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Investigation of pre-pulse influence on high-Z plasma formation in
experiments with high intense up to 1022 W/cm2 femtosecond laser

pulses by means of X-ray spectroscopy

M. A. Alkhimova1, A. Ya. Faenov1,2, T. A. Pikuz1,2, I. Yu. Skobelev1,3,
S. A. Pikuz1,3, A. S. Pirozhkov4, M. Nishiuchi4, N. P. Dover4, H. Sakaki4,

A. Sagisaka4, Ko. Kondo4, K. Ogura4, M. Ishino4, Y. Fukuda4, H. Kiriyama4,
E. A. Vishnyakov6, A. O. Kolesnikov6, E. N. Ragozin6, A. N. Shatokhin6,

M. Kando4, R. Kodama2,5 and K. Kondo4

1 Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, Russia;
2 Institute for Open and Transdisciplinary Research Initiatives, Osaka University, Osaka, Japan;
3 National Research Nuclear University “MEPhI”, Moscow, Russia
4 Kansai Photon Science Institute, QST, Kizugawa, Kyoto, Japan;
5 Institute of Laser Engineering, Osaka University, Osaka, Japan;
6 P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: MAAlkhimova@mephi.ru

In experiments with laser fluxes on target reached Ilaser ≥ 5 × 1021 W/cm2

the becomes very designed to control the pre-plasma [1]. Since pre-plasma plays
an important role at these intensities and directly effects to physical processes
in plasma and following experimental aims as consequence. In this work we
demonstrate that x-ray spectroscopy diagnostic can be used for estimation tar-
get integrity at the time of main laser pulse coming. That becomes possible
because appeared spectral features may indicate the interaction of main laser
pulses as with pre-plasma or solid target. We report about x-ray spectroscopy
measurements that were done at recent experiments on the J-KAREN-P laser
facility. First experiment was aimed to achieve efficient coherent soft x-ray gen-
eration via high-order harmonics [2] and second was aimed to the investigation
of proton acceleration mechanisms in ultra-relativistic laser plasmas [3]. In both
cases, we measured x-ray emission from stainless steel plasma generated at the
rather different experimental conditions and observed the high sensitivity of x-
ray emission spectra to laser pulse contrast. As a result, we have been able to
distinguish the existence or absence of pre-plasma in interaction of laser pulse
with target. We found that x-ray emission intensity increases by power low with
laser intensity on target as of ∼ I4.5 when the laser contrast K ≥ 1010 and
as of ∼ I2 for K ∼ 106. We also shown the strong influence of plasma states
formation on the laser focusing.

The reported study was funded by RFBR according to the research project
N 20-02-00790.
references
[1] Nakamura et al., PRL 108, 195001 (2012).
[2] Teubner and Gibbon, Rev. Mod. Phys. 81, 445 (2009).
[3] Dover N. P. et al., PRL 124 (8), 084802 (2020).
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Compact laser-plasma sources of ultra-relativistic electrons

N. E. Andreev1,2

1 Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia;
2 Moscow Institute of Physics and Technology (State University), Dolgoprudny, Moscow Region,
Russia
e-mail: andreev@ras.ru

High energy electrons and hard X-rays, produced in the interaction of rel-
ativistically intense laser pulses with matter, open a new approach to creation
and diagnosis of extreme states of matter. The elaboration of compact sources of
ultra-relativistic electrons and hard X-rays requires the development of advanced
acceleration methods based on high gradient acceleration mechanisms. In view
of current and future experiments, various methods of electrons acceleration in
plasma are discussed.

One of the actively developing approach is based on the use of wake fields
generated in rarified plasma under the action of relativistically intense femtosec-
ond laser pulses. Acceleration of electrons to ultra-relativistic energies up to the
TeV range with a large acceleration gradient, much higher than that available in
conventional radio frequency accelerators, can be achieved in a multistage laser
wakefield accelerator, operating in a moderately nonlinear mode. The properties
of accelerated electron bunches are investigated on the base of analytical models
and numerical simulations [1].

In the case of denser plasmas, the effective transfer of the laser energy to hot
electrons was demonstrated by the use of structured targets. The direct laser
acceleration mechanism in a plasma channel, created by a relativistically-intense
subpicosecond laser pulse in a plasma with a near critical density, is analyzed
for the laser and target parameters in recent experiments on the PHELIX laser
system at GSI (Darmstadt, Germany). The efficient generation of high-energy
electrons with an energy of tens of MeV demonstrated experimentally was sup-
ported by numerical modeling. These collimated beams of high energy electrons
reach effective temperatures, which are many times higher than those predicted
by Wilks ponderomotive scaling and carry mega-ampere current with charges of
hundreds of nC [2].

This work was partially supported by the Presidium of the RAS (Fundamental
Research “Programm Extreme Light Fields and Their Interaction with Matter”)
and RFBR (Grant No. 19-02-00908).
references
[1] M. E. Veysman, N. E. Andreev, Quantum Electronics 50 (4), 392–400 (2020).
[2] O. N. Rosmej, N. E. Andreev, S. Zaehter et al, New J. Phys. 21, 043044
(2019).
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Tuning laser wakefield acceleration at few-mJ kHz laser by varying
pulse duration and tailoring gas profile

I. A. Andriyash, L. Rovige, A. Vernier, J. Huijts and J. Faure

Laboratoire d’Optique Appliquée, ENSTA–CNRS–Ecole Polytechnique, Palaiseau, France
e-mail: igor.andriyash@ensta-paris.fr

Laser wakefield acceleration or simply laser-plasma acceleration (LPA) of elec-
trons is a process, in which an ultrashort laser is focused into a gas, and ionising
it drives the plasma waves with strong accelerating fields. Today, we can distin-
guish the LPA concepts based on the highest possible laser powers & 1 PW, and
the alternative ones which involve the kHz laser systems with few-TW power.
The existing multi-mJ kHz laser systems are now able to compress the pulses
into almost single-cycle beamlets, and with tight focusing to reach intensities
suitable to drive wakefield acceleration [1-5]. Operating in the kHz regime, such
sources provide a very high average current, which makes them of a great inter-
est for ultrafast electron diffraction [6-8], irradiation experiments for radiation
harness studies [9] or radio-biology [10,11].

Figure 1: LPA with 4 fs (upper left) and 10 fs (lower left) laser: plasma density (gray),
accelerating field (blue), electrons from self-injection (red) and ionization injection (green).
Design of the nozzle with asymmetric shock (upper right), and shadowgraphic image of the
plasma (lower right).

Wakefield acceleration and associated electron injection in the case of a few-
cycle few-mJ laser may occur in a wide range of regimes providing beams with
different charge, energy spectral and angular profiles. In this contribution, we
present recent experimental and modeling results obtained at Salle Noire kHz
laser system of LOA. We discuss transitions between the self-modulated and
matched LPA modes by tuning laser duration from 4 fs to 10 fs (Fig. ?? left),
and tailoring of gas density profile for enhanced stability (Fig. ?? right).
references
[1] Z.-H. He, B. Hou, J. H. Easter et al, New J. Phys., 15, 053016 (2013).
[2] B. Beaurepaire, A. Vernier, M. Bocoum et al, Phys. Rev. X, 5, 031012
(2015).
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[3] J Faure, D Gustas, D Guénot et al, PPCF, 61(1), 014012 (2019).
[4] D. Guénot, D. Gustas, A. Vernier et al, Nat. Photon., 11, 293 (2017).
[5] D. Gustas, D. Guénot, A. Vernier et al, Phys. Rev. AB, 21, 013401 (2018.
[6] Z.-H. He, A. G. R. Thomas, B. Beaurepaire et al, APL, 102, 064104 (2013).
[7] Z.-H He, B. Beaurepaire, J. A. Nees et al Sci. Rep., 6. 36224 (2016).
[8] J. Faure, B. van der Geer, B. Beaurepaire et al, Phys. Rev. AB, 19, 021302
(2016).
[9] B. Hidding, O. Karger, T. Königstein et al, Sci. Rep., 7, 24354 (2017).
[10] O. Rigaud, N. O. Fortunel, P. Vaigot et al, Cell Death & Disease, 1(9), e73
(2010).
[11] O. Lundh, C. Rechatin, J. Faure et al, Medical Physics, 39(6Part1), 3501
(2012).
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Amplification of high harmonics and attosecond pulse trains with
linear or elliptical polarization by a plasma-based X-ray laser,

dressed by an IR laser field

V. A. Antonov1,2, I. R. Khairulin1 and O. Kocharovskaya3

1 Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia;
2 Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia;
3 Department of Physics and Astronomy, Texas A&M University, College Station, USA
e-mail: antonov@appl.sci-nnov.ru

The attosecond pulses of extreme-ultraviolet (XUV) and soft X-ray radiation,
produced via high order harmonic generation (HHG) of optical and infrared (IR)
laser fields in gases have opened up qualitatively new opportunities in study and
control of the electronic processes in atoms, molecules and solids at their intrinsic
time scales. However, the energy of high-order harmonics (HHs) is quite limited,
especially in the X-ray range (for the photon energies above 200 eV), as well as
for the harmonics with circular and elliptical polarization.

Recently, we suggested a technique to amplify a train of attosecond pulses,
produced by HHG of an IR laser field, in hydrogen-like active medium of a
plasma-based X-ray laser. This technique is based on modulation of frequency
of the inverted transition of the X-ray laser by the same IR field, as used to
generate the harmonics, via linear Stark effect, which results in redistribution of
the resonant gain and joint amplification of a wide set of high order harmonics.
It was proposed an experimental implementation of the suggested technique in
active medium of C5+ ions at wavelength 3.4 nm in the “water window“ range,
and the possibility to amplify by two orders of magnitude a train of attosecond
pulses with pulse duration down to 100 as was shown [1].

In the present contribution we generalize this technique to the Ne-like and Ni-
like collisional X-ray lasers. We show the possibility to amplify a set of HHs with
circular or elliptical polarization, as well as to strongly increase the ellipticity of
harmonics during their amplification in the Ne-like or Ni-like active medium of
an X-ray laser, dressed by the IR field of the fundamental frequency with linear
polarization. We discuss the possibility of an experimental implementation of
the proposed technique in the wavelength range 20-30 nm in the active medium
of Ne-like Ti12+ ions, irradiated by 3.9 um IR laser field.

This work was supported by the Russian Science Foundation (Grant No. 19-
72-00140).
references
[1] V. A. Antonov, K. Ch. Han, T. R. Akhmedzhanov, M. Scully, O. Kocharovskaya,
Phys. Rev. Lett. 123, 243903 (2019).
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Synergic synchrotron-Cherenkov radiation

I. I. Artemenko , E. N. Nerush and I. Yu. Kostyukov

Institute of Applied Physics of the Russian Academy of Sciences (IAP RAS), Nizhny Novgorod,
Russia
e-mail: ivanartemenko1994@gmail.com

The photon emission by an ultrarelativistic charged particle in the extremely
strong magnetic field is analyzed, with vacuum polarization and photon recoil
taken into account. The vacuum polarization is treated phenomenologically
via the refractive index. The photon emission occurs in synergetic (cooperative)
synchrotron-Cherenkov process[1] which is similar to synchrotron emission rather
than to Cherenkov one. For electrons, the influence of the vacuum polarization
on the emission spectrum is not evident even beyond the probable onset of non-
perturbative quantum electrodynamics (QED). However, the evidence of the
vacuum polarization in the emission spectrum can be reached for muons already
at γB/BS ' 30, with γ the muon Lorentz factor, B the magnetic field strength
and BS the critical QED field, respectively. However, vacuum polarization leads
to only 10% enhancement of the maximum of the radiation spectrum.
references
[1] J. Schwinger, W. Tsai, T. Erber, Annals of Physics 96, 303 (1976).
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Magnetoactive plasma processes and nuclear fusion resulting from
the action of relativistic laser radiation

V. Belyaev1, A. Kolchugin1, A. Matafonov1, O. Onishchenko2 and B. Zagreev1

1 Joint Stock Company “Central Research Institute for Machine Building”, Korolev, Moscow
Region, Russia
2 Institute of Physics of the Earth, Moscow, Russia
e-mail: belyaev@tsniimash.ru

The results of modeling space jets on a laser installation are presented. The
spatial and energy distribution of proton fluxes accelerated from the back of
a flat metal target when exposed to laser radiation with an intensity of ∼ 5 ×
1018W/cm2 was experimentally studied. A power-law dependence of the decrease
in proton flux divergence with an increase in their energy is obtained. The
minimum proton beam divergence recorded in experiments is φ ' 0.05o. The
constructed theoretical model of the studied processes is in good agreement
with the experimental results, describes the MHD - the process of collimation
of plasma flows simulating space lies.

The results of a study of magnetized plasma flows with the aim of using them
as a driver to initiate nuclear fusion reactions based on the p + 11B reaction
are presented. It is of interest to compare the yield of alpha particles in cases
of magnetized and free of magnetic field proton fluxes incident on a boron-
containing target. The maximum measured yield of alpha particles is 109 in 4π
steradian at a laser radiation intensity of ∼ 5 × 1018W/cm2. The experiments
showed exclusive results, both in obtaining and extremely small divergence of
plasma flows, and in achieving an abnormally high yield of alpha particles in a
boron-hydrogen reaction of nuclear fusion.

This work was supported by a grant from the Russian Foundation for Basic
Research 18-29-21021.
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Electron acceleration and secondary radiation emission from
sub-micro-sized targets

S. G. Bochkarev1,2, D. A. Gozhev1,3, I. A. Andryash4,
A. V. Brantov1,2 and V. Yu. Bychenkov1,2

1 P.N. Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia;
2 M.V. Lomonosov Moscow State University, Moscow, Russia;
3 Center for Fundamental and Applied Research, Dukhov Automatics Research Institute,
ROSATOM, Moscow, Russia;
4Laboratoire d’Optique, Applique, Palaiseau, France.
e-mail: bochkarevsg@lebedev.ru

The use of sub-micro-sized targets in interaction with intense femtosecond
laser pulses is considered to be uniquely convenient approach for the development
of a compact versatile pulsed source of secondary radiation. Innovative nano-
and micro-sized targets, including sub-microwires or sheets on the target surface
and cluster media, allow effectively absorb laser energy, generate high energy
electrons and, as a result, increase the production of accelerated electrons and
ions, X-rays, neutrons [1,2].

Whereas for laser radiation of nonrelativistic intensity, increased absorption
and heating have been explained in the framework of linear theory, then for
lasers of relativistic intensity an understanding of the physics of these effects has
not yet been fully achieved. As in the case of the interaction of a laser pulse
with nano/micro structures [1,3], we can expect that in a cluster (or nano/micro
droplet) plasma, the determining mechanism of a large energy gain by electrons
is the stochastic heating in the combined field of the laser pulse and the Coulomb
field of the clusters.

We focus on study of hot electron generation and particle acceleration to en-
ergies beyond the ponderomotive limit. The model describes the high energy
particle generation as a result of multiple elastic electron scattering on an ex-
panding charged cluster. As in the case of collisions of electrons with ions in a
strong laser field [4], the model of collisions of electrons with clusters predicts
the formation of a broad energy distribution with a tail of suprathermal elec-
trons, which is characterized by power-law scaling. The expected appearance
of supra-ponderomotive electrons should lead to an increase in the hardness of
X-ray radiation.

This work was supported by RFBR grants Nos. 18-02-00452, 20-21-00023 and
Fellowship of Foundation for the Advancement of Theoretical Physics “BASIS“
(grant 17-21-2106-1) for D.A. Gozhev.
references
[1] C. Bargsten, et al., Sci. Adv. 3, e1601558 1–8 (2017); M. P. Hill, et al.,
arXiv:2007.10410.
[2] A. Ya. Faenov, et al., Contrib. Plasma Phys. 53, 148 (2013).
[3] D. A. Gozhev, et al., High Energy Denity Physics 37, 100856 (2020).
[4] A. A. Balakin, G. M. Fraiman, N. J. Fisch. JETP Letters, 81, 1-5 (2005).
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Target chemistry and engineering to provide multiplication effect on
the laser plasma sources of particles and rays

N. G. Borisenko,1 A. A. Akunets1, A. I. Gromov1, I. R. Kuvshinov1, E. A.
Pisareva1, S. M. Tolokonnikov1, V. G. Pimenov3, and A. V. Pastukhov1,2

1 P. N. Lebedev Physical Institute, Moscow, Russia;
2 A. N. Nesmeyanov Institute of Organoelement Compounds, Moscow, Russia;
3 N. D. Zelinsky Institute of Organic Chemistry, Moscow, Russia;
e-mail: borisenkong@lebedev.ru

Target technology is a straightforward way to work out target design and to
realize the target capable of optimal efficiency in laser-driver interaction. The
purposes may range from inertial fusion energy (IFE) complex aims to more
up to date needs of bright laser-initiated sources of particles and e.-m.beams,
extreme matter studies for astro-objects physical modeling, other high-energy
density (HED) experiments. Chemistry and engineering in the course of target
creation resulted in wonderful progress of making powerful physical processes
brighter in HED experiments.

Though the interaction experiments started several decades ago the inves-
tigations with inertial fusion targets present new physical findings every year,
tending to transfer to even more interesting structurally diverse packages of
targets, fitting multiple desired applications.

The IFE-aimed studies came across many new effects, so that many of the
above-enumerated fields receive new impacts (even in the times of cheap oil).

Here we will stress on the further target material studies emerging from the
observed effects (of higher x-ray and particle yields found earlier with foam
targets) found in powerful interaction experiments in the context of IFE.

Low-density gold as bright emitter and polymer aerogel as multiplication layer
[1, 2] could serve examples of such target chemistry and engineering application.
The characteristic present stage strongly depends on the new materials and
compounds, designed for the necessary physical realization, professionally syn-
thesized, profoundly characterized, super-critically- and freeze-dried, optimally
aged and thermally treated.

The work is partly supported by RFBR Project No. 19-02-00875.
references
[1] C. Kaur et al. Plasma Phys. Control. Fusion, 61(8), 084001 (2019).
[2] O. N. Rosmej et al. New J. Phys., 21(4), 043044 (2019).
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Transient surface electromagnetic fields in laser-target interaction

A. V. Brantov1,2, V. Yu. Bychenkov1,2, A. S. Kurstov1,2 and Yu. M. Aliev1

1 P. N. Lebedev Physics Institute of the Russian Academy of Sciences, Moscow, Russia;
2 Dukhov Research Institute of Automatics (VNIIA), Moscow, Russia
e-mail: brantovav@lebedev.ru

Strong ultra-fast surface fields and electric currents in the interaction of short
intense laser pulses with solid dense targets are currently of great interest in
both fundamental and applied sciences [1]. However, till now they were associ-
ated either with charge-neutralizing current [1] or with electromagnetic surface
wave. Here we present theoretical model [2], which described generation of a
fast transient surface field and the corresponding lateral skin current in the form
of a polarization wave due to a laser-accelerated electron bunch crossing the
target-vacuum boundary. Such a traveling-wave skin current naturally appears
as near-field solution in the same approach that was used in the theory of transi-
tion radiation and is a fundamental effect for a high-conductivity half-bounded
medium, for example, a solid dense plasma. The presented theory demonstrates
transition from polarization field in a form of a quasistationary dipole field of
two charges (the real charge and its mirror image) in the nonrelativistic limit to
the radiation field in the ultrarelativistic case. We also complement our theory
with two simulation models using FDTD and PIC methods. Distinctive features
of the proposed theory are clearly manifested in both of these models.

We also show that transition field may be generated by switching on a charge-
separation field when an ultrashort laser pulse quickly pushes electrons out of
the target. It provides a hot-spot electromagnetic field spreading over the target
surface to large distances at the speed of light. The surface transition field
propagates in the form of a bipolar video pulse. Its amplitude significantly
dominates the conventional surface wave amplitude.

This work was supported by the Russian Foundation for Basic Research
(Grants 18-02-00452; 20-21-00023).
references
[1] K. Quinn et. al., Phys. Rev. Lett. 102, 194801 (2009).
[2] A.V. Brantov, A.S. Kuratov, Yu.M. Aliev, V.Yu. Bychenkov, arXiv:2002.07436
[physics.plasm-ph] (2020).
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Experimental study of optical magnetic field generators in
picosecond regime with proton radiography

N. D. Bukharskii1, Y. V. Kochetkov1, M. Ehret2,3, K. L. Gubskiy1,
J. J. Santos2, V. Ospina-Bohorquez2, G. Schaumann3, B. Zielbauer4, Y. Abe5,

F. Law5, A. S. Shchekin1 and Ph. A. Korneev1,6

1 National Research Nuclear University MEPhI, Moscow, Russia;
2 Laboratoire CELIA, Université de Bordeaux, France;
3 Institut für Kernphysik, Technische Universität Darmstadt, Germany;
4 PP/PHELIX, GSI, Darmstadt, Germany;
5 Institute of Laser Engineering, Osaka University, Japan;
6 P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: n.bukharskii@gmail.com

Laser-driven approach [1] to strong magnetic field generation is an interest-
ing and promising technique that potentially has a number of applications in
different areas of science and technology - from producing magnetized plasma
for laboratory astrophysical studies to controlling high-energy charged particles
transport in Inertial Confinement Fusion experiments. This method of magnetic
field generation is compact and does not require expensive and cumbersome ca-
pacitor banks. It implies irradiating targets with intense short laser pulses in
order to create strong discharge currents, which with use of modern laser systems
are able to induce magnetic fields well in excess of 100 T [2], beyond the limit
for conventional methods relying on non-destructive resistive and superconduc-
tive electromagnets. The structure and magnitude of the generated fields highly
depend on the target geometry, which thus can be considered as a subject for
optimization.

