists of the
contribution from both the free electron current and the nonlinear polarization of neutral molecules. The ma-
jor contribution from free electrons is in the low-frequency part of the THz spectrum, while the higher-
frequency part is dominated by the instantaneous and delayed Kerr nonlinear response of neutrals at the dif-
ference frequency. We discussed the polarization properties of the THz radiation versus the polarizations of
the incoming light beams.
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USING EXTERNAL OPTICAL ELEMENTS
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Specifics of the transformation of radiation from THz quantum lasers using external optical elements stems
from their wire geometry: subwavelength cross section, and the length much larger than the wavelength.
While beam shaping optics for the lasers with transverse dimensions much larger than the wavelength is
well established [1], external transformation of the radiation from subwavelength sources is an emerging
field. The importance of this field is determined by existing complications with effective coupling of radia-
tion from wire lasers caused by high radiation divergence and non-uniform phase front [2]. It has been
shown that the problem of effective coupling of radiation from wire lasers can be solved by altering the field
distribution of the laser mode [3—-5], however this approach requires elaborate cavity design which is not
always robust and economic. In this talk the overview of results obtained in the field of external transfor-
mation of radiation from wire lasers is presented, including the development of specific methods of analysis
of transformation of radiation field of wire lasers, approaches towards the construction of optical elements,
and investigation of specific beam profiles, promising for applications, that can be created using wire lasers
with external optical elements.

Acknowledgements: The work is supported by RAS, TERADEC joint NWO/RFBR project and NATO SfP
984068 grant.

References:

1. Laser beam shaping theory and techniques, Ed. F.H. Dickey, S. C. Holswade. New York: Marcel Dekker Inc., 2000.

2. J.L. Adam, I. Kasalynas, J.N. Hovenier, T.O. Klaassen, J.R. Gao, E.E. Orlova, B.S. Williams, S. Kumar, Q. Hu, J.L. Reno, “Beam
pattern of TeraHertz quantum cascade lasers with sub-wavelength cavity dimensions” Appl. Phys. Lett., Vol. 88, 151105 (2006).

3. E.E. Orlova, J.N. Hovenier, T.O. Klaassen, I. Kasalynas, A. J.L. Adam, J.R. Gao, T.M. Klapwijk, B.S. Williams, S. Kumar, Q. Hu,
J.L. Reno, “Antenna model for wire lasers” Phys. Rev. Lett., Vol. 96, 173904 (2006).

4. M.I. Amanti, M. Fischer, G. Scalari, M. Beck and J. Faist, “Low-divergence single-mode terahertz quantum cascade laser”
Nature Photon., Vol. 3, p. 586 (2010).

5. T.-Y. Kao, Q. Hu, J.L. Reno, “Perfectly phase-matched third-order DFB THz quantum-cascade lasers” Opt. Lett., Vol. 37,
p, 2070 (2012).



195

Paper TH-O-4

SPECTRAL LIMITATIONS OF THE AIR BASED COHERENT DETECTION (ABCD)
TECHNIQUE OF THE THZ PULSE DETECTION

M.N. Esaulkov!, N.A. Panov', A.V. Borodin', A.A. Frolov?, O.G. Kosareva', A.P. Shkurinov'

'Lomonosov Moscow State University, Leninskie Gory, Moscow 119991, Russia
?Joint Institute for High Temperature, Russian Academy of Sciences, Moscow 125412, Russia

Esaulkov_mich@mail.ru

Abstract: The coherent plasma detection technique to detect pulsed terahertz (THz) signal based on the
transient photocurrent mechanism is suggested.

OCIS codes: (190.0190) Nonlinear optics; (260.3090) Infrared, far; (300.6290) Spectroscopy, four-wave
mixing.
1. Introduction

Nonlinear interactions during propagation of the two-color femtosecond laser radiation result in the effective
generation of the THz radiation [1]. The spectral bandwidth of this radiation is inversely proportional to la-
ser pulse duration [1, 2]. Zhang et al. [3] proposed an electric-field induced second harmonic generation
(EFISH) process for terahertz detection. The use of external DC field allows to measure terahertz field am-
plitude at the given moment of time. Temporal waveform of the terahertz pulse can be obtained by scanning
of delay stage in time-domain scheme. This method is known as air-biased coherent detection (ABCD) [4].

Initially, the second harmonic generation in the ABCD method was attributed to the anharmonic response of
bound electrons [4]. Later, in the paper [5] it was shown that the free electrons can also contribute to genera-
tion of second harmonic radiation in this detection scheme.

In this paper we propose an ABCD method based on the transient photocurrent-induced mechanism of se-
cond harmonic generation. We investigate the bandwidth limitations of the detection technique both for
bound and free electron mechanisms.

2. Theoretical background

The ABCD detection method requires interaction of three electric fields: E = Ejyger + Epc + Ery,, where
Eiaser, ETnz, and Epc are the probe laser, THz, and DC fields, respectively, and |Ejuser] >> |Ethz|, |Epc|. Here
we take the Ejer field amplitude high enough for tunnel/multiphoton ionization of the gas. The radiative

part of the photocurrent can be written as
2

J=S NE, (1)
m

where m, e are electron mass and charge respectively, N is free electron density.

The spectrum of N.(¢) contains only even harmonics of the laser field frequency because the tunnel ioniza-
tion rate reaches its maximum twice during each optical period. As a result, the radiative part of the photo-
current responsible for the second harmonic generation takes form

2
; e
Jeven = ENe (EDC + ETHZ) (2)
The spectral intensity of the second harmonic signal is written as:
A .2
S= ‘F(J)‘ = f(Q)(Elz)c +E%Hz +2Epc Eer ), 3)

where f(QQ) is a factor describing the spectral sensitivity of the ABCD method and Q is terahertz wave fre-
quency. The Eq. (3) is valid also for the bound electrons response if we use a corresponding factor f(Q2). The
detection process requires heterodyne detection of a S, = f(QQ)EtnEpc component in the Eq. (3).