In this work, picosecond magnetic field generators of different geometries are
studied. Various diagnostics can be employed to characterize laser-driven mag-
netic field generation both qualitatively and quantitatively. One of them is pro-
ton radiography. It allows performing spatially- and temporally-resolved mea-
surements of magnetic and electric fields induced around the target by recording
deflection of a probe proton beam with use of radiochromic films. Information
about electromagnetic fields generated by the target can be extracted from ex-
perimental radiographs by performing numerical simulations of the proton beam
flight through the studied region. By comparing the simulated radiograph with
the experimental one it is possible to scale the fields and iteratively adjust their
structure in simulations until the difference between radiographs becomes small
enough. Then the fields around the target are assumed to be reconstructed with
admissible error. In this study, characteristic features of radiographs are ana-
lyzed for several model targets and probing geometries. The simulation results
are, where possible, compared with experimental radiographs obtained with real
targets at PHELIX laser facility. The comparison confirms efficient generation
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of magnetic field in some targets. Further steps for more precise analysis are
discussed.

Some of the results are based on the experiment P171, which was performed at
the PHELIX facility at the GSI Helmholtzzentrum fuer Schwerionenforschung,
Darmstadt (Germany) in the frame of FAIR Phase-0. The research leading
to these results has received funding from LASERLAB-EUROPE (grant agree-
ment no. 654148, European Union’s Horizon 2020 research and innovation pro-
gramme).
references
[1] H. Daido, F. Miki, K. Mima et al., Physical Review Letters 56 (8), 846 (1986).
[2] J. J. Santos, M. Bailly-Grandvaux, L. Giuffrida et al., New Journal of Physics
17 (8), 083051 (2015).
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Orbital angular momentum exchange between laser beam and
particle

R. Nuter1, E. Dmitriev2, Ph. Korneev 2,3 and V. Tikhonchuk1

1 CELIA, University of Bordeaux, CNRS, CEA, France;
2 National Research Nuclear University MEPhI, Moscow, Russia;
3 P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: egor.o.dmitriev@gmail.com

Generation of quasistatic magnetic field in numerical simulation is observed
in interaction of spatially structured laser beams carrying orbital angular mo-
mentum (OAM) with dilute plasma.The magnetic field is directed along the axis
of the laser propagation, which means it is caused by the rotation of charged
particles. Indeed, electrons absorb part of the orbital angular momentum of the
laser field [1]. Numerical simulations and the detailed analysis of the process
show that it may be considered as a single particle effect.

Analytical consideration of the process may be simplified by using the parax-
ial approximation. It is widely used to prescribe propagating electromagnetic
fields with moderate focusing. An arbitrary laser beam, which was numerically
calculated for given initial conditions, may be decomposed in terms of Laguerre-
Gaussian beams with a reasonable accuracy. In order to describe interaction
of such a laser beam with a charged particle, a perturbation theory was devel-
oped. The momentum gain is determined by the ponderomotive force, however
the symmetry in azimuthal distribution of the charged particles of the plasma
leads to the zero net OAM transfer [2]. Hence further consideration beyond the
perturbation theory is to be developed for understanding the process of orbital
angular momentum exchange.
references
[1] R. Nuter, Ph. Korneev, I. Thiele, V. T. Tikhonchuk, Phys. Rev. E 98 (3),
033211 (2018).
[2] R. Nuter, Ph. Korneev, E. Dmitriev, I. Thiele, V. T. Tikhonchuk,
Phys. Rev. E 101, 053202 (2020).
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Quantum fluctuations as a plasma

A. M. Fedotov1, A. A. Mironov1,2 , E. S. Sozinov1 and A. V. Berezin1

1 National Research Nuclear University MEPhI, Moscow, Russia;
2 Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: am_fedotov@mail.ru

Strong field QED effects have been thouroghly discussed by theoreticians for
more than 60 years, initially with mostly astrophysical applications in mind. Yet
nowadays they raise a substantial revival of interest due to a notable progressive
development of potential experimental capabilities to probe them in a laboratory.
The recent proposals include direct or indirect experiments with high-power
lasers, propagation of ultrarelativistic electrons through aligned crystals, heavy
ion collisions and beamstrahlung at lepton colliders. A few experiments of this
kind have been already implemented, a number of others still remain under
preparation or discussion.

Strong external field can modify the rates of the known QED processes, open
the new channels and even modify the properties of the vacuum. A key point is
that a strong field can substantially influence the properties of virtual electrons
and positrons, in particular bringing them onto a mass shell thus transforming
them to the real ones. It is often stated in the literature that with respect to
light propagation a vacuum polarized by a strong field somehow resembles the
material dielectric medium.

Here we review this point and discuss a number of additional illustrations of
mapping the properties of virtual particles onto the properties of a real plasma.
We believe that in a view of complexity of the conventional direct formal QED
calculations this particular analogy can be extremely useful for developing vari-
ous heuristic arguments for qualitative considerations of the actual higher-order
QED processes and will eventually result in development of the novel profound
calculation techniques.

This work was supported by Russian Foundation for Basic Research (grant
19-02-00643)
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X-ray and optical time-resolved diagnostics of hot electron
generation in shock ignition relevant experiments

E. D. Filippov1,2, A. S. Martynenko1,3, M. Cervenak4,5, L. Antonelli6,
F. Baffigi7, G. Cristoferetti7, L. A. Gizzi7, T. Pisarczyk8, D. Mancelli9 ,
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Inertial confinement fusion (ICF) is one of the actively developing scientific
branches. Particularly, in the “shock ignition” scheme the gain of energy is sup-
posed to be reached by a separation of the laser irradiation stages with a matter
compression and a heating of the fuel in time. However, this approach is not
fully proved yet, since the alternate mechanisms of the hot electron generation
including parametric instabilities (SRS, TPD, SBS) and resonance hot electrons
(HE) generation are not fully understood. Thus, the complex investigation of
detailed mechanism of HE generation is needed in order to control the preheating
of the DT fuel before the laser spike.

The experiments dedicated to the generation of hot electrons in a shock igni-
tion relevant conditions were conducted at the PALS facility in Prague, Czech
Republic. Bare and layered copper targets were irradiated by a laser at shock-
ignition relevant intensities of about 1.5×1016 W/cm2. We used an x-ray streak-
camera with ps-scale temporal resolution and spherically bent Bragg quartz crys-
tals with 2d = 1.5414 Å to obtain time-resolved images of Cu Kα emission from
the front side of the target. The use of the time-resolved spectrometry allowed
us to reveal the timing between Kα emission and SRS or TPD instabilities. As
a result, we demonstrate the obtained temporal and spatial dependencies of Cu
Kα emission vs laser energy, pulse maximum and material thickness. The abso-
lute calibration of fiducial in the experiment allowed us to obtain the real delay
of the HE emission regarding the laser pulse maximum.
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One of the most foreseeable applications of high power lasers is laser plasma
ion acceleration. The radiation pressure (or Light Sail, LS) acceleration of a
thin opaque foil [1,2] is probably the most promising among the acceleration
scenarios under consideration. It is singled out by the two unique features, the
highest possible efficiency (laser energy is almost totally transferred to ions) and
monoenergetic spectrum of the ions. Due to them the energy gained by the ions
accelerated in the LS regime is estimated as

Ei ∼
IT

σ0
, (1)

where I and T are the intensity and duration of the incident laser pulse and σ0
is the areal density of the foil target.

According to (1), the ions energy is higher the lower is σ0. However, areal
density controls the crossover from foil opaqueness to its transparency [3,4].
Below a certain limit the foil becomes transparent and cannot be accelerated
by means of the LS mechanism. We refine the opacity threshold established in
[3] and show that for ultraintense (I & 1022 W/cm2) laser pulses the threshold
areal density value is more sensitive to pulse duration and ions charge to mass
ratio than to laser intensity [4].

We generalize the conventional 1D model for LS acceleration [1] by including
such multidimensional effects as laser diffraction and target transverse expan-
sion. We investigate the impact of these effects on foil opacity and determine
the optimal laser and target parameters for LS ion acceleration in the ultrahigh
intensity regime.
references
[1] T. Esirkepov et.al., Phys. Rev. Lett. 92, 175003 (2004).
[2] A. Macchi, S. Veghini, F. Pegoraro, Phys. Rev. Lett. 103, 085003 (2009).
[3] V.A. Vshivkov, N.M. Naumova, F. Pegoraro, S.V. Bulanov, PoP 5, 2727
(1998).
[4] E.G. Gelfer, A.M. Fedotov, O. Klimo, S. Weber, Phys. Rev. E 101 (3),
033204 (2020).
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Plasma based acceleration methods have drawn much attention in the re-
cent decades, as they provide acceleration gradients orders of magnitude higher
then in conventional radio-frequency accelerators. Since the development of the
chirped pulse amplification which made femtosecond laser pulses widely avail-
able, the efficient generation of plasma wake waves by using such pulses have
become possible. Their intensity is often sufficient to make the motion of plasma
electrons relativistic and to excite a strongly nonlinear wake wave in which a cav-
ity free of plasma electrons (known as a “bubble”) is formed behind the pulse.
Background plasma electrons can be trapped and accelerated to high energies
in the bubble, which makes obtaining accelerated electrons much easier in ex-
periments.

The description of the laser pulse propagation in plasma is of utmost impor-
tance for laser-wakefield accelerators. In vacuum or a linear medium, a focused
laser pulse can propagate only for its Rayleigh length before diffracting, which
would limit the acceleration length. However, the nonlinear response of the
medium can guide the pulse over longer distances. In a relativistic plasma, such
nonlinearity stems both from the change of the effective electron mass due to the
oscillations in the high-frequency laser field and from the excitation of plasma
wake wave resulting in local density perturbations, which makes the description
of the plasma response in the bubble regime challenging.

In this work, we propose a new semi-analytical model for the description of
laser pulse propagation in plasma in the strongly nonlinear (bubble) regime. The
model is based on solving the equation for the spot size w of an axisymmetric
Gaussian beam in the medium with the parabolic refraction index η = η0 + η2r

2

in the transverse direction,

d2w

dz2
=

4

k2laserw
3

+
η2w

2
. (2)

In the self-consistent approach, η2 is a nonlinear medium response determined
by the plasma density and the parameters of the laser pulse. In the strongly
nonlinear wake, no sufficiently good models for self-consistently calculating the
wake wave exist so far. So, in order to build a model for η2, we use the results of
quasistatic particle-in-cell (PIC) simulations instead. Under the ponderomotive
approximation, the laser frequency does not influence the excited wake. Thus,
the plasma density is a scaling parameter, and the simulations can be done
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for one density only. In addition, the duration of the pulse has a very minor
influence on η2, so we limit ourselfs to one duration. In this case, the response
η2 becomes a function of only two variables: the laser amplitude and the spot
size. The analytical form of this function is constructed by a numerical fit from
the results of quasistatic PIC simulations for various amplitudes and spot sizes.
The function is then used in Eq. (1) to describe the evolution of the spot size.
It can also be used to independently obtain the matching condition when the
spot size does not change during the laser pulse propagation. The predictions of
the model are compared to the results of full-scale PIC simulations of the laser
propagation in plasma.
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The interaction of intense laser radiation with matter is one of the key areas of
research in modern laser physics. Currently the main efforts aimed at creating
unique laser complexes with peak power in PW range. However, for many
applications such as low-energy nuclear physics studies and x-ray imaging it is
important to have a large electron beam charge (∼nC) and a source size of
several microns. This can be achieved using small femtosecond laser systems
with a peak power of 1-20 TW, which are now commercially available. Such
systems can provide an intensity on the target of 1018− 1019W/cm2, high beam
charge can be obtained using laser-solid interaction. In this work we used a
table-top Ti:Sa laser system to create an electron beam and used it for nuclear
physics studies.

Experiments were carried out at the 1 TW Ti:Sa laser facility of the Inter-
national Laser Center of Lomonosov MSU (800 nm, 50 mJ, 50 fs, 10 Hz). The
peak vacuum intensity was 5 × 1018W/cm2. We used additional Nd:YAG laser
(1064 nm, 10 Hz, 200 mJ, 10 ns) to create a preplasma. Prepulse intensity was
varied from 5× 1011 to 5× 1012 W/cm2.

We had shown experimentally that using an artificial prepulse with controlled
parameters we can generate electron beam with a sufficiently small divergence
(0.05rad for E>1 MeV), a charge of 30 pC, and a temperature of 2 MeV [1].
The charge was confirmed measuring neutron yield from Be(γ, n) photonuclear
reaction with threshold of 1.7 MeV. We also found out that spatial alignment of
two beams (main fs pulse and ns prepulse) is critical for obtaining such regime.
This is due to the difference in preplasma profile, which is formed by ns pre-
pulse. If these beams are aligned properly, electron beam exhibits great spatial
and energy stability and is present for a wide range of other parameters (time
delay between ns and fs pulses, angle of incidence onto the target, etc.) We
also used this beam for nuclear physics studies (namely neutron and positron
generation)[2].

This work was supported by RFBR grants 19-02-00104 and 20-32-70194.
D. A. Gorlova acknowledges Foundation for the advancement of theoretical
physics ‘BASIS’ for the financial support.
references
[1] I. Tsymbalov et.al., Plasma Physics and Controlled Fusion, 61 (7), 075016
(2019).
[2] D. A. Gorlova et.al., Physics of Particles and Nuclei, 50(5), 597–604 (2019).
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Efficient injection of electrons into a propagating relativistic laser pulse with
normalized vector potential a0 ∼ 2 is demonstrated experimentally in thin
plasma layer with density 0.15-0.3 of the critical value. This plasma configu-
ration was obtained by evaporation of 16 µm thick audio tape by an artificial
nanosecond prepulse. Numerical simulations suggest that injection mechanism
is wavebreaking of parametric plasma waves. The trapped particles gain multi-
MeV (up to 20 MeV) energies by the Direct Laser Acceleration (DLA) in the
plasma channel formed by the laser pulse in the lower density plasma tail.

Experiments were carried out at the 1 TW Ti:Sa laser facility of the Inter-
national Laser Center of Lomonosov MSU (800 nm, 50 mJ, 50 fs, 10 Hz). The
peak vacuum intensity was 5× 1018W/cm2. We used additional Nd:YAG laser
(1064 nm, 10 Hz, 200 mJ, 10 ns) to create a preplasma. Prepulse intensity was
5× 1012W/cm2.

We experimentally observed electron beam with divergency of ∼ 0.05 rad,
charge of ∼ 50 pC for particles with E > 1.7 MeV with the pulse energy as low
as 30-50 mJ. This value is 5 times higher than reported in our previous work [1]
and 1nC/J efficiency was reached on table-top laser system.

This work was supported by RFBR grants 19-02-00104 and 20-32-70194.
D.A.Gorlova acknowledges Foundation for the advancement of theoretical physics
“BASIS” for the financial support.
references
[1] I. Tsymbalov et.al., Plasma Physics and Controlled Fusion, 61(7):075016,
2019.
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Laser-driven acceleration of charged particles and the generation of secondary
radiation is a topic of great interest for fundamental research and possible ap-
plications in applied nuclear physics, medicine, inertial confinement fusion, and
high energy density physics. These issues have motivated a worldwide search for
different particle–acceleration mechanisms and laser–target interaction schemes
aiming to boost the yield and energy of accelerated electrons and ions. An
important role in this context is played by innovative micro- and nanoscaled
targets, including sub-micro-sized wires, multi-sheet (slab, groove) targets and
also clustered media [1-3].

Our previous studies of the laser-plasma interaction of a subrelativistic fem-
tosecond laser pulse with micro-sized wires showed that the stochastic mecha-
nism for efficient volume heating and generation of supra-ponderomotive elec-
trons for a geometrically optimized target plays a decisive role [4]. Using 3D PIC
simulations, we examined the interaction femtosecond laser pulse of moderate
intensity (> 1018 W/cm2) with other promising structured targets with a lower
average density – a submicron-sized cluster plasma. The angular energy distri-
butions of accelerated particles were analyzed. An analysis of the trajectories
of high-energy particles in PIC simulations showed that the particles gain high
energy by wandering around individual clusters and jumping from one to the
other in a complex field consisting of combinations of induced Coulomb field of
the cluster and the laser field. Effective electron heating occurs if the value of
the Coulomb field on the surface of the clusters is of the order of the laser field
amplitude.

To explain generation of supra-ponderomotive electrons (with energies sig-
nificantly larger than the ponderomotive energy) we applied the test particle
approach, tracking of electron trajectories in 3D PIC simulation, and methods
of stochastic dynamics. Using the stochastic dynamics method particularly Lya-
punov exponents, we demonstrated that the generation of super-ponderomotive
particles in laser submicron sized cluster plasma is due to the stochastic insta-
bility of electrons moving in a complicated laser-plasma field structure in the
interspatial regions between clusters.

This work was supported by RFBR grants 18-02-00452, 20-21-00023 and Fel-
lowship of Foundation for the Advancement of Theoretical Physics “BASIS”

26



Oral

(grant 17-21-2106-1) for D.A. Gozhev.
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[2] Y. Maeda, Y. Hironaka, T. Iwasaki et al., High Energy Density Physics 36,
100813 (2020).
[3] S. Jinno, M. Kanasaki, M. Uno, et al., Plasma Phys. Control. Fus. 60,
044021 (2018).
[4] D. A. Goshev, S. G. Bochkarev, N. I. Busleev et al., submitted to High Energy
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In this report we present recent results on generation and acceleration of
charged particles at interaction of relativistic femtosecond laser pulse with var-
ious type of structured and thin targets. The connection between the experi-
mental results on electron, hard X-ray diagnostics and fast ions measurements is
made in order to elucidate the role of structures size and displacement as well as
thickness of target in the absorption of laser light, particles acceleration mecha-
nisms, ionization of ions. The experiments were carried out with the use of high
contrast laser pulse delivered by a TiSa laser system (50 fs, 100 mJ, 800 nm,
10 Hz, ASE contrast > 109, Ipeak > 1018 W/cm2). Complex diagnostics includ-
ing optical plasma emission analysis, fast electron measurements, time-of-flight
ionic detection technique were introduced to obtain an all-round data on plasma
parameters. Experimental results are supported by numerical PIC simulations
of laser-plasma interaction.

We found that the fast electron beam from plasma strongly depends on the
size of the structures onto the surface. For nanostructured target the spatial
emission diagram enlarges and overall flux of particles increases several times.
The effect is related to the complex field near the tips of the targets. At the
same time the flux of high charge ions is enhanced when micro-scale structures
are involved. According to our assumption it may be explained by the increased
interaction surface and penetration of laser into the gaps between the structures.
At interaction with thin film target we obtained a collimated electron beam with
energy up to MeVs both from front and back surface of the target.

Ionic diagnostics revealed, that ultimately ionized (+14) Si particles are reg-
istered from plasma of nanostructured target. The effect is related to the quick
expansion of hot structures within the time of ions acceleration providing en-
hanced collisional ionization in the hot (1 keV) and dense (over-critical) plasma.

The part of the work dedicated to structured targets was supported by RSF
grant 18-79-10160. The data on thin targets was obtained within the RFBR
grant 20-32-70194.

28



Poster

Formation of high-intensity X-ray laser beam on a mask-target
using travel-wave excitation of the multitude of the X-ray lasers

E. P. Ivanova
Institute of Spectroscopy, Russian Academy of Sciences, Troitsk, Moscow, Russia
e-mail: eivanova@isan.troitsk.ru

X-ray lasers (XRL) with wavelengths in the region of the high reflectance
multilayer optics are studied elsewhere; see our work [1], where a model of the
XRL radiation with λ ∼ 13.4 nm with high conversion factor is presented. XRL
works on the transition 3d93/24f5/2[J = 1]− 3d93/24d3/2[J = 1] of Ni–like tin ions
(Sn22+) in plasma formed during the interaction of a nanostructured tin target
with an intense ultrashort pump laser: intensity Ipump ∼ 8 · 1017 W/cm2, the
pump pulse energy is assumed Epump ≤ 1 J, its duration tpump ≈ 120 fs. On the
assumption that the target diameter d = 40 µm, the maximum length is ∼ 0.4–
0.5 cm, the XRL emission duration tlas is ∼ 12–15 ps. The plasma parameters
for achieving the maximum energy yield of ≤0.3% of Epump are as follows: the
atomic density ni = 1.4 · 1019 cm−3, the electron density ne ∼ 3 · 1020 cm−3,
Te ≈ 2000 eV. Under these conditions XRL pulse energy with λ ∼ 13.4 nm can
reach several milli-joules. We emphasize that for projection nanolithography the
XRL energy at the mask-target should be more than 200 J/sec. In this report
we suggest the optic system based on the excitation by a travelling wave of many
nanostructured tin. Targets of nanostructured tin are located on a multistage
mirror, so that the rays of XRL are delayed relative to each other.

Figure 1: Simplified installation for converting the energy of high power pump laser to the
multitude of XRL beams at 13.4 nm, followed by focus on the mask. Mo/Si lens are used for
focusing.

references
[1] E. P. Ivanova, Laser Physics letters 15, 095803 (2018).
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The available experimental measurements of quantum yields of X-ray lasers
with λ = 32.8 nm at the 3d9 4d (J = 0) − 3d9 4p (J = 1) transition in Kr8+

are interpreted. In various experiments, plasma was pumped in gaseous krypton
and in krypton cluster jet. Using our model, an original scheme of the X-ray
laser with λ = 32.8 nm, implemented in the krypton cluster jet is proposed. An
unexpected result is the achievement of quantum yield saturation at a plasma
length of ∼ 300 µm at the krypton atom density nKr ∼ (4-9)·1019 cm−3 and
electron temperature Te ≥ 5000 eV. In this case, the conversion efficiency reaches
∼ 5·10−3 of the pump pulse energy. The experimental setup of the highly efficient
X-ray laser of subpicosecond duration, implemented in the krypton cluster jet is
described in detail.
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Attosecond pulses formed by high-order harmonics (HHs) of an infrared (IR)
laser field is a powerful tool for study and manipulation of the intra-atomic and
intra-molecular electron processes at their intrinsic attosecond time-scale. How-
ever, in the X-ray range the HH radiation energy is rather limited. Therefore,
their amplification is an important problem.

Recently, there has been proposed a method for HH amplification in an active
medium of a recombination hydrogen-like plasma-based X-ray laser irradiated
by a replica of the IR field, which was used for the HH generation [1]. Due
to the linear Stark effect, the IR field leads to the gain redistribution of the
active medium on the combinational frequencies, separated from each other by
twice the frequency of the IR field. If the harmonics are resonant to the induced
amplification lines, in a dense (strongly dispersive at the frequency of the IR
field) plasma medium they will be independently amplified with preservation of
their relative phases during the propagation through the medium. On the other
hand, as it was shown in [2], in the case of a low density plasma medium a
single resonant harmonic is not only amplified but also efficiently generates the
sidebands, which allows for the formation of attosecond pulse trains.

Here we study amplification of a set of HHs in the active medium with low
electron density. We demonstrate the possibility of constructive interference be-
tween the amplified harmonics and the sidebands, which are generated by each
of the harmonics at twice the frequency of the IR field, due to their mutual
rescattering in the active medium driven by an IR field. This constructive inter-
ference leads to mutually enhanced amplification increasing the peak intensity
of the pulse train up to an order of magnitude.

This work was supported by the Russian Science Foundation (Grant No. 19-
72-00140).
references
[1] V. A. Antonov, K. Ch. Han, T. R. Akhmedzhanov, M. Scully, O. Kocharovskaya,
Phys. Rev. Lett. 123, 243903 (2019).
[2] I. R. Khairulin, V. A. Antonov, M. Yu. Ryabikin, O. Kocharovskaya,
arXiv:1912.12458 (2019).
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Laser-based X-ray sources offer the potential of performing X-ray Phase Con-
trast Imaging (XPCI) with small source size (1 µm range) and high throughput.
Our group demonstrated the potential of laser-based X-ray sources based on
K-alpha radiation [1]. Recently, it was demonstrated that LWFA-based syn-
chrotron X-ray sources were opening new horizons in X-ray imaging with the
demonstration of single shot XPCI with high contrast [2,3].

We recently upgraded our laser system which can deliver up to 700 TW power
with 17 fs pulses and 2.5 Hz. I will review the most recent results obtained with
our laser system, operated with power up to 200 TW on target, on LWFA-based
X-ray yield (10keV-40keV) and present the X-ray scaling [4] to the PW laser
power range, which is now available at several laser facilities worldwide. As an
example, our results indicate that a 1 mW X-ray average power can be obtained
in a 50 mrad2 beam at 20 keV with a 500 TW/100 W ultrafast laser system.

The LWFA-based X-ray phase contrast technique is appropriate for both
high spatial resolution (µm range) 3D tomography with a fast scanning time
(720 images in a few mn) and also femtosecond time-resolved (100 fs range)
phase contrast imaging. I will discuss various applications, some being pursued
at INRS, which include Cancer [5], Global Food Security [6], non-destructive
sensing and Inertial Confinement Fusion [7]. I will present our technical roadmap
and effort to reduce the dose deposition for, as an example, early detection of
breast cancer and to realize a LWFA-based X-ray machine allowing near-zero
dose 3D X-ray phase contrast tomography.
references
[1] R. Toth et al., Rev. Sci. Instrum. 76, 083701 (2005).
[2] S. Fourmaux et al., Opt. Lett. 36, 2426 (2011).
[3] S. Kneip et al., Appl. Phys. Lett.99, 093701 (2011).
[4] S. Fourmaux et al., Opt. Express 28, 3147 (2020).
[5] A. Krol et al., Proc. SPIE 6510, 65103P (2007).
[6] S. Fourmaux et al., Appl. Phys. B 125:34 (2019).
[7] S. Fourmaux et al., Opt. Express 28, 13978 (2020).
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Protection of optical devices (portholes and solar cells, solar collectors, etc.)
from abrasive effects can be provided by the use of wear - and erosion-resistant
ion-plasma coatings, including those based on oxygen-free ceramics. The use of
hard and optically transparent Zr-B-N films is promising.

Ceramic nanocomposite films were deposited by DC and pulsed DC mag-
netron sputtering of ZrB2 target in the Ar+N2 gas mixtures. The targets were
manufactured by means of self-propagating high-temperature synthesis. The
structure, chemical and phase composition of films were studied by high reso-
lution transmission and scanning electron microscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, Raman and infrared spectroscopy, energy-dispersive
analysis, and glow discharge optical emission spectroscopy. The films were char-
acterized using nanoindentation, sliding pin-on-disk, impact ball-on-plate, abra-
sive calowear, and scratch tests. The refraction index, coefficients of trans-
mittance (Tr) and reflectance were measured by Cary 5000 Agilent + UMA
attachment for wavelength range from 200 to 2500 nm.

Results obtained show that films deposited at low nitrogen partial pressure
predominantly consist of nanocrystallites of hexagonal ZrB2 -phase, 1-20 nm
in size and amorphous regions. N-rich films exhibit amorphous structure (a-
BN) with nanograins of Zr-contained phases. Specific optical properties were
observed for these Zr-B-N coatings including Tr=70-100%. The hardness of
15-37 GPa and Young’s modulus of 150-470 GPa were determined for films
deposited onto alumina substrates. Coatings demonstrated friction coefficient
0.2-0.4. The addition of nitrogen significantly increased wear resistance in sliding
and impact conditions.

The work was supported by the Russian Foundation for Basic Research
(Agreement No. 19-08-00187).
references
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[2] I. V. Iatsyuk et al., IOP Conference Series: Materials Science and Engineering
347, 012028 (2018).
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The complex interferometry, the idea of which dates back to beginning of
spontaneous magnetic field studies [1], combines classic interferometry and po-
larimetry combined as a one diagnostic tool and allows to record and subse-
quently reconstruct several sets of independent data from a single data object
- a complex interferogram. This method has its advantages compared to the
standard approach for SMF measurements, that implies usage of two separate
diagnostics and subsequent combination of experimental data, which may cause
certain interpretation problems due to different optical paths and magnifications
of aforesaid systems. However, due to technical complexity of the setup itself
and data processing techniques the method of complex interferometry was not
widely used. Recently, a femtosecond complex interferometry system had been
tested and implemented at the PALS facility in a single-frame regime [2,3], and
then was upgraded to the 3-frame system [4].

Under irradiation of a single Gaussian-like laser beam, a plane target demon-
strates an expansion, normal to the target plane. In a symmetric situation,
assuming only small deviations from axisymmetrical plasma profiles, no holo-
graphic setup is necessary to characterize plasma parameters. Ideally, in the
presence of axial symmetry in the plasma it is possible to reconstruct entire B(r)
distribution by a path-integrated projected data using Abel inversion. However,
in a realistic situation, even a small uncertainty and non-ideality of the plasma
expansion may considerably increase the error of the measurements, especially
around the plasma axis.

The error analysis was based on the processing of synthetic complex inter-
ferograms, which were created using analytical expressions. Some of the most
important error sources (unstable laser intensity distribution, plasma absorption,
Cotton-Mouton effect etc) were considered. It was found out that all of the con-
sidered factors lead to a common consequence - to the increase of a shift between
symmetry axes, attributed to the observed plasma density distribution and to
the distribution of the angle of rotation of the polarization plane. This can lead
to a substantial error in magnetic field reconstruction around the plasma axis.
Possible error handling algorithms, based on compensation of axes difference,
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were proposed and tested [5]. The reconstruction accuracy in different plasma
regions was estimated.
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[3] A. Zaras-Szydlowska et al., 44th EPS Conference on Plasma Physics, 5.214
(2017).
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Electrostatic plasma waves, carrying Orbital Angular Momentum (OAM),
are cosidered in the kinetic framework using Vlasov-Maxwell equations in the
paraxial approximation [1]. The solutions are written as an expansion over the
Laguerre-Gaussian basis, which for plasma modes may be numbered similarly to
the electromagnetic waves, by the radial p ≥ 0 and azimuthal l indices, where
azimuthal number l relates to the OAM of the wave. The spatial structure of the
Laguerre-Gaussian basis does not allow it to be an eigenfunction set of the Vlasov
equation, and the modes with different p and l are coupled depending on the
value of the paraxial parameter. The paraxial approximation allows to consider
only a finite number of modes and to sum them up. Further analysis shows,
that the mode coupling of plasma waves carrying OAM results in modification
of their dispersion relation. In particular, the expression for the collisionless
(Landau) damping rate of such plasma waves is modified compared to the case
of the plane wave [2].

The Landau damping of an OAM plasma wave and particle dynamics are
considered in linear and nonlinear regimes [3,4]. Although the OAM plasma
waves are electrostatic, a quasi-static magnetic field is induced as the second
order effect on the wave amplitude. Absorption of the orbital momentum by the
resonant particles may result in a more efficient magnetic field generation. The
efficiency of this process and the achievable magnetic fields are discussed.
references
[1] D. R. Blackman, R. Nuter, P. Korneev, V. T. Tikhonchuk, Phys. Rev. E
100, 013204 (2019).
[2] L. D. Landau, in Collect. Pap. L.D. Landau (Elsevier, 1965), pp. 445460.
[3] D. R. Blackman, R. Nuter, P. Korneev, V. T. Tikhonchuk, J. Russ. Laser
Res. 40, 419 (2019).
[4] D. R. Blackman, R. Nuter, P. Korneev, V. T. Tikhonchuk, (2020) (submitted
to Phys. Rev. E ).
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Laser pulse interaction with gas jet targets provides a lot of interesting effects
resulting in generation of intense electromagnetic radiations in a wide frequency
band. Below, two important examples of such processes will be considered using
2D particle-in-cell simulation. The first one is formation of relativistic electron
mirrors from gas jets by accelerating laser pulses and generation of coherent
ultrashort XUV pulses through Thomson backscattering of a probe laser pulse
off such mirrors. The second example considers generation of intense infrared
and terahertz radiation by strong nonlinear currents generated in plasma during
wakefield formation.

An idea for synchronous acceleration of electrons from a nanofilm with a lon-
gitudinal component of the Lorentz force of a superintense nonadiabatic laser
pulse was considered in [1,2]. The same physical mechanism can work for the gas
targets. If the target is thin enough and its density is moderate then full evacu-
ation of electrons from a gas plasma near the laser beam axis takes place and a
relativistic electron mirror is formed. For thick targets, relativistic boundary of
the gas plasma can be produced providing for effective Thomson backscattering
of a probe laser pulse. Parameters of produces relativistic electron mirrors and
generated coherent ultrashort XUV pulses are studied.

Emission of intense infrared and terahertz radiation by laser generated wake-
field in inhomogeneous plasma is also studied. The main frequency of radiation
in this case is defined by a plasma frequency so the terahertz and infrared bands
can be covered by this source. Characteristics of generated radiation are found,
the role of plasma inhomogeneity is elucidated.

This work was partially supported by the Russian Foundation for Basic Re-
search project 19-52-45035-Ind-a.
references
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[2] V. V. Kulagin, V. A. Cherepenin, Y. V. Gulyaev et. al, Phys. Rev. E 80,
016404 (2009).
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An important problem in the practical implementation of a laser plasma
accelerator providing monoenergetic acceleration of electron bunches is the gen-
eration of short electron bunches for acceleration. An interesting phenomenon in
the generation of electron bunches of attosecond duration was discovered in [1]
in the numerical simulation of the propagation of a high-power laser pulse in an
inhomogeneous plasma. It was supposed that the laser pulse is incident normally
on a diffuse plasma boundary comprising a transition layer in which the plasma
density varies linearly with plateauing out. It turned out that, when the laser
pulse amplitude exceeds a certain threshold value in the neighborhood of the
point at which the plasma density reaches the plateau, a quasi-onedimensional
process of generation of electron bunches develops. For the case of a sharp
plasma boundary, a theoretical analysis of this phenomenon in one dimensional
geometry is proposed in [2, 3] on the basis of a simple physical model in which
plasma electrons are considered as plasma oscillators whose one-dimensional mo-
tion is excited by a laser pulse. A generalization of the theory [2, 3] for the case
when the plasma boundary as in [1] has a linear transition layer is presented
in [4]. The good agreement between the analytical results and the numerical
simulation confirms the adequacy of the physical model used for the analysis
of the phenomenon of electron bunch generation in the presence of a transition
layer in the plasma.

The reported study was funded by RFBR and ROSATOM, project number
20-21-00150.
references
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Zhang, Phys. Rev. Lett. 110, 135002 (2013).
[2] S. V. Kuznetsov, Journal of Experimental and Theoretical Physics 123, 169
(2016).
[3] S. V. Kuznetsov, Quantum Electronics 48, 945 (2018).
[4] S. V. Kuznetsov, Technical Physics Letters 45, 683 (2019).
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AWAKE experiment (Advanced WAKEfield) is aimed at studying excitation
of the plasma wakefield by high-energy proton beams and acceleration of elec-
trons by this wave. The drive beam comes from SPS synchrotron and has the
proton energy of 400 GeV. For efficient wave excitation, the initially long pro-
ton beam self-modulates in the plasma, that is, transforms into a train of short
micro-bunches, which resonantly drive the wakefield [1]. The self-modulation
process is initiated and controlled by a short laser pulse that co-propagates with
the proton beam and creates an ionization front approximately in the middle
of the beam. The front part of the proton beam propagates in a neutral ru-
bidium vapor and does not collectively interact with it. The main (rear) part
of the beam propagates in the plasma, gradually breaks into micro-bunches,
and transfers energy to the wakefield. For coherent addition of the wakefields
from a large number of microbunches, the plasma density should be constant
with an accuracy better than 0.2%, which is achieved by thermal stabilization
of the rubidium vapor and the chosen method of its ionization with the intense
laser pulse [2]. In the process of self-modulation, a part of the proton beam is
defocused by the wakefield. The experimentally measured deflection angle of
defocused protons coincides with theoretical predictions and indicates the pres-
ence of a strong transverse electric field in the plasma [3]. When electrons with
the energy of 19 MeV are injected into the wakefield, a bunch of accelerated
electrons with energies up to 2 GeV appears at the exit of the 10-meter plasma
section [4], which proves the presence of a strong longitudinal electric field in
the plasma.

Preparation of this report is supported by RFBR grant 19-02-00243.
references
[1] E. Adli et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, 054802 (2019).
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[3] M. Turner et al. (AWAKE Collaboration), Phys. Rev. Lett. 122, 054801
(2019).
[4] E. Adli et al. (AWAKE Collaboration), Nature 561, 363 (2018).
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Obtaining, maintaining, and studying high energy density matter is impor-
tant for in inertial confinement fusion, astrophysical, and high energy density
physics. In this context, the role of a buried (or so-called “sandwich-type“ [1])
target structure influencing the plasma condition in the interaction with ultra-
high contrast ultra-intense laser pulses was studied and results were recently
published in Ref. [2] and [3]. The experiment was carried out on the Vulcan
(UK) petawatt laser facility with a laser intensity of up to 6× 1020 W/cm2 and
an ultra-high laser contrast exceeding 1010 provided together by OPCPA am-
plification technology and by use of a single plasma mirror [4]. The densities
and temperatures of the generated plasma were measured based on the analysis
of X-ray spectral lines profiles and relative intensities. It is shown that switch-
ing from uncoated foil to buried one enhances the energy density in relativistic
plasma from 3 to 5 × 1020 J/cm3, despite the ultra-high laser contrast in both
cases.

The reported study was funded by RFBR, projects 20-02-00790 and 18-52-
53033..
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The experimental results on the relativistic laser-plasma interactions of fem-
tosecond laser pulse with nanoscale structured and flat targets with contrast
control are presented. In our experiments we used an ultrafast pulse from the
Ti:Sa laser system (pulse duration - 50 fs, energy on target - up to 30 mJ, wave-
length - 800 nm, repetition rate - 10 Hz, peak intensity - up to 5×1018 W/cm2).
The experiments were conducted with contrast control by special controlled pre-
pulse with different delay relative to the main pulse. The controlled prepulse
was created by Nd:YAG laser with active Q-switching, a wavelength of 532 nm.
(second harmonic - 1064 nm.), pulse duration - 6 ns., pulse energy - up to 250 mJ
at the main harmonic. Also, experiments were conducted with ultrahigh (with
XPW contrast level < 10−10) contrast level. Ions were registered with the use
time-of-flight magnet spectrometer with the charge-to-mass (Z/M) separation
and Thomson parabola mass spectrometer.

In experiments with low contrast level there are no high energy ions. Also,
it was demonstrated that with high contrast level there is no significant differ-
ence between flat bulk and nanoscale structured target. In experiments with
ultrahigh contrast high-Z ions (up to Si12+ and even fully stripped Si14+, which
not registered in experiments with high contrast level) were registered. Also it
was demonstrated significant increase in ion energy and ion flux depending on
nanostructured target compared to experiment with flat target.

Experiments with nanostructured targets was supported by Russian Science
Foundation grant No 18-79-10160. Ion diagnostic development and experiments
with contrast control by the artificial prepulse were supported by Russian Fund
for Basic Research under grants No 18-32-00416 and 19-02-00104
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Microbubble implosion (MBI) is a novel concept [1], which is expected to
achieve ultrahigh electrostatic fields close to the Schwinger limit [2]. The core
of MBI occurs in an extremely short period on the order of attosecond and
in a nanometer-scale volume. In MBI, the bubble wall protons are subject to
volumetric acceleration toward the center due to the spherically symmetric elec-
trostatic force generated by hot electrons filling the bubble. Such an implosion
can generate an ultrahigh density proton core of nanometer size on the collapse,
which results in an ultrahigh electrostatic field to emit energetic protons in the
relativistic regime.

Three-dimensional particle-in-cell and molecular dynamics simulations are
conducted in a complementary manner. As a result, underlying physics of MBI
are revealed such as bubble-pulsation and ultrahigh energy densities, which are
higher by orders of magnitude than, for example, those expected in a fusion-
igniting core of inertially confined plasma. MBI has potential as a plasma-optical
device, which optimally amplifies an applied laser intensity by a factor of two
orders of magnitude.

Figure 1: Schematic pictures of the microbubble implosion

We show that electron-positron pair production from the vacuum is possible
via the strong Coulomb fields generated by micro-bubble implosions induced
by ultra-high inten- sity lasers. Even in the case where the Coulomb fields are
lower than the pair creation threshold, externally injected high energy electrons
or photons could be used to generate pairs. [3].
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Recent laser developments toward the highest intensity have indicated a nat-
ural path - the shortest pulse duration and the minimal focal spot on target.
With single-cycle focused to a single- wavelength spot size such laser systems,
so-called lambda-cubed, may encompass pulse energy in near-wavelength-cubed
volume. Laser-plasma interaction in such regime is sensitive to carrier- envelope-
phase. In this talk we will review the related developments in modeling and
experiments.
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Warm dense matter states are extensively studied now experimentally with
the use of X-ray free electron lasers and high-power high-contrast optical lasers.
Correct understanding of atomic processes in WDM is required to describe many
exotic phenomena such as double core hole states, bond hardening, electoron
degenerancy, saturable absorption. There are several and often contradictory
models being developed particularly describing the depression of ionization po-
tential (IPD) in a dense and over-dense plasma. Here we validate IPD models in
experiments with high-contrast optical laser pulses of 1 ps duration irradiating
Si solids with the flux of up to 6× 1020 W/cm2. X-ray emission of Si XIII ions
existed in a near solid-density ∼500 eV plasma is examined. The shift of pho-
torecombination continuum edge is traced in X-ray spectra along the variation
of plasma density in the range of (0.2−4.2)×1022 ion/cm3 (or (0.3−5.4)×1023

electron/cm3). The analysis clearly validates the consistency of IPD models
dealing with the average interionic distance as the key parameter, while the
approach focused on average interelectron distances greatly overestimates IPD
effect. The results complement the recent studies of WDM pumped by intense
X-ray FEL beams.
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It is widely observed that many celestial objects posess magnetic fields [1].
The fields are presumably generated and maintained by dynamos from the con-
vection of electrically conducting fluids in the object interior [2]. While dynamo
theory is successful on the whole, detailed dynamics of celestial dynamos is still
unclear. Plentiful mysteries urge further studies [3,4]. Unfortunately, the ex-
treme environment at the interior of objects is almost inaccessible in terrestrial
laboratories, thus investigations have been limited to observations and theoret-
ical work over the past decades.