We consider numerically the reconstruction of the model THz signal Eq,, = Ex,, cosQt to determine the

limitations of this technique. The quality of the reconstructed signal was estimated as &(Q) = Z(EtuAt:) —
Sh0(7i))?, where 7; — time delay between laser probe and terahertz pulses. The dependence of the reconstruc-
tion quality on terahertz frequency Q for 120 fs laser pulses is shown on the Fig. 1.
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Figure 1. Dependence &(Q) on terahertz frequency for bound electrons mechanism (red curve) and for transient pho-
tocurrent mechanism (blue curve).

One can see from Fig. 1 that the dependence &(£2) monotonically increases at the low-frequency part of
spectrum (see Fig. 1b) for both detection mechanisms in a similar way. At higher frequencies there is fast
increase of &(€2) due to incorrect reconstruction of the terahertz radiation phase (see Fig. 1a). The frequency
of fast increase in case of transient photocurrent mechanism is higher than in case of bound electrons one
due to lesser duration of the ionization front in comparison with the optical pulse duration.

3. Conclusions

We have introduced the transient photocurrent-induced mechanism for THz detection in the ABCD tech-
nique. We have shown that the critical frequency which limits the detection bandwidth at higher THz fre-
quencies is caused by incorrect reconstruction of phase of terahertz radiation. This frequency is higher for
the transient photocurrent mechanism due to lesser duration of the ionization front in comparison with the
optical pulse duration.
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THz SPECTROSCOPY BASED ON QUANTUM CASCADE LASERS
FOR MEDICINE AND BIOLOGICAL INVESTIGATIONS

V.L. Vaks
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Now the actual problems in the gas analysis field have been associated with development of novel methods
of medical diagnostics. The analysis of composition of human exhaled air allows diagnosing some of pa-
thology processes on the base of measuring concentrations of substance-markers, which are products of
physiological and biochemical processes in human organism [1]. The investigations of biological com-
pounds (DNA, proteins, sugars, etc) in solid and gaseous phases as well as liquids are important for medical
and biological tasks. Dielectric properties of biomolecules in THz range are formed by low frequency vibra-
tions, which specify collective motion of big atomic groups, and intermolecular hydrogen bonds, thus,
providing information about molecular geometry and conformational flexibility and its chemical activity.
During the variety of instrumental methods of analysis of exhaled air and biological compounds the spectro-
scopic methods including the spectroscopy of THz frequency range are more prospective. The THz tech-
nique can also be used for studying of biological tissues based on dielectric function analysis.

The essence of a nonstationary spectroscopy is as following: interaction of electromagnetic radiation with
ensemble of absorbing molecules results in induction of macroscopic dipole. After a radiation impact is
over, absorbed energy is reradiated coherently at the frequency of molecular transition. The operation of
nonstationary spectrometers can be realized in a phase switching [2] or fast passage regime [3]. The ad-
vantages of the method involve frequency resolution about 10 kHz and high sensitivity. To provide a re-
quired resolution, spectroscopic characteristics of a radiation sources are to meet requirements for measure-
ments at Doppler line resolution (~10°) and frequency measurements with accuracy 10*+107'°. The cor-
nerstone of the radiation source design based on quantum cascade laser (QCL) is a phase-lock loop (PLL)
and modulation system. The first step in the elaboration of the PLL system involved studying of spectral,
power and modulation characteristics of QCL. The PLL system for DFB QCL is designed using a room
temperature superlattice (SL) harmonic mixer [4].

After the QCL based radiation source was shown to be operational a laboratory model of the spectrometer
has been set up and tested. The exhaled breath analysis of oncopatients with cancer of lung which had radio-
therapy and diabetes patient was carried out. The DNA spectra were measured preliminary.

Acknowledgements: This work is supported by the grant of the Government of RF Ne 11.G34.31.0066
(MedLab), TeraDec 047.018.005.
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It is known that many diseases occur as a result of complex metabolic disorders. The disease diagnosis with
a single marker could be uninformative that facilitates the transition of the disease to the chronic phase and
leads to expensive and long-term treatment. The study of unique spectral “fingerprint” specific to the pro-
cesses occurring in living organisms is an extremely important task. The methods of terahertz time-domain
spectroscopy (THz-TDS) can be helpful for the study of specific markers of disease. This type of spectros-
copy has a number of advantages such as the possibility to analyze a wide frequency band in a single meas-
urement, to obtain time resolution and phase information and to measure the complex dielectric permittivity
which completely characterizes the optical response of the matter [1].

Diabetes Mellitus is characterized by the high level of blood glucose, the changes of blood lipid profile and
the elevation of corticosteroid hormones concentration. In preliminary studies we have shown that glucose
and corticosteroids have characteristic absorption bands in the frequency range 0.7-3.0 THz [2, 3]. The aim
of the present research is to perform the comparative analysis of the blood components in case of healthy
and diabetic individuals by using of THz-TDS.

The absorption and refraction spectra of the whole blood, red blood cells and plasma have been measured.
The used THz-TDS apparatus has been reported previously [2, 3]. For the case of solutions and thin films on
quartz substrates we developed the total internal reflection (TIR) scheme using a silicon right angle Dowe
prism. The practical advantage of TIR scheme consists in the larger signal amplitude (|R| is close to 1) for
the strong absorbing media.

It was found that the greatest differences in the reflection amplitude spectra of blood components in case of
healthy and diabetic individuals were located in the range 0.4—0.6 THz. A direct correlation between the
amplitude of the absorption and blood glucose in rats with alloxan diabetes was established.
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