Here we present proof-of-principle studies on the laboratory analogy of celes-
tial dynamos [5]. Supercomputer simulations show that by irradiating femtosec-
ond laser onto plasma targets, one can obtain convecting plasma flows. These
flows drive a plasma dynamo and amplify a seed magnetic field on the ion time
scale within hundreds of femtosecond. The dynamo then persists for a picosec-
ond or more as long as the convection is maintained. Such a process shares
similar nature of celestial dynamos. At high laser powers, the laser-plasma dy-
namo can generate magnetic fields at gigagauss levels. Our results open the
prospect of all-optical experiments on celestial dynamos. It might also be useful
for wider areas such as inertial confienement fusion.
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We report on new findings in a laser driven enhanced electron beam gener-
ation in the multi MeV energy range at moderate relativistic laser intensities
of 1019 Wcm−2 and their applications. In our experiments, an intense sub-
picosecond laser pulse propagates through a plasma of a near critical electron
density (NCD) and a direct laser acceleration (DLA) of electrons takes place.
The breakthrough became possible due to application of low-density polymer
foams [1]. A sub-mm long NCD-plasma was produced by sending onto a foam a
well-controlled ns laser pulse forerunning the relativistic main pulse and initiat-
ing a super-sonic ionization process [2]. This provided a substantial increase of
the electron acceleration path compared to the short scale of the NCD region by
irradiation of foils and resulted into 11÷ 14 MeV effective electron temperature
and up to 90 MeV electron energy measured in the laser pulse propagation direc-
tion. Compared to the shots onto standard foils at 1019 Wcm−2, we measure a
strong increase of the number of relativistic super-ponderomotive electrons and
a well-defined directionality of the electron beam that propagates along the laser
pulse direction in a 12 ± 1◦ divergence cone. This acceleration regime at 1019

Wcm−2 laser intensity was compared with shots onto conventional metallic foils
at the ultra-relativistic laser intensities of 1021 Wcm−2. The measured electron
effective temperature (11 ÷ 14 MeV) and the maximum of the electron energy
(90 MeV) were higher for shots onto pre-ionized foams at 1019 Wcm−2 as for di-
rect laser shots onto standard foils at the ultra-relativistic laser intensity of 1021

Wcm−2 (7 MeV and 40 MeV correspondingly). The difference in the electron
spectra for these two cases became visible in the isotope production yield. Using
activation probes of Au, Ta and In, we measured higher yields of gamma-driven
nuclear reactions demanding high energy MeV photons and neutrons in shots
onto pre-ionized polymer foam layers than in the case of shots onto foil targets
at 1019 Wcm−2 laser intensity. A good agreement between experimental data
and results of the Particle-in-Cell and GEANT4 simulations was obtained. This
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allows for the further optimization of the experimental set-up toward record val-
ues of gamma and neutron fluxes in laser experiments at moderate relativistic
intensities.
references
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Nuclear photonics has emerged in the last 2 decades mostly due to the rapid
development of laser technology. It is a multidisciplinary field studying the
methods of generation of bright gamma-ray sources and their usage in funda-
mental physics, material science, nuclear non-proliferation and other areas. One
of the main methods that is being discussed and used for the generation of
bright gamma-ray sources is Compton backscattering - a process in which laser
photons get significantly upshifted while scattering off the relativistic electrons.
The main problem of the Compton scattering is a very low cross-section. After
a general introduction to Nuclear Photonics, in this talk we will discuss Non-
linear Compton Scattering that can be used for orders of magnitude increase in
photon yield, and obstacles that arise when using strong laser pulses. Several
novel, easy-to-implement methods of increasing the brightness of the gamma-ray
sources will be presented. Perspectives to achieve compact (“table-top”) X- and
gamma ray sources for Nuclear Photonics having higher peak brightness and
similar average brightness as compared to traditional facilities will be discussed.
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The scheme of the interaction of plasma target with high energy pulse laser
beams in the externally applied magnetic field, so-called laser-driven magneto-
inertial fusion is considered. [1-3]

A mathematical model of the interaction of high-energy-energy laser beams
with a plasma target located in a seed magnetic field is developed by authors.
[4-6] The theoretical calculations of the processes of compression and energy
release in the target when combined with a system of pulsed jets and intense
laser radiation in a magneto-inertial plasma confinement are carried out. The
results of the calculation of the combined effect of intense energy flows on a
single-layer cylindrical target are obtained.

Estimations of magnetized target compression and heating by high energy
pulse laser beams for neutron and particle sources are presented [7,8].

This research has been partially supported by the Russian Ministry of Science
and Higher Education, performed at “Beam-M”.
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Interaction of the extremely intense plane wave with the solid target is consid-
ered. It is shown by full 3D PIC simulation that above some threshold intensity
the interaction leads to the formation of the quantum-electrodynamical (QED)
cascade in the form of the electron-positron plasma cushion propagating to-
wards the source of the radiation [1] which is similar to the propagation of the
ionization front in the microwave gas discharge. The mechanism of the cascade
self-sustentation is described qualitatively.

Development of such a QED cascade is also studied analytically. A phe-
nomenological 1D model is developed based on the peculiarity of the particles
motion in the strongly radiation-dominated regime [2, 3]. The model predicts
the key features of the cascade development observed in full 3D-PIC simulations,
that are the magnetic field predominance and electromagnetic energy absorp-
tion inside the generated electron-positron plasma and almost constant velocity
of the cascade front propagation. Equations of the model are written in the
closed form and can be solve numerically. The model is in a decent agreement
with the results of the 3D-PIC simulations.

Experimental evidence of the phenomenon can be obtained with the upcoming
laser facilities, hence these results can be important for their applications. The
developed model can be probably applied to the astrophysical phenomena like
pair cascade in magnetospheres of neutron stars where the cascading has complex
space-time dynamics and can be also accompanied by generation of dense pair
plasma.

This work was supported by Russian Foundation for Basic Research (grants
20-52-50013 and 20-52-12046).
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Femtosecond laser plasma is a brilliant source of ultra-short bursts of high
energy electrons, which lead to the generation of hard X- and γ-rays. Preplasma
layer created by prepulses or ASE have a significant influence on electron acceler-
ation mechanisms. In our experiments, for changing of the preplasma length and
density we used a nanosecond duration (∼ 10ns) artificial prepulse with a short
(50fs) high-contrast (10−7) main pulse of relativistic intensity (2 · 1018W/cm2)
[1]. Two γ-ray yield maxima were observed depending on the time delay between
the pulse and prepulse (0-10 ns - “first” and 20-40 ns - “second”). In maxima
γ-ray temperature and maximum energies increased up to 1.6 and 7.5 MeV. Also
dependence of γ-ray yield on main pulse duration was observed [2].

Presence of the artificial prepulse is critical for the described phenomena of
the increasing γ-rays yield or energies, but the ASE impact is also significant. In
this work we present experimental results on γ-emission from plasma in the case
of different ASE contrast levels (10−9, 10−7, 10−6 − 10−5) and different coince-
dence of the artificial prepulse and main pulse beams on the target surface. In
particular, it was shown, that the “second” γ-ray emission maximum disappears
at a high ASE contrast (10−9). For lower ASE contrast (> 10−7) γ-ray yield
is minimal when the beams coincide and increases when they are separated.
Comparison of the obtained data with the interferometry results clarified the
laser-plasma interaction processes.

In our experiments we used Ti:Sa laser system (p-pol, pulse duration - 50fs,
energy on target - 25mJ, wavelength - 813nm, repetition rate - 10Hz, ASE level -
10−9−10−5). The ASE level was changed by adjusting the master oscillator. The
contrast level was measured using a third-order autocorrelator (picosecond scale)
and a pin-diode (nanosecond scale). The controlled pre-plasma layer was created
using Nd:YAG laser (8ns, 130mJ, 1064nm) locked with Ti:Sa laser system.

This work was supported by RFBR grants № 19-02-00104 and № 19-32-60069.
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High luminous neutron and gamma sources play an important role in many
reserch fields such as high energy density physics, material science, and nuclear
astrophysics. Well-directed high current relativistic electron beams are perfect
candidates to drive (γ, xn) disintegration reactions by penetration in high Z ma-
terials. This is a basic concept of the laser driven nuclear physics program at the
ELI-NP [1]. The threshoulds of such reactions lay in MeV gamma energy region,
so that for the effective MeV gamma production a high number of relativistic
electrons is neccesery. In experiments at the PHELIX-facility Darmstadt, high
current well directed beams of MeV electrons were generated when a short laser
pulse of 1-2×1019 Wcm−2 laser intensity interacted with a sub-mm long plasma
of the near critical electron density (NCD). Such kind of plasma was produced
by a super-sonic ionization mechanism when a well-controled ns pulse was send
onto low density polymer aerogels forerunning the main relativistic laser pulse
[2]. As a result, beams of super-ponderomotive electrons with effective temper-
atues above 10 MeV and maximum of the measured energy up to 90 MeV were
detected in the laser pulse propagation direction. In the experiment, high yield
of Ta, Cr and Au isotopes as well as neutron yield from the In probes were
measured.

The experiment was simulated by the PIC and Geant4 Monte-Carlo codes.
The GEANT4 code includes comprehensive physical processes and databases of
the particle-matter interactions [3, 4]. Simulations were made to bench mark the
Monte-Carlo code using experimental data. In the experiment and in simula-
tions, the electron beam propagates through 1mm thick Au-radiator producing
MeV bremsstrahlung radiation. MeV gammas and electrons that escaped the
radiator interacted with a stack of high-Z materials placed at 5o to the laser
propagation direction at the distance of 15 cm from the laser-foam interaction
point. For the simulation of the photonuclear reactions, the ShieldingLEND
(Low Energy Nuclear Data) [5] physics list was used. This physics list ensures a
high precision cross section data for photonuclear reactions below 20 MeV, which
shows a good agreement with experimental data. For energies higher than 20
MeV, one of the standards physics lists was taken into account. Good agree-
ment between the experimentally measured and simulated isotopes yields allows
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for further optimizations of the experimental set-up toward record values of the
neutron fluxes.
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We studied both experimentally and theoretically the expansion of a laser
plasma created by irradiation of a solid target with intense femtosecond pulse.
The combined use of interferometry and optical depolarization diagnostics al-
lowed us to determine the spatial distribution of the plasma density and revealed
the development of smallscale instabilities accompanied by megagauss magnetic
field generation. The nature of the observed instabilities is discussed and mod-
elled numerically.

This work was supported by the RFBR grant No. 18-29-21029. The work by
A.A. Nechaev was supported by the RFBR grant No. 18-32- 01065. We thank
additional support from LaserLab-Europe project No. HIJ-FSU002569
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One of the most powerful and modern sources of photons are X-Ray Free-
Electron Lasers (XFEL). The radiation of existed XFEL upconverted by the
inverse Compton scattering can be a perspective tool for nuclear photonics.
For this reason, it is important to increase the number of photons generated
by XFEL. There are a few possible ways for that. One of them is to use the
spontaneous incoherent emission from ondulator as a seed in another ondulator
[1]. Another and a more prospective one is to use the coherent radiation of
harmonics generated in the process of intensive laser field interaction with gas
as the seed in the ondulator [2]. This method was realized for the wavelength
of 160 nm; the enhancement of the efficiency of the FEL generation up to 3
orders of magnitude was shown. The possible development of the method is
to use high-order harmonics [3] as a seed to achieve XUV and soft X-Ray FEL
radiation. Therefore, it is important to increase the relatively low efficiency of
the high harmonics generation (HHG).

Here, we discuss the methods of control over the quasi-phase matching of the
HHG in periodically modulated extended media [4,5]. Basing on the numerical
calculations of extended gas media with periodically modulated density response
on the action of two-color laser field formed by the fundamental and the second
harmonic of femtosecond laser we have studied possible ways toward incense-
ment of the HHG efficiency. In simulations, we used the 1D model described in
[5]. Within the model, the nonlinear medium is simulated by a chain of atoms
oriented along the propagation direction of laser field. The response of each
atom in the chain is calculated using the non-perturbative theory [6].

The work was partially supported by the RFBR under Projects № 18-02-
40014.
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The interaction of high energy and high power lasers with matter produces
broadband particle and electromagnetic radiation. In particular, a significant
portion of the incoming laser energy is transformed to powerful transient electro-
magnetic pulses (EMPs) mainly in the range of radiofrequencies and microwaves.
Such fields depend on laser energy and intensity [1] and they are so powerful
that present a danger for any electronic device placed inside or even outside
the experimental vacuum chamber. For this reason, understanding of the origin
and mitigation of these electromagnetic fields is of primary importance for the
operation of the existing laser facilities for inertial confinement fusion and laser-
plasma acceleration, and EMP represents a severe issue for future laser facilities
with higher energy and power.

A recognized main source of the EMP fields is the target positive charging
caused by the fast-electron emission due to the laser-plasma interaction. This
fast charging induces high neutralization currents from the conductive walls of
the vacuum chamber [2]. Other mechanisms related to the laser-target interac-
tion are also capable to generate intense electromagnetic fields. The complete
and complex picture of the field distribution within the experimental chamber
strongly depends on the physical localization and on the characteristics of each
of the source processes, but is also affected by the expanding plasma and particle
beams emitted from the target. Several possible mechanisms of EMP generation
will be discussed and compared in experiments with high energy and intensity
lasers, typical for inertial confinement fusion and laser-plasma acceleration.

This work has been carried out within the framework of the EUROfusion
Consortium and funded from the Euratom research and training programme
2014-2018 and 2019-2020 under grant agreement No. 633053.
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In recent years, many scientific groups observed beams of fast electrons from
laser plasma created at a solid target. In this work, we show that by using
an artificial nanosecond prepulse one can prepare a specific preplasma profile
providing for the high charge, high energy, low divergence electron beam in the
specular direction.

The electron bunch was produced in oblique (45 degrees) relativistic laser
pulse interaction with the specific plasma profile containing arbitrary sharp,
˜0.5λ, gradient at the vicinity of 0.1-0.5 critical density and a long tail of a ten-
uous preplasma. Such a preplasma profile was formed by an additional nanosec-
ond laser pulse (Nd:YAG laser, I=1012W/cm2). In the case of optimal preplasma
parameters femtosecond laser pulse (I=5×1018 W/cm2 τ=50 fs FWHM, d = 4λ
FWHM) generates a collimated electron bunch with divergence of 50 mrad, ex-
ponential spectrum with the slope of ∼2 MeV and charge of tens of pC [1].
The 2D PIC simulations confirmed beamed electron’s acceleration in the plasma
channel (so-called direct laser acceleration, or DLA). This channel is formed in
a long tail of teneous preplasma by the laser pulse specularly reflected from the
arbitrary sharp gradient. Simulations of a test electron’s motion in the complex
electromagnetic field consisting of the laser pulse and static fields showed that
an electron acquires maximum energy at the channel exit if its initial energy
amounts to several hundred keV and it is injected at the instant of the maximal
field of the laser pulse. Simple estimates showed that plasma waves of the hybrid
SRS-TPD instability are capable of injecting electrons with required energies in
the channel. This instability generates two groups of waves: one moves along
the plasma surface and the other - approximately in the perpendicular direc-
tion toward lower densities. Analysis of electron’s trajectories obtained from the
PIC-modeling showed that the first group of waves accelerates electrons, while
the field of the second group pushes electrons into the plasma channel. These
waves were evidenced experimentally and numerically from the scattered 3/2ω0

harmonic.
This work was supported by RFBR (20-32-70194_mol-a-ved 19-32-60069).
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Development of high-power laser facilities requires new methods of diagnos-
tics of high-intense femtosecond laser pulses, since the direct measurement of
such extraordinary intensity is challenging using conventional techniques. There
are some different approaches to satisfy this demand including ones based on
multiple tunneling ionization of high Z atoms [1], nonlinear Compton scattering
[2], temporally resolved intensity contouring by a chirped probing scheme [3].
At the same time, the highest intensities are achieved in the case of ultratight
focusing, which allows accelerating charged particles (electrons [4–6] and protons
[7]) without needing subsidiary devices or beams of high-energy particles. Thus
a new method of laser diagnostics can be based on this effect.

Here we discuss angular-spectral characteristics of both accelerated particles.
The laser pulse focused by off-axis parabolic mirror is described by Stratton-Chu
integrals, which allows simulating laser pulse with different spatial-temporal pro-
files focused down to the diffraction limit. Particle trajectories are calculated by
the test particle method, which consists in the solution of relativistic equation of
motion with Lorentz force for electrons and nonrelativistic one with ponderomo-
tive force for protons. This model neglects plasma effects, thus characteristics
of the distributions are determined by the laser parameters, that is needed for
the laser diagnostics. This condition can be experimentally implemented by ul-
trathin nanofoil or rarefied gases. We have analyzed impact of the laser peak
intensity, the focal spot size and the pulse duration on the angular-spectral distri-
butions of particles (electrons and protons) to propose a method of simultaneous
measurement of these laser parameters.

This work was supported by Russian Foundation for Basic Research (grants №
18-02-00452, 20-21-00023) and Foundation for the Advancement of Theoretical
Physics and Mathematics “BASIS” (grant № 18-1-5-102-1).
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Recently generation of powerful (up to petawatt) short (5 to 50 fs) laser
pulses with intensities more than 1018 W/cm2 became possible on a small-scale
systems. On interaction with plasma, these pulses cause acceleration of elec-
trons. This offers a possibility of creating tabletop laser accelerators, which
would have various advantages over conventional ones – such as, compactness,
lower construction cost, lower maintenance cost.

We study laser acceleration of electrons in plasma on the surface of dense
solid target. One of the problems is the interpretation of experimental data,
as real experimental conditions include complex geometry, and various physical
processes taking place. This renders analytical approach difficult at best.

Numerical calculation, on the other hand, is sensitive to neither the physics,
nor the geometry involved. Application of the modified Geant4 Monte-Carlo
code allowed for optimization of an existing experimental scheme for accelerated
electron beam spectrum measurement. Additionally, a scheme for measuring
said beam’s charge via gamma-nuclear reactions is analyzed, taking real neutron
counter geometry into account.

This work was supported by RFBR Grant 19-02-00104.
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All-optical magnetization reversal with femtosecond laser pulses facilitates the
fastest and least dissipative magnetic recording [1], but writing magnetic bits
with spatial resolution better than the wavelength of light has so far been seen
as a major challenge, making the application of optical techniques in recording
technically challenging or even impossible. Here we experimentally demonstrate
that using light with the wavelength of 800 nm and without any magnetic fields,
it is possible to obtain full control over two magnetic bits separated by just 80 nm
[2]. In particular, two bits in our experiment are represented by two 10-nm
thick GdFeCo layers separated by a 80-nm thick layer of Si3N4. Using a single
femtosecond laser pulse, we can toggle the magnetization exclusively within a
single magnetic nanolayer, without affecting the other one. The choice of the
toggled layer is enabled by the excitation of a plasmon-polariton at a targeted
interface of the nanostructure, and realized merely by rotating the polarization-
axis of the linearly-polarized ultrashort optical pulse by 90◦. The underlying
mechanism is robust, well reproducible and relies on the polarization-dependent
excitation of plasmon-polaritons in the magnetic nanostructure. Our results
unveil a new tool that can be deployed to switch magnetization in targeted
nanolayers of heterostructures, and paves the way to increase the density of
opto-magnetic recording.

This work was financially supported by the Russian Ministry of Education
and Science, Megagrant project N 075-15-2019-1934.
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Since the development of femtosecond lasers multiple experimental and theo-
retical works were devoted to the energy relaxation in metals on a femtosecond
time scale and its influence on heat transfer. Most of these papers handled
the process of heat transport using various energy-averaged macroscopic models
such as two-temperature model, Cattaneo equation etc.

In a current report we consider the processes of heat transport and energy
relaxation in aluminium using Boltzmann transport equation for the electron
distribution function, simultaneously accounting both energy and momentum
relaxation. Mutual influence of electron-electron and electron-phonon energy
relaxation on the electron distribution function are considered using linearized
integro-differential collision integrals. These energy exchange effects provide
main contribution to the difference between the results obtained using Boltz-
mann equation solution and widely considered two-temperature model. .
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The interaction of high intensity laser field with a quantum system (atomic
or molecular ensemble, electronic subsystem of solids, etc) results in a lot of
nonlinear processes accompanied by radiation emission of various frequency band
from the radio-frequency and THz to the VUV and soft X-rays. The emission
of a quantum system driven by the strong laser field is typically studied in the
framework of so-called semiclassical approach [1] when the atomic dynamics
is described quantum-mechanically while the radiation field is described using
the classical laws. However, the limitations of applicability of the semiclassical
approach to analyze the emission of atoms driven by laser fields were discussed in
[2]. In reality, each process of emission at frequency that does not coincide with
the laser frequency starts with the spontaneous emission and, hence, should be
considered taking into account the interaction of atom with the quantized field
vacuum modes. Such approach was developed in [3]. It takes into account the
interaction of an atom with a set of quantized field modes being in a vacuum
state in the first order of the perturbation theory while its interaction with laser
field is assumed to be classical and considered beyond the perturbation theory.

In this work we generalize the approach [3] for the study of spontaneous
emission of the atomic ensemble driven by the classical laser field. The cases of
resonant and nonresonant laser radiation interaction with a single two-level atom
and two-level atomic ensemble are studied. The comparative analysis of QED
and semiclassical study is performed. It is found that semiclassical approach has
serious limitations for the description of the emission of the ensemble as it is not
sensitive to the phases of wave functions of different atoms. As about the single
atom the agreement of both approaches was obtained for the case of interaction
with a nonresonant rather weak external field when the atom is dominantly in
the initial (ground) state.

This work was supported by RFBR Grants (No 20-21-00061, No 18-02-00730).
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We report on experimental observation of the ultrafast depolarization in-
duced by propagation of an intense laser pulse through the ionizing gas media.
It has been previously demonstrated that during filamentation in gases a bire-
fringence occurs that could also lead to depolarization [1,2]. Here we show that
the depolarization is strongly dependent on the intensity of the laser pulse.

The experiment is based on pump-probe scheme with transverse directions of
the beam paths. The pump pulse (2.5 mJ, 50 fs, 12 mm dia. 1/e2) is focused by a
5 cm focal length parabolic mirror producing ∼2 mm long plasma channel. The
polarization of the beam is vertical. The probe beam goes through a controllable
delay line and thereafter through the region of plasma formation. To visualize
the depolarization, the probe beam polarization is turned to 45 degrees. It passes
a 45 degrees oriented polarizer, the plasma region and an analyzer rotated in
the vicinity of 135 degrees (crossed polarizers). The plasma channel region (and
depolarization) is imaged on a CMOS-camera by a telescope. By changing of
the delay we can scan the position of the pump pulse in the focusing region and
so the intensity conditions. The depolarization pattern changes from the spot-
like to ring-like structures with the increase in the intensity. The most intense
depolarization occurs in the vicinity of ionization threshold.

The investigation of this depolarization could be useful for modelling of
plasma formation processes.

This work is supported by the Presidium of the Russian Academy of Sciences
Program No. 6.
references
[1] C. Marceau, S. Ramakrishna, S. Génier, T.-J. Wang, Y. Chen, F. Théberge,
M. Châteauneuf, J. Dubois, T. Seideman, S. L. Chin, Opt. Comm. 28, 2732–
2736 (2010).
[2] P. Chizhov, V. Bukin, S. Garnov, J. Phys.: Conf. Ser. 666, 012018 (2016).
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The work [1] is devoted to the study of the generation of low-frequency radi-
ation arising from the action of femtosecond s-polarized laser pulse on a metal
film. Two generation mechanisms are considered. The first of them is associated
with effective heating of electrons [2], which leads to the appearance of electron
pressure gradient, and the second is associated with the action of a drag force
generating directional motion of electrons along the metal surface [3].

The expressions were given for the high-frequency field in a film produced by
an s-polarised femtosecond laser pulse. Under conditions of weak nonuniform
heating of electrons, an equation was written for a small pressure perturbation
and the source of the drag current was found. Equations were also formulated
for the Fourier transforms of low-frequency electric and magnetic fields. Using
the general solution of these equations and the continuity conditions for the
tangential field components at the film boundaries, the Fourier transforms of
the low-frequency magnetic field generated by a pressure gradient and drag force
was found.

The expressions for the Fourier transforms of the magnetic field on the surface
of the film were analyzed. It is shown that in the case when the high-frequency
field is localized at the surface and the low-frequency field is slightly inhomo-
geneous in the film thickness, the amplitude of the low-frequency signal grows
inversely with the film thickness. In the case when the film thickness is less than
the depth of the skin layer at the laser radiation frequency the amplitude of the
low-frequency signal grows inversely with the square of the film thickness.

The reported study was supported by RFBR, project No. 17-02-00648.
references
[1] E. A. Danilov, S. A. Uryupin, Quantum Electron. 49, 241 (2019).
[2] I. V. Oladyshkin, D. A. Fadeev, V. A. Mironov, J. Opt. 17, 075502 (2015).
[3] S. G. Bezhanov, S. A. Uryupin, Quantum Electron. 43, 1048 (2013).
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Time-dependent density functional theory (TDDFT) is an efficient method to
predict excitation dynamics of electrons in laser-irradiated band-gap materials.

In this work, the transient excitation of silicon was studied by performing
extensive TDDFT simulations. The density of conduction band electrons, the
total electronic current and the electronic energy were calculated for a wide
range laser intensities and for different laser wavelengths. The approach has
enabled to achieve a detailed description of the transition from the multiphoton
to the tunneling regime of photoionization, characterized by a decrease of the
number of photons required for the excitation of valence electrons to conduction
bands. The nonlinear absorption rates were calculated as a function of laser
intensity for several wavelengths. The dependence of the free-electron energy on
wavelength revealed resonance peaks, which shift with increasing the laser field
strength. This confirms the applicability of Keldysh theory for describing direct
transitions of electrons in semiconductors.

To gain better insight to the observed effects, the dynamics of electron energy
levels in the laser field was studied using a Floquet-Stark Hamiltonian. At low
laser intensities, replicas of the electronic bands are found at energies shifted in
comparison to the ground state that is explained by the interaction between the
electronic bands. With increasing intensity, the replicas can cross, manifesting a
transient closure of the band gap. This effect is related to the electron tunneling
and can be described by the dynamic Floquet-Stark metallization [1-3].

This work provides quantitative information that is of high importance for
the improvements of theories describing excitation, metallization and damage of
laser-irradiated bandgap materials.
references
[1] O. Kwon et al., Sci. Rep. 6, 21272 (2016).
[2] M. Durach et al., Phys. Rev. Lett. 107, 086602 (2011).
[3] A. Schiffrin et al., Nature 493, 70 (2012).
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Interest in the problem of generation and detection of terahertz (THz) radi-
ation is connected with the possibilities of its wide use in scientific research and
practical applications. In the modern experiments [1], THz pulses with energy
near several hundred microjoules and the conversion efficiency several percent
were obtained. The increasing the energy of THz pulses can be associated with
the excitation of eigenmodes in a matter under the action of a laser field, when
the medium itself makes a significant contribution to the energy of the THz
signal. Such a mechanism for the excitation of low-frequency leaking modes un-
der the action of laser radiation was previously considered for a rarefied plasma
layer in [2]. The excitation of the plasma layer eigenmodes under the action of
two-frequency laser radiation is investigated in [3]. We study an oblique inci-
dence of two constant-amplitude laser waves with close frequencies on a rarefied
plasma layer in a symmetric irradiation scheme, when along the layer boundary
the waves propagate towards each other [3]. In the case, the excitation of the
surface eigenmode of the layer occurs under conditions of direct resonance, when
the frequency difference between the laser fields coincides with the eigenmode
frequency of the plasma layer. This leads to the fact that in the considered irra-
diation scheme, the expression for the energy of the low-frequency mode contains
in the denominator the square of the small imaginary part of the dispersion func-
tion. This allow to considerably increase the energy of low-frequency radiation
in comparison with the result obtained in [2], where the energy contains in the
denominator a small imaginary part of the dispersion function only in the first
degree, due to the integration over the whole spectrum of the excited oscilla-
tions. The estimates show that under the conditions of modern experiments,
the considered mechanism for the excitation of the plasma layer low-frequency
eigenmode makes it possible to obtain radiation in the terahertz frequency range
with an energy flux density comparable to the intensity of laser radiation.
references
[1] C. Vicario, M. Jazbinsek, A. Ovchinnikov et al., Optics Express 23, 4573
(2015).
[2] A. A. Frolov, Plasma Physics Reports 36, 318 (2010).
[3] Yu. M. Aliev, A. A. Frolov, Journal of Russian Laser Research 40, 412 (2019).
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In laser excited solids, the produced hot electrons are at easiest described in
the canonical ensemble in terms of the Helmholtz free energy, which in turns
determines the potential energy surface (PES) for the ions U(Te) = Ee − TeSe,
where Te, Ee and Se are the electronic temperature, total energy and entropy
after laser excitation and thermalization, respectively. On the other hand, the
motion of the ions on the laser excited PES fulfills energy conservation as long
as Te does not change and can be treated in the microcanonical ensemble. Now,
when the electron-phonon coupling is active and there is energy exchange in both
directions, the mixed canonical-microcanonical usually leads to inconsistencies
and wrong results. So far, different approximate approaches have been used to
overcome this problem, but a microscopic theory is still lacking.

In this talk, we present a theory for the coupled description of the laser
induced ultrafast dynamics of the electronic temperature and the ions from
first principles. The theory yields and generalizes the equations of the two-
temperature-model-molecular-dynamics (TTM-MD) method in a natural way
and can be used either in ab-initio simulations or in large-scale MD simulations
based on Te-dependent force fields.

We apply this theory to study the ultrafast lattice dynamics in graphene,
amorphous carbon and graphite performing ab-initio simulations and the dy-
namics of Sb and Si using large-scale MD simulations based on force fields de-
rived using our recently proposed self-learning algorithm[1]. Remarkably good
agreement with experiments is obtained. The importance of using Te-dependent
force fields in MD simulations is discussed.
references
[1] B. Bauerhenne, V. P. Lipp, T. Zier, E. S. Zijlstra, M. E. Garcia, “Self-Learning
Method for Construction of Analytical Interatomic Potentials to Describe Laser-
Excited Materials”, Phys. Rev. Lett. 124 (8), 085501 (2020).

69



Oral

Intensity clamping and controlled efficiency of X-ray generation
under femtosecond laser interaction with solid target in air and

helium

A. A. Garmatina1,3, B. G. Bravy2, F. V. Potemkin1, M. M. Nazarov3

and V. M. Gordienko1

1 Faculty of Physics and International Laser Centre, M. V. Lomonosov Moscow State University,
Moscow, Russia;
2 Department of Nanophotonics, Institute of Problems of Chemical Physics, Chernogolovka, Russia;
3 National Research Centre “Kurchatov Institute”, Moscow, Russia
e-mail: alga009@mail.ru

The generation of line X-rays with femtosecond laser pulses is stimulated
much interest in due to its applications for time-resolved studies. Due to known
difficulties in using a vacuum chamber system to line X-ray production there is
a need for an efficient X-ray source capable of operating in air with a tabletop
femtosecond laser. In that conditions ionization of air molecules in the near-
surface area of the target is accompanied by depletion of laser energy, as well as
self-induced defocusing of the laser beam [1]. These processes with increasing
laser energy cause a restriction of the laser beam intensity level (compared to
the “vacuum” level). The conversion efficiency to X-ray under the conditions of
exposure to the target in a gas environment stabilizes at a lower level than under
vacuum conditions. One of the ways to increase the efficiency of interaction with
intense femtosecond laser radiation with a target is the use of local “blowing” of
gas (helium) with a large ionization potential into the interaction area.

The purpose of this work is to study the conditions for overcoming the lim-
itation of achieving effective generation of hard x-ray radiation, which occurs
when a focused femtosecond laser beam of mJ- level interacts with a solid target
in the air or in the presence of helium.

TiSa and Cr:forsterite lasers with an output energy not exceeding 4 mJ were
operated in the performed experiments. As a target we chose a copper foil and a
rotating copper rod. We found an intensity clamping effect with an limit about
3×1014 W/cm2 in experiments with Cr:forsterite laser using the target placed in
the air. Blowing helium with the jet into the interaction area allowed increasing
the laser intensity by about 4 times compare with the air. We found that an
increase in the pulse duration of the femtosecond TiSa laser interaction with the
target leads to an enhanced in the output of X-ray radiation from the minimum
recorded level (at a duration of 250 fs) by an order of magnitude compare with
optimum pulse duration of 1500 fs. At the same time, ionization losses decreased
from 25% to 5%.

We have performed theoretical calculations aimed at modeling the propa-
gation dynamics of a focused laser beam in a nonlinear gas medium. It was
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obtained that when helium is blown into the focal area, the intensity clamping
level is about 4 times higher than when air is present (see.Fig.1). The conditions
for optimal placement of the target relative to the position of the vacuum focus
and, accordingly, achieving the maximum intensity are found, and the possibility
of increasing the fluence in the conditions of the clamping effect with an increase
in the pulse duration and focusing conditions is shown. It is theoretically shown
and experimentally confirmed that when the pulse duration increases ionization
losses during the propagation of the laser beam in air and helium are reduced
and the effect of defocusing on the induced plasma nonlinearity is minimized. As
a result, this leads to a significant increase in the fluence on the target surface
and, consequently, to an increase in the output of X-ray photons. Theoreti-
cally, it is shown that an increase in the wavelength from 800 nm to 4000 nm
with comparable laser parameters and focusing mode provides an increase in the
product Iλ2 by almost an order of the magnitude (see Fig.2). We will present
the results of the conversion efficiency of the laser energy for 8 keV copper line.

The work was supported by the Russian Foundation for Basic Research
(RFBR 18-29-20074, 18-02-40018, 18-02-40032).

Figure 1: Fig.1, left. Intensity clamping depending on pulse energy (NA=0.021). Fig.2, right.
Intensity product depending on laser wavelength (100fs, 1 mJ, NA=0.021)

references
[1] F. Dausinger, H. Hügel, V. Konov, “Micro-machining with ultrashort laser
pulses: from basic understanding to technical applications”, Proceed.SPIE, 5147,
1 06 (2003).
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From [1] it is known that in a plasma channel with a nonequilibrium electron
spectrum created in a gas with a growing transport cross section, the effect of
amplification of low-frequency radiation (ω < νtr, where νtr is the transport
frequency of electron-atom collisions) can be observed. In particular, it was
shown in [2,3] that upon photoionization of inert gases (argon, xenon) of atmo-
spheric pressure by UV femtosecond laser pulses, the required conditions for the
appearance of the amplification effect of THz radiation are fulfilled. In [2], it
was shown that at atmospheric pressure it is possible to amplify low-frequency
radiation up to the sub-terahertz radiation, and to shift the gain boundary to
a higher frequency range it is necessary to increase the pressure in the plasma
channel.

In the present study we analyze another approach that makes it possible to
increase the frequency of the amplified radiation and reach the frequencies up to
several THz without increasing the gas pressure. We propose to apply the static
magnetic field along the nonequilibrium amplifying plasma channel to reach the
regime of the cyclotron resonance. We perform the analysis for situation when
external magnetic field B0 is directed along the wave vector ~k and assume the
linearly polarized THz wave field ~E0 = [E0 exp(−iωt), 0, 0] as a superposition
of two counter-rotating waves with the polarizations along vectors ~e(±) = ~ex±i~ey
correspondingly (~ex,~ey are the unit vectors along x and y axes). Obviously, one of
the counter-rotating waves interacts effectively with plasma electrons if ω ≈ ωB
(ωB = eB0

mc is the cyclotron frequency) and the arising electric current with
circular ~e(−) polarization will dominate near the resonance frequency. Hence, in
magnetized plasma we can resonantly enhance only THz field with circular ~e(−)

polarization. Our calculations predict that for the wave with ~e(−) polarization
the resonance amplification (ω ≈ ωB) is possible even when ω > νtr. For the
case ωB � νtr amplification of low-frequency radiation occurs (ω < νtr) which
corresponds to the results for an unmagnetized plasma [2,3]. An increase in the
magnetic field leads to a shift of the amplified frequencies to a higher frequency
range. Hence, the presence of a magnetic field makes it possible to control the
range of amplified frequencies in a nonequilibrium inert gas plasma, thereby
removing the low-frequency limitation. Moreover, by changing the relationship
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between νtr and ωB, one can control the bandwidth of the resonantly amplified
frequency range: the more ωB compared to νtr, the narrower the resonance range
becomes.

Thus, the presence of a magnetic field in the framework of the problem of
amplifying (sub) terahertz radiation in a plasma removes the frequency limita-
tion ω < νtr and leads to absolute gain increase. In addition, it allows efficient
amplification of the THz radiation of the selected frequency band, which can be
used in the future for signal filtering.

This work was supported by the RF President Grant MK-1932.2020.2.
references
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[2] A. V. Bogatskaya, A. M. Popov, Jetp Lett. 97, 388–392 (2013).
[3] A. V. Bogatskaya, I. V. Smetanin, A. M. Popov, J. Russian Laser Res. 35 (5),
437–446 (2014).
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Fragmentation mechanisms of a micrometer-sized liquid tin droplet irradi-
ated by a short laser pulse are studied. Our experiments show either symmetric
or asymmetric expansion of the droplet depending on laser pulse intensity. To
reveal the underline processes we perform simulations complying with the ex-
periments using the smoothed particle hydrodynamics. It is demonstrated that,
as a result of fast laser energy deposition, a strong shock wave followed by a
tensile wave is formed and propagates from the frontal side to the rear side of
droplet. Convergence of such waves inside the droplet induces cavitation nearby
the center, which causes the droplet to expand symmetrically. Reflection of a
shock wave from the rear side of droplet may lead to spallation producing a
thin layer moving in the laser pulse direction, which results in the asymmetrical
expansion. The calculated laser intensity threshold for the rear-side spallation is
higher than a threshold required for the central cavitation. The corresponding
expansion velocities and thresholds agree well with the experimental results in
both regimes of droplet expansion. Special attention is made for fragmentation
of a droplet irradiated by polarised laser pulse.
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The generation of THz radiation under the action of a femtosecond laser pulse
focused by a cylindrical lens on a metal that is in contact with a nanolayer of
wide-bandgap dielectric was studied. In this case due to the incident and re-
flected high-frequency waves interference in the dielectric, a multiple increase
in the amplitude of the high-frequency field at the metal surface occurs. The
low-frequency magnetic field, the total energy of the THz radiation and radi-
ation pattern is found. It is shown that the total energy of THz radiation is
proportional to the strip length into which the laser radiation is focused, which
makes it possible to significantly increase the total energy of THz radiation in
comparison with the case of laser radiation focused into a spot (see [1]).

Figure 1: THz radiation generation scheme.
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We report on the experimental observation of new type of processing of semi-
transparent materials upon femtosecond laser processing with highly-overlapping
laser pulses. Overlapping laser pulses enable accumulation of heat and defects,
which open possibilities for selective delamination [1] and recrystallization [2] of
the processed samples. Analysis of the delaminated layer indicates that the ma-
terial undergoes melting on its both surfaces. The mechanism of delamination
is identified as a complex interplay between the optical response of laser- gener-
ated free-electron plasma and nonlinear effects upon laser beam propagation in
semi-transparent ceramics.

Figure 1: SEM image of the laser-delaminated area kept attached to the substrate (right) and
substrate with removed delaminated area (left).

Heat accumulation is shown to play key role for laser-induced recrystallization
of amorphous metal oxides. Laser-processed of oxide layers increase the efficiency
of water-splitting cells by approximately 200% [3], however the recrystallization
can be only one of the mechanisms along with increase in the light absorptivity
and specific area of the electrodes due to formation of the laser-induced periodic
surface structures (LIPSS).
references
[1] F. Kiel et al., Phys. Rev. Applied 11, 024038 (2019).
[2] J. S. Hoppius et al., Appl. Phys. Lett. 113, 071904 (2018).
[3] D. Bialuschewski et al., Adv. Eng. Mater. 20, 1800167 (2018).
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Biocompatible polymers, such as polystyrene (PS), are still in the centre of
interest for wide range of applications, such as microsystem technology, micro-
optics, fabrication of lab-on-chip devices or investigation of cell growth behaviour
[1-4].

Required polymer modifications can be operated by laser-assisted ablation
with chosen appropriate conditions. Pulsed laser ablation (PLA), as a well
established method for surface processing and modification, then allow us to
study and established new approaches and functionalities of polymers of different
kinds. Polystyrene, as many other polymers, has been extensively investigated
mainly for UV region of electromagnetic spectra. Polymer ablation in infrared
region, especially in the regimes of ultrashort laser pulses, is still not widely
studied despite that the non-linear absorption phenomena in IR region offer
different material response.

This work presents complex approach to ablation of polystyrene (PS) polymer
from ultraviolet (UV) to mid-Infrared (mid-IR) part of electromagnetic spectra.
The ablation was performed with different pulse durations (ps and fs) and the
single shots thresholds have been determined as well as the investigation of
crater/grooves profiles. Accurate structuring of this biocompatible polymer is of
importance for direct applications in study of collective cell behaviour and cell
growth. ould change [1].
references
[1] C. G. Khan Malek, “Laser processing for bio-microfluidics applications”, Anal.
Bioanal. Chem. 385, (2006).
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6880, (2016).
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muller, V. Piotter, T. Gietzelt, O. Wendt, W. Pflegign, A. Welle, A. Rolletschek,
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In [1], a novel surprising feature of natural electrical spark discharges has
been unveiled. By using simultaneous multi-frame laser interferometry, shadow
and schlieren imaging, it is discovered that single spark channels developing in
ambient air turn out to consist of tens closely packed thin filaments of highly-
ionized plasma. Single filaments have characteristic diameters of ∼ 10–50 µm
and are organized themselves into a cluster with a characteristic diameter of
∼ 200 µm, which forms a resultant spark channel. The microstructure of such
channel is somewhat similar to a bunch of multiple optical fibers. Being a
somewhat uniquely organized dynamic plasma system, the filament cluster is also
an optical medium of immense complexity governed by stochastic fluctuations
of the plasma dielectric permittivity. These fluctuations are caused by single
filaments characterizing the internal scale (∼ 10 µm) of the medium turbulence.
It is found that the incident laser radiation undergoes a complicated scattering
by the filament cluster, the visualization of which is accompanied by strong
accumulation of diffraction effects. When solving the wave-scattering problem,
these effects cannot be easily accounted for in terms of either wave absorption
or strong refraction.

Herein we present the comprehensive analysis of the wave-scattering problem
applied to the fine-structured sparks visualized via laser probing techniques and
support it with simulated results. We justify the employment of the smooth per-
turbation theory for solving the direct and inverse wave-scattering problems in
the case of strong accumulation of diffraction effects. We also reveal fundamental
discrepancies of the simulated results obtained by the first Rytov and geometri-
cal optics approximations used to solve the scalar Helmholtz wave equation and
define possible accuracies of data acquisition for the filament clusters. The ana-
lytical approaches and created program codes for modeling the wave-scattering
problems have been additionally tested on axisymmetric plasma inhomogeneties
(fine-scale plasma spots at electrodes and homogeneous sparks).

The study is supported by the grants of the Russian Foundation for Basic
Research (no. 20-08-01156) and President of the Russian Federation (no. MK-
703.2020.2).
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Strong-field ionization and associated generation of secondary radiation are
of great interest due to unique features (ultrabroad spectrum, extremely short
duration, high peak intensity) of the generated emission, which can be used for
spectroscopy and wide range of other applications. An important question here
is how one can control the ionization processes and characteristics of generated
radiation by changing the parameters of ionizing pump pulse. The ways of such
control are quite rich, though understudied, when one employs two- and multi-
color pulses, where the spectral composition, phase and group delays between
one-color components and the polarization structure may be changed. Here, we
report results on generation of low- and high-frequency secondary radiation (in
THz [1], mid-infrared and ultraviolet range [2]) by multicolor pulse consisting
of fundamental field and one or more of its harmonics. We discuss how addi-
tional harmonics may affect the ionization rate and the generated radiation and
propose new ways of controlling spectrum, efficiency and polarization of gen-
erated radiation through manipulating phase and polarization structure of the
multicolor pump.

The work was supported by the Russian Foundation for Basic Research
(Grant Nos. 18-02-01150 and 20-32-70213).
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The Alfvén electromagnetic waves are low-frequency magnetohydrodynamic
plasma oscillations which propagate only in the presence of the external constant
magnetic field [1]. Charged plasma particles are moving at the propagation of
Alfvén waves. Therefore the velocity of their propagation is small in comparison
to the light speed. Alfvén waves exist only in plasma with the high conductiv-
ity. Their phase velocity cA is determined only by the external magnetic field
strengthH and by the plasma density ρ: cA = H/

√
4πρ . Small dispersion of the

Alfvén waves is produced by the motion of atomic ions. We have the relation be-
tween the frequency ω of the wave and the wave number k:ω2 = c2Ak

2(1−a2k2),
ka� 1. The dispersion length a is determined by the relation a2 = mic

2/4πne2,
where n is the plasma number density. In this talk we consider analytically the
propagation of the linearly polarized transverse Alfvén solitary waves in cold
plasmas. Circularly polarized Alfvén solitons in cold plasmas were investigated
in [2].

We consider the propagation of nonlinear transverse electromagnetic waves
along the axis X. The constant magnetic fieldH is directed along the axis Y . Let
introduce the notation h(x, t) for the perturbation of this magnetic field. This
magnetic field is directed also along the axis Y . We solve the Korteweg-de-Vries
equation for the electron velocity V which is directed along axis X [3]:

V (x, t) =
3U

2
cosh−2

(√
U

2cA

x− Ut
a

)
This solution is the solitary wave which propagates with the large phase velocity
U � cA. The soliton height is 3U/2. The small spreading of the soliton is equal
to a

√
cA/U � a. Thus, the soliton is narrow at the high intensity. We find the

magnetic field h which is directed along the axis Y:

h(x, t) =
3UH

2cA
cosh−2

(√
U

2cA

x− Ut
a

)
� H

We derive the electric field E of the solitary wave which is directed along the
axis Z:

E(x, t) = − 9U 2

4cAc
cosh−2

(√
U

2cA

x− Ut
a

)
� H
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Thus, the transverse electromagnetic field of this Alfvén solitary wave propagat-
ing along axis X is linearly polarized. This study will provide a sound basis for
further research on problems [4] relating to Alfvén solitons in plasmas.
references
[1] H. Alfvén, C-G. Felthammar, “Cosmical Electrodynamics, Fundamental Prin-
ciples”, The Clarendon Press, Oxford (1963).
[2] G. Mann, J. Plasma Physics 40, 281 (1988).
[3] V. Krainov, Physica Scripta 95, 044010 (2020).
[4] V. I. Petviashvili, O. A. Pokhotelov, “Solitary Waves in Plasmas and in
the Atmosphere”, Gordon and Breach Science Publishers, Philadelphia, Reading
(1992).
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High-frequency skin-effect in a photoionized inert gas plasma

K. Yu. Vagin1, T. V. Mamontova1,2 and S. A. Uryupin1,2
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e-mail: mamontova.tat.v@gmail.com

The features of a monochromatic electromagnetic (EM) wave penetration
during its normal incidence on the semi-bounded plasma, obtained as a result
of multiphoton ionization of inert gas atoms, were studied when the conditions
of high-frequency skin-effect are realized. The main characteristic determining
the pattern of EM wave penetration into a plasma is the parameter α — a
value determined by the average photoelectron energy and the type of energy
dependence of the scattering transport cross section. Expressions for the sur-
face impedance and absorption coefficient in different frequency ranges of the
probe wave were obtained. Field absorption is mainly determined by collisions of
photoelectrons with atoms. For frequencies noticeably lower than the Langmuir
frequency, the absorption coefficient linearly depends on the collision frequency
ν. When the field frequency approaches Langmuir’s one, the absorption in-
creases and depends on the frequency of collisions like

√
ν. Taking into account

the Ramsauer-Townsend effect leads to an increase in absorption over the en-
tire range of frequencies under consideration. With a further increase in the
frequency, the absorption coefficient ceases to depend on the collision frequency
in the linear approximation and tends to unity. Fig.1 demonstrates absorption
coefficients taking into account the dependence of the scattering cross section
on the electron velocity (for xenon and krypton) and without it.

Figure 1: Dependence of the absorption coefficient A (ω) on the incident field frequency ω.

82



Oral

Shock wave induced ultrafast phase transition and amorphization of
Si: an atomistic study.

E. I. Mareev1,2 and F. V. Potemkin2
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Silicon has a great importance as an optical, electronic, and structural mate-
rial [1]. Modeling the impact of shock waves on silicon at room temperature is
an important step toward understanding the various phenomena associated with
phase transitions in Si [2]. Pressured silicon undergoes a series of phase transi-
tions caused by stress, accompanied by large changes in cell volume (∼ 25%).
Under high pressures (more than 10GPa) Si undergo series of phase transitions.
Si transforms from cubic diamond phase to a primitive hexagonal (b-Sn) struc-
ture around 11 GPa, and to hcp (Si-VII) around 50 GPa [3]. Such high pressures
could be achieved in laser-matter interactions. We used molecular dynamics sim-
ulation to investigate the pressure-induced phase transitions in Si both in static
(fixed pressures) and dynamic (shock wave propagation) case. The simulations
were performed in LAMMPS software package over 360000 atoms (TERSOFF
interatomic potential).

Figure 1: Histograms of atomic volume (a,b) during propagation of shock wave in Si (p=21.2
GPa) (a) and under constant pressures (b). XRD spectrum at constant pressure in Si.

In the static pressure conditions (Fig.1b,c) we demonstrated that the phase
transitions leads to the change of atomic volume, centrosymmetry parameter
and XRD spectrum. The cubic diamond phase is stable up to 11 GPa, β-SN is
stable in the pressure range from 11 to 50 GPa. In the dynamic phase the phase
transition takes place only on the shock wave front on the ps timescale under
pressures above 10 GPa. The phase is not stable, and the structure returns to
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the initial state with a small number of defects. If pressure overcomes 30 GPa
the structure of Si becomes broken and it transmits to amorphous phase. The
computed XRD spectra are useful tools for compassion a numeric modeling data
with experiments on synchrotron facilities.

The reported study was supported by RFBR, project Nos. 18-02-40018 and
19-29-12037.
references
[1] F. Zhou, Z. Cezhou, ISRN Optics 2012, 1–27 (2012). doi:10.5402/2012/428690.
[2] J. Wood et al., Scientific Reports 8 (1), 11010 (2018).
[3] D. Swift et al., PRB 64 (21), 214107 (2001).
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Pump driven normal-to-excitonic insulator transition: signatures of
BEC-BCS crossover in time-resolved ARPES

A. Marini1, E. Perfetto2, D. Sangalli1 and G. Stefanucci2,3

1 Istituto di Struttura della materia (ISM-CNR), Division of Ultrafast Processes in Materials
(FLASHit), Monterotondo Scalo, Italy;
2 Dipartimento di Fisica, Università di Roma Tor Vergata, Rome, Italy;
3 INFN, Laboratori Nazionali di Frascati, Frascati, Italy
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Ultra-fast spectroscopy is a powerful tool for the observation of electronic
and atomic dynamical processes. In a basic Pump and Probe experiment a
first light pulse (the pump) resonantly triggers a photo-induced process exciting
electrons from the valence to the conduction bands. This initial photo-excitation
inevitably creates an avalanche of phenomena that drives the system dynamics.
The description of this complex dynamics is really challenging. In this talk
I will first review the Ab Initio Non Equilibrium Green’s function (AiNEGF)
method [1], which represents a new frontier in the realm of atomistic simulations.

Figure 1: Occupied part of the spectral function of a bulk LiF for different values of Excitonic
energy. The excitonic resonance clearly appears as a isolated band in the conduction energy
region.

In the second part of the talk I will use the AiNEGF to describe a novel
phenomenum: the photo–induced band insulator to excitonic insulator (NEQ-
EI) transition in complex materials [2]. I will show that the NEQ-EI phase
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is characterized by self-sustained oscillations of the complex order parameter.
The peculiar fingerprints of the NEQ-EI phase in time-resolved angle-resolved
photoemission spectroscopy spectra will be discussed in a simplified mode and
in paradigmatic materials (See LiF figure below).
references
[1] A. Marini, Journal of Physics: Conference Series 427, 012003 (2013).
[2] E. Perfetto, D. Sangalli, A. Marini, G. Stefanucci, Phys. Rev. Materials 3,
2791 (2020).
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Ultrafast dynamics of AF SDW and SC order parameters in doped
cuprates
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A planar nanosystem in conducting CuO2 layers of doped cuprates, consist-
ing of periodically alternating, highly conducting (charge) and semi-insulating
(spin) stripes, arises near the pseudogap opening temperature T ∗ on the Fermi
surface and becomes superconducting (SC) at T = Tc [1]. The temperature
interval Tc < T < T ∗ corresponds to the region of the magnetic phase transition
from spin-disordered state to a state of AF spin density wave (SDW), incommen-
surable with the lattice constant (pseudogap state) [1]. In view of the dynamic
(fluctuating) nature of this nanosystem, a detailed study of its electronic and
optical properties, which depend on the coupling of fermionic quasiparticles with
phonons and bosonic excitations of electronic origin, is possible only with the
help of local and fast methods. One such technique is broadband ultrafast spec-
troscopy (see, e.g. [2])), which makes it possible to reveal the subtle interaction
between quasiparticles and electronic or phonon collective excitations due to
various characteristic time scales and spectral responses. In this case, nonequi-
librium optical spectroscopy of these materials is carried out with a resolution
both in time and in energy. Based on the available experimental data on mea-
suring the femtosecond dynamics of the optical properties of the CuO2 plane in
the energy range of 0.5-2 eV, the report provides a detailed analysis of the role
of electronic correlations in controlling dynamics on a femtosecond time scale.
Analysis showed that the equilibrium absorption cross section for this energy
interval in the CuO2 plane is determined by the sum of the Drude absorption
(free carriers) and absorption due to a number of Lorentzian oscillators, (e.g.
at energy of 2 eV), in the visible region (interband transition between O2p and
Cu3d_x2-y2 states with charge transfer (CT transition)) [2] (cf. with [3]). Mea-
surements of the planar reflection coefficient in cuprates made using a Ti: Sa
laser (pump energy ∼ 1.07 eV and probe energy ∼ 1.55 eV) showed a charac-
teristic change in its sign both at temperature T ∗ and at temperature Tc. The
picture is consistent with our above results [1]. Another interesting effect is the
appearance of a threshold value of the pump flux density of ∼ 70 µJ/cm2, above
which two peaks appear on the dependence of the reflection coefficient on the
delay in the SC-state - fast and slow, while only slow is observed below this
threshold. The detailed comparison of results of ultrafast optical measurements
in cuprates with magnetoresistive ones indicates to implementation of known
idea of HTSC “Ginzburg sandwich” (in planar geometry) in these materials.
references
[1] L.S. Mazov, J.Low Temp. Phys. 17, 1738 (1991); Phys.Rev.B 70, 054501
(2004).
[2] C. Giannetti et al., Adv. in Phys. 65 (2), 58–238 (2016).
[3] A. A. Andronov, L. S. Mazov et al. “Submillimeter wave lasers using hot
holes in semiconductors” (IAP USSR Acad. of Sci., Gorky, USSR, 1986).
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Role of wavelength in photocarrier absorption under excitation of
dielectrics by high-intensity laser field tunable from visible to

mid-IR
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Nonlinear absorption associated with generation of free electron plasma is
known as one of the main mechanism of laser-induced breakdown and damage
of transparent materials by femtosecond pulses [1,2]. We have performed mea-
surements of plasma formation threshold (PFT) induced by tightly focused fem-
tosecond pulses in a wide range of wavelengths covering visible, near- and mid-IR
regions (from 620 nm to 4.8 µm) in transparent dielectrics (SiO2 and MgF2), as
a precursor of laser induced damage. We have observed non-monotonic behavior
of PFT with wavelength. The uppermost value of PFT was observed around 1
µm in both materials, while additional local minimum around 3-4 µm was found
in MgF2. Our experimental results were compared to the predictions of numer-
ical model based on multiple rate equations [3], which include photoionization
and electron heating through direct electron-photon, as well as, indirect electron-
photon-phonon interactions. This approach reveals that the appearance of local
maximum around 1 µm is governed by an interplay between ionization mecha-
nisms. Photoinization rate rapidly decreases with wavelength since multiphoton
order increases, while influence of electron heating significantly increases with
wavelength. At longer wavelengths (2-4 µm) inverse Bremsstrahlung process
becomes extremely efficient and leads to lowering of the PFT. At high inten-
sity of 1013 - 1014 W/cm2 and driving wavelength of 4-5 µm multiple photon
inverse Bremsstrahlung (strong field regime) comes into play decreasing the rate
of electron heating and increasing PFT at longer wavelengths. Thus the pre-
sented results demonstrate transition between not only strong field ionization
regimes, but also weak- and strong-field regimes [4]. Our findings pave the way
for further optimization of two-color light matter interaction and controllable
laser-induced material modification using mid-IR light.
references
[1] C. B. Schaffer, A. Brodeur, E. Mazur, Measurement Science and Technology
12 (11), 1784 (2001).
[2] A. A. Manenkov, Optical Engineering 53 (1), 010901 (2014).
[3] B. Rethfeld, Physical Review Letters 92 (18), 187401 (2004).
[4] J. F. Seely, E. G. Harris, Physical Review A 7 (3), 1064 (1973).
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The paper considers the possibility of excitation of nonequilibrium Auger
transitions by corpuscular probes in a nonequilibrium Auger process, when a
vacant place is filled with an electron from the inner shell of an atom. The
authors give a diagram of the energy levels of how this Auger process proceeds.
The presented calculations reveal the main idea of the report. It is shown that
the speed of such a process will depend on the flux density of the incident par-
ticles and their energy. Indeed, when the first electron knocks an electron from
the inner shell, a vacancy arises which fills in a very short time. It is necessary
that the “second electron“ has time to fill it, which means the participation of
a sufficient number of electrons. An estimate is given for the electron flux and
their energy at which the given process becomes competing with the ordinary
Auger process.
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Resonant signal transmission in optical structures with periodical
profile of permittivity
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In this project we consider a general physical approach to enhancing the effi-
ciency of terahertz and infrared bolometric detectors. The approach is based on
the concept of resonant tunneling of an electromagnetic wave which is similar
to quantum particle tunneling in quantum mechanics [1]. Placing resonator un-
der nontransparent conductive layer (plasma, metal or superconductor) helps to
increase under certain conditions the field intensity both beyond the nontrans-
parent layer and within it, thus enhancing the detection efficiency [2]. If the
frequency of the incident radiation matches with one of the eigenfrequencies of
a resonator the effect of resonant tunneling through the conducting layer can
be observed. Replacing single resonator with a resonator sequence separated
with conductive layers result in formation of an absorption band instead of one
resonant frequency [3]. To improve the absorption capacity of a bolometric de-
tector it is proposed to place a periodic structure containing N resonators and
conducting layers under the external absorbing layer. In this case, the field will
penetrate much better both into dielectric and absorbing layers, which leads to
increase in sensitivity of photodetection.

Figure 1: Fraction of the electromagnetic energy incident on the structure absorbed in the con-
ducting layer η(ω) versus the radiation frequency ω for various numbers N of the conducting
layers.

A sequence of doped (conducting) and undoped (non-conducting) GaAs layers
with a thickness of 1 µm and 9 µm respectively deposited onto a metal substrate
has been chosen as an investigated structure. Incident electromagnetic radiation
with the frequency ω is on the right.

The numerical simulation of such a system has been carried out. As a result,
spatial electromagnetic field distribution for a system with N=1. . . 100 layers
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showed that the incoming radiation penetrates well into the structure if its fre-
quency matches or almost matches the resonant frequencies of dielectric layers.
The filling factor in dependence of transmitted signal frequency has also been
calculated. It showed the formation of allowed zones (absorption regions) for
incident radiation. The fraction of electromagnetic energy absorbed in the con-
ducting layers was calculated as well (fig. 1). It was shown that such systems can
provide absorption of up to 30-60% of the incident radiation of a given frequency
range depending on the structure parameters.

This work was supported by the Grant of the President of Russian Federation
for State Support of Young Scientists (MK-1932.2020.2).
references
[1] A. V. Bogatskaya, N. V. Klenov, M. V. Tereshonok et al., J. Phys. D. 51,
185602 (2018).
[2] A. V. Bogatskaya, N. V. Klenov, A. M. Popov, M. V. Tereshonok, Tech.
Phys. Lett 44 (8), 667–670 (2018).
[3] A. E. Shchegolev, A. M. Popov, A. V. Bogatskaya, P. M. Nikiforova,
M. V. Tereshonok, N. V. Klenov, JETP Letters 111 (7), 443–447 (2020).
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Edge currents inside the metal generated by anisotropic electronic
pressure

I. V. Oladyshkin, D. A. Fadeev and V. A. Mironov

Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia

e-mail: oladyshkin@gmail.com

Interaction of femtosecond optical pulses with solids is usually accompanied
by a variety of ultrafast phenomena like nonequilibrium heating, ballistic heat
transfer, crystal lattice destruction, generation of optical harmonics and tera-
hertz signal. In all of these effects dynamics of electron distribution function
plays a key role. However, subpicosecond kinetics of charge carriers in solids is
still a relevant problem both due to high computational complexity of numerical
modeling and technical limitations of ultrafast measurements.

The talk will be focused on the electrodynamical phenomena caused by the
anisotropic velocity distribution of electrons in metals. There are several phys-
ical mechanisms which may produce or keep the anisotropy of electronic distri-
bution: Umklapp processes, ballistic transport, phonon drag effect and others.
Contribution of the concreter effect depends on the metal and (mostly) on its
temperature, while the electrodynamical features can be described in the general
case.

We propose analytical description of the electron gas dynamics basing on
modified Euler equation derived from the Boltzmann equation for free electrons.
Anisotropic electronic pressure in the optical skin-layer of metal appeared to
be non-potential external force (with rot 6= 0) exciting electric currents with
nonzero vorticity. As a consequence, quite a strong magnetic field inside the
metal is generated with a characteristic timescale of the pressure isotropiza-
tion. In typical experiments with femtosecond laser pumping considered source
produces magnetic field of a magnitude up to ∼1 Tesla even in non-damaging
interaction regime.

It is shown that after the excitation magnetic field propagates inside the
metal in accordance with the diffusion-like equation. All of the obtained analyt-
ical results are proved by numerical modeling which is also based on modified
hydrodynamical equations and Maxwell equations. Besides the general interest
to laser-metal interaction at femtosecond and subpicosecond timescales, devel-
oped theory can be useful for interpretation of experiments on optical-to-THz
conversion, second harmonic generation and ultrafast demagnetization of metals.

The work was financed by RFBR grant No 18-42-520023 r_a. I.V.O. is grate-
ful for support to the Foundation for the Advancement of Theoretical Physics
and Mathematics ‘BASIS’.
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Propagation and amplification of ultrashort terahertz pulses in
strongly nonequilibrium plasma channels formed in air by
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We consider a numerical model for the propagation of an ultrashort THz pulse
in a highly nonequilibrium plasma channel created in air by third-harmonic radi-
ation from a titanium-sapphire laser. The effect of amplification of a THz pulse
is achieved due to the formation of a photoionization peak in the spectrum of
electrons located in the region of growing with the energy of the transport cross
section. The proposed model takes into account the time variation of the re-
sponse function to an external THz field due to relaxation of the electron velocity
distribution function (EVDF), which is determined mainly by vibrational exci-
tation of nitrogen molecules. At the same time, we assumed that the THz pulse
is rather weak and does not have an inverse effect on the EVDF in the channel
plasma. It is shown that the spectrum of the initial THz pulse can be signifi-
cantly red- shifted during the propagation, which leads to a significant distortion
of the pulse shape and its duration. At gas pressures of several atmospheres, it
is possible to achieve an increase in the energy of the THz signal by an order of
magnitude or more over a length of ∼30 cm.

This work was supported by the RF President Grant MK-1932.2020.2 and
RFBR grant 18-02-00730. Numerical modeling was performed at the Lomonosov
supercomputer.
references
[1] A. V. Bogatskaya, E. A. Volkova, A.M. Popov, Laser Phys. 29 (8), 086002
(2019).
[2] A. V. Bogatskaya, E. A. Volkova, A.M. Popov, JETP 130 (4), (2020).
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The paper presents the results of experimental studies of the dynamics of
expansion of near-electrode plasma in a pulsed high-voltage spark discharge in
the air in the geometry of the tip plane. The generator that provides the supply
of a voltage pulse to the discharge gap by means of a cable line had the following
output parameters: voltage amplitude – 25 kV the duration of the front of the
voltage pulse at the level of 0.1− 0.9−7 ns. The interelectrode gap was 1.5 mm.
A detailed description of the experimental stand, the method of registration and
experimental conditions is presented in [1,2]

The results of the discharge registration by shadow photography show that
semi-circular structures are formed in the near-electrode regions, starting from
30 ns and up to the exit of the spark channel boundary beyond the field of view
of the optical registration system. Judging by their appearance, these structures
can be identified with hemispherical shock waves, whose sources (energy release
regions) are located on the surface of a flat electrode. The estimation of the
wave front speed gives values from 1 to 10 km/s, which corresponds to the shock
mode. These structures were registered with both negative and positive polarity
of the tip.

The movement of the shock wave can be divided into two stages – a strong
shock wave, which by the time 30 ns reaches a radius of 80 µm, then degenerates
into a sound disturbance and then moves at the speed of sound corresponding
to the temperature of the gas in the channel of about 10 kK.

The work was carried out with the financial support of the RFBR (project N
20-08-01043a).
references
[1] A. A. Trenkin, K. I. Almazova, A. N. Belonogov, V. V. Borovkov, E. V. Gorelov,
I. V. Morozov, S. Yu. Kharitonov, Technical Physics 88 (6), 823–827 (2018).
[2] A. A. Trenkin, K. I. Almazova, A. N. Belonogov, V. V. Borovkov, E. V. Gorelov,
I. V. Morozov, S. Yu. Kharitonov, Technical Physics 89 (1), 512–517 (2019).
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The relevance of studying high-voltage nanosecond pulsed gas discharges is
due to their wide practical application. At the same time, the experimental study
of such discharges is often associated with a number of difficulties due to the
need to ensure high temporal and spatial resolution, as well as the sensitivity of
recording equipment and techniques. This question is particularly acute when
studying the initial stage of the discharge. However, in many cases, it is at
the initial stage of the discharge that the processes that determine its further
evolution take place.

The paper presents experimental data on the development of a nanosecond
discharge in atmospheric pressure air in the tip-tip geometry with an interelec-
trode gap of 1.5 mm [12]. The results of registration of the dynamics of the
discharge structure, its electrical characteristics and electron concentration in it
are presented.

Computational and theoretical interpretation of experimental data is per-
formed. It is shown that gas-dynamic processes significantly affect the discharge
parameters at times less than 100 ns. The kinetics of processes occurring at these
times is considered and the electron concentration, drift velocity, temperature of
electrons and ions, channel expansion rate and its conductivity are calculated.
A satisfactory agreement of the calculation results with experimental data was
obtained.

The work was carried out with the financial support of the RFBR (project N
20-08-01069a).
references
[1] A. A. Trenkin, K. I. Almazova, A. N. Belonogov et al., Technical Physics
64 (4), 470–474 (2019).
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The high-order harmonics generation (HHG) during the interaction of intense
laser pulses with gases is one of the most well-known phenomena of strong-field
physics, which is of great interest in terms of numerous applications [1,2]. The
physical mechanism of HHG is qualitatively explained in the framework of a
three-step scenario [3]. At the first step, atoms or molecules are ionized by an
intense field. In the second step, the electric field accelerated the free electrons
in the continuum. At the final step, the electrons recombine on the parent ion
with the emission of high-energy photons in a wide energy range [3]. In the
first and final steps, multielectron effects associated with the motion of many
electrons in an atom or molecule can play an important role [4].

A well-known example of the significant influence of multielectron effects at
the recombination step is the giant enhancement of the HHG yield in xenon [5].
This phenomenon was associated with the interaction of the most active pho-
toelectron, originating from 5p0 orbital, with the internal electrons of an atom.
However, although several theoretical studies of this phenomenon have been car-
ried out [5–7], the physical mechanisms underlying HHG enhancement remain
partially unexplored.

In this paper, we, for the first time, study the giant enhancement of HHG in
xenon based on the time-dependent density-functional theory [4]. We carry out
numerical calculations of the HHG spectra, taking into account the dynamics
of all subshells on the 4th and 5th shells of the atom. Our analysis of the
contributions of various orbitals to the total atomic response shows that the
giant enhancement mechanism is following. (1) The 5p0 electron recombines
into its initial state with energy transfer to one of the photoelectrons in the 4th
shell. (2) The latter electron recombines into its initial state with the emission of
a high-frequency photon. Moreover, the strong interaction between the electrons
on the 4th shell leads to the great influence of 4p and 4s subshells along with
the 4d subshell in the giant enhancement of HHG yield.
This work was supported by RFBR (Grants Nos. 18-02-01150 and 20-32-70213).
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We studied the interaction of an intense THz pulse with the doped Si ex-
ploiting the new regime when the THz field strength is far above the breakdown
threshold by the DC electric field.

Firstly, we consider self-induced transparency of a medium under the action
of terahertz radiation (or bleaching) that was previously observed in semicon-
ductors irradiated with a THz field of relatively low strength and increase in
transmission was of a few percent only. In this work we reported that trans-
mission by energy of the 700 fs THz pulse through n-doped Si sample increases
almost two orders of magnitude to ∼ 8% with field strength up to 5-7 MV/cm
and then gradually decreases nearly twofold at higher electric fields of 10-20
MV/cm [1,2].

Secondly, we study an extreme few cycle terahertz (THz) pulses action at the
p-doped Si wafer in transmission mode. The THz pump - weak infrared probe
measurements revealed complex and unusual temporal dependence of the second
order optical nonlinearity induced by the THz pulse. This was attributed to:
(i) direct delayed transverse acoustic phonons’ excitation at the maximal THz
field strength of 2-6 MV/cm; (ii) anharmonicity of this process at higher fields
leading to chaotic phonons’ behaviour and (iii) modulation at the optical field
frequency of the THz field induced impact ionization rate due to modulation of
the free carriers’ drift kinetic energy by the probe field at the THz field strength
above 10 MV/cm.

Hence our study opens up new intriguing area of research, where an extreme
ultrashort THz pulse changes medium’s drastically.
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Laser-induced electron dynamics in graphene nanoflakes
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Similarly to nanoparticles made of noble metals, graphene nanoflakes support
plasmonic excitations in the infrared and optical domain. In contrast to gold
or silver particles, the optical response of graphene-based plasmonic nanostruc-
tures strongly depends on externally tunable parameters and can with that be
controlled posterior to the fabrication. Among the parametres with which the
response can be tuned are external field intensity, a level of doping, or tempera-
ture [1], suggesting a potential of graphene nanoflakes to provide a platform for
dynamically tunable light-matter interactions at the nanoscale.

Figure 1: Spread of electron probability distribution, initially peaked at a centrally-located
impurity, across a graphene nanoflake: coupling to a large number of carbon sites acts as a
dissipation channel for the impurity population.

To account for the optical properties and the dynamics of graphene nanoflakes
in presence of external electromagnetic field, we develop a numerical framework
combining the quantum-mechanical tight-binding model with the master equa-
tion approach. The former allows one for a spectral characterization of the in-
vestigated system, while the latter provides access to dynamics of the electrons
on the flake, similarly to as it has been proposed in Ref. 2. We additionally
exploit the Anderson impurity model [3] and integrate it in the temporal picture.
The impurity may represent an atom localized near the flake whose interaction
with the electromagnetic field is radically enhanced by the plasmonic graphene
nanoflake. The applied model allows one to describe electron exchange between
the impurity and selected carbon sites and to study its influence on plasmon-
mediated light-matter-coupling characteristics.
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We apply the framework to reveal connections between basic quantum-optical
models: by tuning the model parameters we study a smooth transition between
(1) coherent two-level-system dynamics of a laser-driven impurity weakly cou-
pled to the flake and (2) dissipation dynamics of an impurity connected with a
large number of carbon sites. Our results suggest novel possible scenarios for
nanoscaled control of light-matter interactions.
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Towards the analysis of attosecond dynamics in complex systems
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The progress in laser technology over the last decades has opened up new
avenues for the exploration of properties of clusters and molecules. A laser pulse
is characterized by its frequency but also by the laser intensity as well as the
laser time profile. The latter can now be tailored up to time scales of the order
of magnitude of electronic motion and even below. This allows the follow up of
the detail of electronic dynamics at its own “natural” time. We shall focus in
this presentation on the recent explorations of electron dynamics down to the
attosecond time scale. We shall first present some experimental cases, whose
characteristics can be well reproduced by time dependent microscopic theories.
We shall then seek for a detailed explanation of observed trends and introduce
a schematic model which surprisingly enough provides a remarkable account of
experimental trends. It shows in particular that the response of the system is
heavily biased by properties of the laser used for exciting and testing the system,
especially its IR component. Using the ideas developed in the schematic model
we shall reanalyze former computed data and show how much one can attain
system’s properties.

By recording observables of electron emission we analyze the response of small
metal clusters and organic molecules to a pump probe setup using an IR fs laser
pulse as pump followed by an attosecond XUV pulse as probe. As observables,
we consider total ionization, average kinetic energy from Photo Electron Spec-
tra (PES) and anisotropy parameters from Photo-electron Angular Distributions
(PAD). We show that these signals can provide a map of the system’s dynam-
ical properties. The connection is especially simple for metal clusters in which
the response is dominated by the Mie surface plasmon. The case of organic
molecules is more involved due to the considerable spectral fragmentation of
the underlying dipole response. But at least the dipole anisotropy from PAD
provides a clean and robust signal which can be directly associated to system’s
properties even reproducing non-linear effects such as the change of spectra with
excitation strength.
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Some problems of modeling the laser-induced filaments and optical
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The problems of self-focusing, generation of filaments [1] and optical break-
down [2, 3] are interconnected phenomena of Nonlinear and Relaxed Optics. Ac-
cording to [2, 3] the chain of this processes may be next: self-focusing, diffraction
stratification, optical-induced Cherenkov radiation, interference of Cherenkov ra-
diation and optical breakdown. A threshold of generation of self-focusing may
be determined by electromagnetic methods (as rule, for Kerr media [1]) and
physical-chemical methods [2, 3]. Physical-chemical method as more univer-
sal and may be used for all media (solid, liquid and gases). The diffraction
stratification of laser beam in the prpcess of its focusing or self-focusing may
be explained with help modified Rayleygh model of diffraction rings [2, 3] and
Lugovoy-Prokhorov theory of moving foci [1, 2]. Each diffraction ring is source
of Cherenkov radiation. This fact is described with help Golub nonlinear optical
macroscopic and modified N. and A. Bohrs microscopic models of Cherenkov
radiation [2, 3]. For the modeling the interference of Cherenkov radiation may
be used modified I. Frank model [2]. The creation of filaments may be explained
as process of self-trapping [1] or optical-breakdown [2]. In second case process of
creation laser-induced microfilaments and nanovoids in 4H-SiC may be written
with help modified Raylegh model and methods of continuum mechanics [2, 3].
These theories and models may be used for the shock (pure optical) processes
of interaction light and matter. In this case we have basically electromagnetic
nature of optical breakdown [3].

For more long-duration regimes of irradiation thermal and plasma mecha-
nisms of optical breakdown may be realized [3]. In this case, the distribution of
laser-induced second-order continuum radiation has uniform spatial form (star
or other) [3]. Corresponding continuum spectra of irradiation may be explained
as plasma radiation [3]. But in this case the processes of optical breakdown may
be accompanied with processes, which are basic for the more short regimes of
irradiation, too [3].
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Instability and quasi-potential electron waves in plasma formed by
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Exposure on gases by short laser pulses with an energy flux density 1012 −
1013 W/cm2 leads to multiphoton ionization of atoms. In the case of atom ion-
ization by a laser pulse of linearly polarized radiation, it is formed weakly ionized
plasma is formed which has a strongly anisotropic discrete energy distribution
of photoelectrons, consisting of a set of individual peaks, each of which corre-
sponds to the absorption of a certain number of photons. In a rarefied gas over
a wide time interval, rare electron collisions are not significant and this distribu-
tion changes only slightly. Under such conditions, we studied collective electron
modes that can excited in plasma with one (the threshold case of multiphoton
ionization) or several energy peaks in the distribution of photoelectrons.

It is shown (see also [1]) that in plasma with single energy peak in photo-
electron distribution, along with the usual electromagnetic wave, there are two
additional modes. In the region of large wavelengths, the higher-frequency mode
is similar to the electron Langmuir wave. In the region of short waves, the dis-
persion law of this mode is close to linear, which corresponds to electronic sound.
The group and phase velocities of this wave are close to the average electron ve-
locity. The second mode, which has lower frequency, in the region of wavelengths
smaller than the ratio of average electron velocity to the plasma frequency, cor-
responds to quasi-potential wave. Its dispersion law is also close to the linear
one. The damping of both modes is determined by the Cherenkov mechanism
of the interaction of waves and electrons, and in the short-wavelength region
is relatively small. On the contrary, in the region of large wavelengths, this
mode corresponds to aperiodic instability, the maximum growth rate of which
is comparable to the plasma frequency. For the wave vectors directed along the
anisotropy axis of the photoelectron distribution this instability is similar to
two-stream instability. For the wave vectors directed across the anisotropy axis
this instability is similar to electromagnetic Weibel instability.

In plasma with photoelectron distribution which has two energy peaks, in
addition to the electromagnetic mode four extra modes are possible. In the
shortwave region, all four modes correspond to the waves with linear dispersion
laws. Two of these modes in the region of relatively long wavelengths are un-
stable. One of these unstable modes corresponds to quasi-potential wave which
amplitude aperiodically increases with time.

The variety of types of electromagnetic modes and the peculiarity of their
properties in photoionized plasma formed during the multiphoton ionization of
gas atoms is a consequence of the anisotropic multi-peak form of photoelectron
distribution.
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Ab-initio numerical simulations based on density functional theory and molec-
ular dynamic codes are successfully used presently for calculation of optical prop-
erties of matter in wide-frequency range, see, e.g., [1]. Nevertheless, theoretical
and semiempirical models of kinetic and transport properties of matter are also
of great importance due to their applicability in long-range hydrodynamical sim-
ulations and also from the view point of understanding of fundamental physical
processes in laser-heated solids.

We present theoretical analysis based on quantum statistical operator and lin-
ear response theory approaches [2] and semi-empirical models for high-frequency
dynamical conductivity of laser-heated metals in a wide-frequency range, from
infrared to X-ray. The role of individual electron-ion and electron-electron [3],
as well as collective electron-phonon interactions and Umklapp scattering [4,5],
as well as the role of short-range and long-range correlations and peculiarities of
interband transitions at high frequencies are discussed.
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and nanophotonics
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Mini-workshop “Direct inscription in bulk dielectrics by ultrashort laser pulses”
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University of Chemical Technology)
Mini-workshop “Ultrafast laser-induced electron dynamics in metals and hot-
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Mini-workshop “Advanced laser ablation and nanoparticle generation in liquids”
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Ekaterina Barmina, General Physics Institute, Moscow, Russia)
Joint workshop “Ultrafast laser nanofabrication, nanophotonics and sensing”
(co-chair - Harald Giessen, University of Stuttgart, Germany)

Scope
Direct inscription in bulk dielectrics by laser pulses
Ultrafast laser-induced electron dynamics in metals and hot-electron applications
Advanced laser ablation and nanoparticle generation in liquids
Ultrafast laser nanofabrication, nanophotonics and sensing
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Irradiation of ruthenium (Ru) thin films with femtosecond laser pulses is
interesting because of its application as grazing incidence mirrors in XUV and
X-ray optical systems[1]. Under sufficiently high fluences, irradiation by pulsed
laser can cause melting of the Ru films. The process of melting together with
the melting threshold of Ru are not yet extensively explored and understood.

Pump-probe experiments were carried out to measure the transient change of
reflectivity of Ru thin films on Si substrate after irradiation with 800 nm fem-
tosecond laser pulses with varying incident fluence. Saturation of the reflectivity
change as a function of fluence was considered as an indication that the melting
threshold is reached. The samples were rotated to exclude effects related to the
accumulation of heat.

The main feature of the ultrafast heat dynamics in Ru thin films is the strong
non-equilibrium state when the electronic temperature after laser irradiation is
significantly higher than the lattice one. In order to explain the reflectivity
behavior in the pump-probe experiment two-temperature modeling was used to
calculate the laser-induced relaxation of the electron and ion subsystems in thin
films of Ru on Si substrate. Transfer matrix method was used to calculate the
absorbed energy profiles. The obtained results are in good agreement with the
experiment, including correct values of the melting threshold for Ru films of
various thicknesses. The good agreement between simulations and experiment
validates the choice of the thermal parameters used to describe Ru in the two-
temperature state.
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Random walks on graphs play an important role in current computational
algorithms [1]. Due to interference, quantum walks can be employed as a tool
for quantum information processing and quantum algorithms. Recently on-chip
integrated photonic circuits are proposed for quantum walks and quantum pho-
tonic computing realization operating at a single-photon level [2]. Laser direct
writing technology currently represents a tool to obtain on-chip waveguides and
Mach-Zehnder interferometers for these purposes. However, low dissipation and
decoherence conditions represent solid requirement for large scale photonic chips
exploiting. We attack this problem by using a machine learning paradigm that
helps to predict a speedup of noisy classical or quantum walks distinguishing
them. Our approach is based on training a discriminative classifier, that is, a
specially designed convolutional neural network (CNN) [3]. We have generated
the training examples, each consisting of an adjacency matrix and a correspond-
ing label (“classical“ or “quantum“), by simulating the random walk dynamics
of classical and quantum particles. The CNN is able to learn to classify the
quantum speedup, and to match the results obtained by our simulations. The
CNN was correctly classifying not only previously unseen graphs of the same
size, but also of sizes that were never given to train the network. For the line
graphs of the same size the average accuracy was shown to be above 90%, and
60%-85% in the case of the larger graph sizes. We found that it is possible to
predict the existence of quantum advantage for the entire decoherence parameter
range, even for graphs (representing photonic circuits) outside of the training
set [4]. We discuss the obtained results in the framework of demonstration of
quantum supremacy in experiments with “noisy” quantum photonic chips which
may explore various materials for direct laser writing procedure.

This work was financially supported by the RFBR grant No. 19-52-52012
MHT-a.
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Laser-generation of gold nanoparticles (NPs) in liquids results in the forma-
tion of ligand-free NPs with a tremendous colloidal stability when chaotropic
halide anions are added to the solution [1]. The resulting surface charge could
be responsible of the electrostatic repulsion impeding their aggregation. How-
ever, the surface chemical composition of the laser-generated Au NPs remains
a matter of debate [1,2], as well as the origin of the electrostatic repulsion [3].
An experimental investigation of their surface chemistry will be presented based
on experiments conducted at SOLEIL synchrotron facility on the PLEIADES
beamline. X-ray photoelectron spectroscopy measurements performed on free-
standing [4,5] gold NPs will be reported addressing the questions of (i) the
oxidation state of the surface gold atoms [6] and (ii) the chemical composition of
the first’s atomic layers of the NPs. Signatures of halide-ions and possible gold
oxidized atoms on the NPs surface have been evidenced, demonstrating that
this technique provides a promising new way to study bare gold surfaces and a
complementary insight to their colloidal stability.

Figure 1: (Left panel) Experimental setup of the XPS measurement of the Au NPs beam
generated by means of the aerodynamics lens. (Right panel) Surface oxidation states of the
Au NPs as a function of the measurement protocol.
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Different nanocomposite materials based on organic and inorganic matrixes
with metallic nanoparticles attract growing attention due to their unique physi-
cal, chemical, optical and magnetic properties [1,2]. One of perspective ways to
control properties of such materials is laser irradiation, which allows extremely
local modification and precise tuning. However, the processes during the in-
teraction of focused laser irradiation with composites can lead to unexpected
results or even the material damage.

In this work we study the processes taking place in thin nanocomposite films
based on TiO2 matrix with gold nanoparticles under femtosecond laser irra-
diation (λ = 515nm, τ = 190fs, f = 610kHz, F = 42 − 57mJ/cm2).
Two different regimes were found: (i) the processing with the high scan speed
(Vsc=1.6 mm/s) leads to visible change of optical properties, but does not involve
the growth of gold nanoparticles (fig. 1a); (ii) after the low speed processing
(Vsc=0.16 mm/s) optical properties were also modified, however rapid abrupt
nanoparticles growth occurs accompanied with the formation of cavities in the
film (fig. 1b).

Figure 1: Absorption spectra of the nanocomposite, obtained in different fabrication regimes:
(a) high speed mode; (b) low speed mode. Inserts show typical SEM images for such structures
(F=47 mJ/cm2)

To describe these effects the modelling of temperature distribution consider-
ing nanoparticle absorption, local field enhancement, photo-induced free carrier
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generation, plasmon-assisted electron emission, and thermal heat transfer from
nanoparticles towards titania matrix. It was shown that collective heating plays
a critical role in nanocomposite formation. We also conclude that spall in solid
state [3] is responsible for final matrix degradation if nanoparticles become large
enough.The explained results are useful for production of chemosensors, photo-
catalytic devices and energy sources.

The reported study was funded by RFBR, project number 19-32-90247.
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Multilayered structures consisting of alternating nanometer-scale layers of
two or more materials have been finding a wide range of applications in many
fields of modern engineering and electronics. Over the past few decades, a signif-
icant progress has been made in modification of multilayer nanomaterials using
femtosecond laser pulses (FLP) [1 - 3]. At the same time, the issues of selec-
tive laser processing have not been fully studied due to the difference in the
thermodynamic properties of layers, adhesion, strength, etc.

In this work we report on the experimental study of the features of selective
modification of the multilayer NiAl structure (layers thickness of 45 nm) using
single FLP irradiance. The morphology of craters at different fluence has been
investigated by the interferometric and atomic force microscopy. The occurrence
of an intermediate spallation within the upper nickel layer has been detected.
According to the simulations it is due to the tensile stresses caused by the reflec-
tion of the compression wave from the interface of the layers [4]. The results of
measurements of the temporal dynamics of the upper layer expansion performed
by spectral interferometry with a spatial and temporal resolution are presented.

Acknowledgment. Funding by Russian Science Foundation (grant 19-19-
00697).
references
[1] B. Gakovic̀, G. D. Tsibidis, E. Skoulas, S. M. Petroviic̀, B. Vasiic̀, E. Stratakis,
J. Appl. Phys. 122, 223106 (2017).
[2] S. A. Romashevskiy, P. A. Tsygankov, S. I. Ashitkov, M. B. Agranat, Appl.
Phys. A 124, 376 (2018).
[3] S. I. Kudryashov, B. Gakovic, P. A. Danilov, S. M. Petrovic, D. Milovanovic,
A. A. Rudenko, A. A. Ionin, Appl. Phys. Lett. 112, 023103 (2018).
[4] V. A. Khokhlov, S. I. Ashitkov, N. A. Inogamov, P. S. Komarov, A. N.
Parshikov, Yu. V. Petrov, S. A. Romashevskiy, E. V. Struleva, P. A. Tsygankov,
V. V. Zhakhovsky, J. Phys.: Conf. Ser. (2020) (to be published).

112



Oral
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The process of laser breakdown of aqueous solutions in the presence of vari-
ous concentrations of Ni nanoparticles was studied. Known concentrations of Ni
nanoparticles obtained by laser ablation in a liquid were added to aqueous solu-
tions and irradiated with Nd:YAG laser radiation (λ = 1064 nm, τ = 10 ns, ν =
10 Hz, Ep = 650 mJ, J = 65 J/cm2). During irradiation, molecular H2 and O2,
hydrogen peroxide H2O2, and short-lived OH radicals were recorded by devel-
oped methodics [1]. In addition, acoustic signals of shock waves were recorded,
and images of plasma flashes were made. As a result, the dependences of the
generation rate of H2, O2, H2O2, OH, integrated acoustic signals, the number of
breakdowns, the average distance between breakdowns, the breakdown bright-
ness, and the total brightness of the plasma flash on the irradiation time and on
the concentration of Ni nanoparticles were studied, fig.1. It was found that the
dependences of the generation rate of chemical products, acoustic signals, and
the total brightness of plasma flashes on the concentration of Ni nanoparticles
are correlated with each other.
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Figure 1: A – Image of laser breakdown plasma during irradiation of an aqueous solution
of Ni nanoparticles. B – Effect of Ni nanoparticles concentration on generation rates of H2,
H2O2, integral acoustic signals and luminance of breakdown plasma.

The reported study was supported by the Russian Foundation for Basic Re-
search (19-02-00061) and partly by a grant from the President of the Russian
Federation (MD-2128.2020.11).
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Ultrafast laser enhanced optical fibres for sensing and metrology
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Optical scattering is usually treated as a negative process that is sought to be
avoided in transparent media. However, in certain situations, optical scattering
can become a key working principle in the operation of an individual component
or the system as a whole. This talk will overview recent progress in exploiting
femtosecond laser direct writing for optical scattering related applications.

The ability to modify optical fibers using a femtosecond laser has been well
known and used for decades preferentially for Bragg grating inscription. Re-
cently, the use of a femtosecond laser has been proposed to improve the optical
response in backscatter-based distributed fiber sensing systems [1]. The issue
with the conventional fibre is that Rayleigh scattering distributes light in all di-
rections, whereas useful backscattered signal is confined to a small spatial angle.
The purpose of laser irradiation is to locally alter refractive index increasing the
portion of the backscattered light. The strength of the signal is enhanced by
about 20 dB, while additional losses are smaller than 0.1 dB/km.

Figure 1: (a) Image of the laser inscribed 1x1 mm scattering chip. (b) Microscope close-up
showing geometry of a single layer within the scattering chip. (c) Speckle pattern captured
with the CMOS camera.

A compact spectrometric system can also be developed with the help of laser
writing [2]. As light propagates through the scattering medium, each spectral
component is decomposed into a large number of spatial modes that create a
unique interference or speckle pattern. By matching speckle patterns to in-
dividual spectral components, the wavelength can be measured even with the
accuracy of an attometer. In addition, it ensures the compactness of the system
by effectively folding the optical path. A scattering spectrometer can essentially
consist of two components: a scattering medium and a digital camera. Scat-
tering centers can be created using micro-explosions induced by a femtosecond
laser. A wavemeter implemented as a diffuse medium with 30 scattering layers
allowed a 0.2 nm accuracy. The stability of the measurements was evaluated over
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a period of 120 hours. The obtained results show that the standard deviation
did not exceed 37 pm. The main reason for the deviation is the temperature
change in the refractive index that can be compensated.
references
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ternational Conference on Optical Fiber Sensors, WF75, (2018).
[2] Q. Sun, T. Vettenburg, T. Lee, D. Phillips, M. Beresna, G. Brambilla, Asia
Communications and Photonics Conference, T4D.5, (2019).
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Single-shot and multi-shot damage of metals and semiconductors
induced by ultrashort laser pulses: Comparison of air and water

environments
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Pulsed laser ablation in liquids (PLAL) is an efficient and flexible technique
for nanoparticle production and surface nanostructuring. The PLAL technique
is simple in realization but involves complicated physical and chemical processes
which are still poorly understood. As a result, controllable PLAL fabrication of
both colloidal nanoparticles and surface structures is still a challenge. In this
work, we have systematically investigated damage effects in metals (gold, tita-
nium) and semiconductors (silicon, germanium) induced by near infrared (1030
nm) ultrashort laser pulses in water. The experiments were carried out with
pico- and femtosecond pulses in single-shot and multi-short irradiation regimes
and the corresponding damage thresholds were determined. The results are
compared with data obtained under identical irradiation conditions in air. The
influences of the pulse duration, surface reflectivity, thermosphysical properties
of the irradiated materials, focusing conditions, accumulation effects and non-
linear effects during laser pulse propagation in water will be discussed.

This work was supported by the ERDF and the state budget of the Czech
Republic (Project BIATRI: CZ.02.1.01/0.0/0.0/15_003/0000445) and by the
RFBR (Project No. 18-08-01383).
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On the perspectives of dual wavelength laser processing of bandgap
materials
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Traditionally, monochromatic laser beams are used for material processing,
modifications of structural, optical, mechanical, conductive, and thermal prop-
erties of different materials, and for designing new nanostructured material sys-
tems. So far, there is a limited number of studies, which however indicate con-
siderable enhancement of bi-chromatic laser coupling with material surfaces as
compared to single-color pulses. This includes improving the quality of surface
nanostructuring [1], enhanced efficiency of nanoparticle production [2], improve-
ment of the LIBS signal [3] and microfabrication of optical structures in hard
materials [4].

In this work, we will report on theoretical and experimental studies of ex-
citation of bandgap materials with dual-wavelength ultrashort laser pulses [5].
It will be shown that, by proper choosing the ratio between energies of two
laser harmonics, it is possible to strongly enhance the laser energy absorption
as compared to single pulses of one of harmonics with the same total energy.
Simulation results will be presented on ultrafast laser excitation of fused silica
with two laser pulses of different wavelengths in the regimes of volumetric mod-
ification, which have revealed the possibility of enhancing and controlling the
highly localized absorption of laser energy. Experimental evidence of advantage
of bi-color irradiation of silicon by two laser pulses with a variable time delay
between them will also be provided.
references
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[2] M. Sakamoto et al., Chem. Phys. Lett. 420, 90–94 (2006).
[3] P. K. Diwakar et al., Spectrochim. Acta B 87, 65–73 (2013).
[4] K. Sugioka et al., Appl. Surf. Sci. 197–198, 814–821 (2002).
[5] N. M. Bulgakova et al., Appl. Surf. Sci. 336, 364–374 (2015).
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The high efficiency of SEPL (surface-enhanced photoluminescence spectroscopy),
widely used for the detection of different analytes, is provided by the contribu-
tion of electromagnetic and chemical enhancements [1,2]. An enhancement of the
electromagnetic field occurs because of the localized surface plasmon resonance,
which amplify the field intensity around the structure. In our work we numeri-
cally simulate the interaction of laser radiation with the array of gold nanospikes.
We use Gaussian beam with a linear polarization and Laguerre-Gaussian beam
with radial or azimuthal polarizations. The results are compared with the exper-
iment, and differences in electromagnetic response of the structure are discussed.

The reported study was supported by RFBR, project No. 19-52-54003.

Figure 1: Numerical simulation of electric field distribution for laser radiation with λ=600
nm for different polarizations: linear (a), radial (b) and azimuthal (c). Color scale in |E|/|E0|
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Water-confined laser ablation of solid materials is attracting the interest of re-
searchers given changing laser interaction with the target and enhancing mechan-
ical impulse in the solid substrate. In order to study the effect of a water-confined
environment on nanosecond pulsed laser ablation of metal targets, Ti6Al4V al-
loy, AISI304 steel, silicon wafers, and Au-Pd thin film on glass were irradiated
by nanosecond pulsed laser underwater and as a comparison, in air. Ablated
target surfaces were characterized using scanning electron microscopy, contact
rear-side ultrasonics, time-resolved optical emission and transmission of plasma
measured by a calibrated fast photodiode and oscilloscope. The results show
that for water-confined laser ablation generated mechanical shock waves in wa-
ter are an order of magnitude stronger than in air and has a lower mass ablation
rate. Further, the absorption coefficient of the plasma in water is calculated and
compared to the experimental results. It is concluded that the generated plasma
in the water-confined regime plays a dominant role in laser ablation efficiency
and affects the value of mechanical shock waves and ablated mass.

119



Invited

Plasmon features of flat silver nanoparticle grown by combined laser
ablation and LED irradiation in water solutions

G.Compagnini1, V. Scardaci2, M. Condorelli 3 and M. Pulvirenti1,2

1 Chemistry Department, University of Catania, Catania, Italy
e-mail: giuseppe.compagnini@unict.it

Laser ablation in liquids (LAL) is considered a formidable way to generate
metal colloids with a green approach. The generated nanoparticles possess a
number of different peculiar features such as the ligand-free and surface clean
status. This renders laser generated colloids attractive candidates for many in-
teresting applications in catalysis, biology, sensing, and clean energy generation
and storage, even because it is possible to choose the proper liquid environment
during the growth [1].

The intrinsic physics and chemistry of plasma evolution during a LAL process
always gives spherical-like nanoparticles, thus one of the major limitations of the
method is the difficulty to manage the size and shape of the metallic NPs in such
a way to have selected plasmonic responses. In this work we demonstrate the
“in liquid” formation of flat silver nanoparticles’ colloids through a wise use of
pulsed laser beams and monochromatic LEDs. As an example, a spherical to
flat nanoparticles transformation can be driven and sustained by the addition of
H2O2 and citrate during the light irradiation [2].

The initial “clean” status of the particle permits to understand better the
action of added species with respect to the growth of some crystalline facets,
yielding smaller plates with plasmon resonances of the final colloid confined to
the visible region, while the use of lower concentrations results in the formation
of large plates with resonances in the near infrared. Thus the manipulation of
citrate concentration in the solution and the choice of the irradiation wavelength
give the possibility to tune the position of the main plasmon resonance across
the visible and near IR part of the spectrum. Plasmon sensitivity measurements
show that nanoplates irradiated at the longest wavelenghts have the highest
response to refractive index change. A number simulations of the plasmon ex-
tinction spectra, performed in the frame of the Boundary Element Method [3],
support the experimental finding and the plasmon sensitivity towards the envi-
ronment.
references
[1] S. A. Maier, “Plasmonics: Fundamentals and Applications”, Springer (2007).
[2] V. Scardaci, J. Phys. Chem. C, in press (2020).
[3] J. Waxenegger et al., Comp. Phys. Comm. 193, 138 (2015).
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Currently, there are two main directions in experimental studies of fs-laser
photoionization mechanisms in dielectrics: (1) rather indirect measurements
of threshold intensities for some distinct modifications (damage, ablation) on
surfaces or in bulk for diverse laser wavelengths [2]; (2) dynamic measurements
of nonlinear transmission for thin samples or of reflection for bulk samples [3].
Moreover, there is also a hybrid approach of single-shot fs laser ablation of
dielectric surfaces, where the focused fs-laser pulse proceeds via nonlinear ab-
sorption in the surface layer and induces its ablation at a certain depth for the
well-defined threshold local intensity (volume energy density) [4].

In this work, two-crater structure was studied in details on fluorite surfaces
photo-excited by tightly focused 515- or 1030-nm, 300-fs laser pulses, were for
the first time studied in single-shot surface ablation experiments by acquir-
ing intensity-dependent crater profiles and accompanying self-phase modulation
spectral broadening. Based on these results, we explain the different effective
squared beam radii as fluence calibration slopes in their relationship to actual
energy deposition mechanisms, which are crucial for sub-wavelength ultrashort-
laser nanomachining.
references
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lifetime data storage in nanostructured glass”, Phys. Rev. Lett. 112 (3), 033901
(2014).
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[3] A. Q. Wu, I. H. Chowdhury, X. Xu, “Femtosecond laser absorption in fused
silica: numerical and experimental investigation”, Phys. Rev. B 72, 085128
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[4] O. Utéza, N. Sanner, B. Chimier, A. Brocas, N. Varkentina, M. Sentis, P.
Lassonde, F. Légaré, J. C. Kieffer, “Control of material removal of fused silica
with single pulses of few optical cycles to sub-picosecond duration”, Appl. Phys.
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Assessment of the time-dependent density functional theory for
investigating femtosecond laser energy absorption by several metals
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Measuring and predicting the absorption of laser energy by crystalline mate-
rials is of high interest for improving control in laser processing of solids [1].
Depending on the choice of laser parameters and of material, a wide range of
phenomena can affect the absorption dynamics of the intense light [1]. As a
result, several kinds of theoretical descriptions are being developed to investi-
gate this problem [2-5], both classical and ab initio. In classical approaches, the
models are based on the concept of the electron collisional frequency, thus con-
sidering electron and lattice atoms/ions as balls. Ab initio simulations, which
are applicable for very short laser pulses due to requirement of high computer
resources, enable however to gain an insight into a realistic dynamics of charge
redistribution inside a material under the action of the external laser field. For
investigating a dynamics of electrons in solids out of equilibrium during laser
pulse action, the time-dependent density functional theory (TDDFT) can be
efficiently employed both for semiconductors [6,7] and metals [5,8]. In particu-
lar, this technique was successfully employed for studying high intensity regimes
beyond the Kubo-Greenwood approximation [8].

In this work, the TDDFT [9] was used to investigate the energy absorption of
several metallic materials irradiated by ultrashort IR laser pulses. The energy
absorbed and the current generated in the laser-irradiated metals were computed
as a function of time for a wide range of laser intensities. The simulation results
provide insights into the role of the fields induced by the oscillation of charge
density in the material bulk and help to better understand the optical response
of solids at high intensities, beyond usually employed approximations. A com-
parison of the obtained results with experimental data, which are available in
literature, is provided.
references
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[3] A. Blumenstein et al., Phys. Rev. B 101, 165140 (2020).
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Nanoporous high-silica glass (NPG) is a subject of numerous studies due to its
unique amorphous structure including elements of sponge-like and corpuscular
types at different structural levels and to the favorable combination of significant
optical transparency, mechanical and thermal strength and high open porosity
[1]. For the first time, the formation of birefringent regions, with a slow axis of
the perpendicular polarization of the laser beam, in the NPG volume under the
action of ultrafast laser pulses was shown in 2018 [2]. This phenomenon made
it possible to propose NPG as a storage medium with multilevel encoding of
digital data [3].

NPG of the composition 0.4Na2O•1.6B2O3•98SiO2 was used in the performed
experiments. The Pharos SP (Light Conversion Ltd.) regenerative amplifier
operating at a wavelength of 1030 nm was used as a source of femtosecond laser
pulses. The condition of laser exposure were 1 MHz repetition rate, 50 nJ pulse
energy, 180 fs pulse duration and 3 pulses/dot. Laser pulses were focused on
30 µm below the glass surface with a microscope objective (NA = 0.65).

Figure 1: SEM images of top-view areas modified by 1) 1 pulse, b) 2 pulses, c) 3 pulses.

The effect of two or more fs laser pulses on a nanoporous glass induces the
appearance of a birefringent structure with a slow axis perpendicular to the plane
of polarization of the laser beam. SEM analysis showed that the modified region
was a cavity with an elliptical cross-section with a large axis perpendicular to
the plane of polarization of the laser beam. A layer of densified non-porous glass
around the laser-written cavity. The study of the dynamics of the formation of
an elliptical cavity revealed the possibility of controlling the shape of the cavity,
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which can be tuned from circle to ellipse depending on the number of pulses
(Fig. 1).

This work was supported by the grant of Russian Foundation for Basic Re-
search (grant 19-03-00684).
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The work summarizes data from a series silicon film pulsed laser deposition
experiment. The experiments were devoted to the research of PLD process of
silicon films and study their photoluminescent properties. PLD process was
carried out under conditions of adding buffer (He) and reactive (N2) gases.
UV KrF laser was used as a source of radiation in PLD. The obtained films
were studied by means of Raman scattering, the scanning electron microscopy,
and photoluminescence (PL) spectroscopy. Production of silicon nanocrystals
with photoluminescent properties is an actual goal, which solving open new
opportunities in bioimaging [1].

The authors acknowledge financial support from the Russian Science Foun-
dation (grant No.19-72-30012).
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Results concerning modification of thin bimetallic films, by single femtosec-
ond laser pulses, are presented. Experimental samples, composed of titanium
(Ti) and aluminum (Al) bilayers, were deposited a silicon substrate. In our
experiment, we used bimetalic Al/Ti and Ti/Al films of different thicknesses.
In all cases, the first layer, either Al or Ti, was deposited on Si. The fs laser
irradiations of the samples were done with an ytterbium-doped fiber laser (λ =
515 nm, τ = 300 fs) in the air. After the irradiations, the samples were analyzed
by optical microscopy, scanning electron microscopy (SEM), X-Ray technique
and profilometry.

Fs laser irradiation of metals is known to proceed via multiple stages as 1)
absorption of photon energy including photo excitation of electrons, 2) energy
transfer from electrons to the lattice, 3) melting and thermal expansion, 4)
ablation and in some cases lift-off a surface layer - spallation, and 5) thermal
relaxation [1,2]. The cases 1 and 2 highly depend on the specific metal zone
structure and are the most important at low laser fluences [3,4]. Registered
modifications revealed nano- and micro-structuring of the thin films surface.
Different morphology depends on the pulse energy and on which metal was on
the surface of the bimetallic film-aluminum or titanium that having simple and
complex spectral zone, respectively. Consequently, fs laser irradiation induces
different electronic dynamics, the most important for ablation at low pulse en-
ergy. In addition, damage threshold fluence, was calculated according to SEM
images for the all samples.
references
[1] A. A. Ionin, S. I. Kudryashov, A. A. Samokhin, Physics Uspekhi 60 (2), 149–
160 (2017).
[2] C. Wu, L. V. Zhigilei, Appl. Phys. A 114, 11–32 (2014).
[3] S. I. Kudryashov, B. Gakovic, P. A. Danilov, S. M. Petrovic, D. Milovanovic,
A. A. Rudenko, A. A. Ionin, Appl. Phys. Lett. 112, 023103 (2018).
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In spite of the rapid development of THz optoelectronics, its capabilities is
largely limited due to lack of an effective element base of THz optics and, in par-
ticular, the lack of commercially available lenses, axicons, diffraction elements,
etc. The main reason is primarily related to the limited range of THz optics
materials with low losses and dispersion in comparison to visible and IR optics.
Despite obvious advantages of materials such as high-resistance silicon, sapphire,
various polymers, etc. [1-4], their production is complex, time-consuming and
expensive. To date, THz elements are produced only on a scope of laboratories
and are far from mass production. Thus, the research and development of new
technologies for creating various elements of THz optics is a very relevant task
of modern physics.

In this regard, many researchers are trying to find new materials, to develop
obtaining and processing techniques. Among them are metamaterials in semi-
conductors [5], flat porous optical elements [6] etc. Meanwhile, the technology
of direct laser recording of volumetric functional nano- and microstructures is
known. It is implemented mostly on the basis of silicate materials that compact
under ultrashort laser pulses induced by point oxygen defects (waveguides), get
self-organized (volumetric nanolattices, birefringence), or the migration of im-
purity ions, which leads to the creation of various voids. As can be seen from
[6], the creation of such planar elements is based on the superlens effect.

This paper presents a simple and effective method for obtaining voids in
quartz glass based on femtosecond laser recording.
references
[1] V. E. Rogalin, I. A. Kaplunov, G. I. Kropotov, Opt. Spectrosc. 125, 1053–
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[2] D. Jiaet al., Opt. Lett. 42, 21 (2017)
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gatiy, Advanced Optical Materials 7, 1900236 (2019).

127



Plenary

Topological plasmonics: Watching the vector dynamics of plasmonic
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Plasmonic skyrmions are topological defects in the electromagnetic near-field
on thin metal films, recently observed using scanning near-field optical mi-
croscopy [1-2]. However, only one spatial component of the electric field was
measured and one of the most intriguing features of skyrmions, namely their
dynamics, was not assessed. Using time-resolved PEEM, the intensity of the
plasmonic electric field could be mapped with high spatial and temporal resolu-
tion [3-5]. However, the vector information until now had been lost.

Here we introduce a new technique, namely time-resolved vector microscopy,
that enables us to compose entire movies on a sub-femtosecond time scale and a
10 nm spatial scale of the electric field vectors of surface plasmon polaritons [6].
Specifically, we image complete time sequences of propagating surface plasmons
as well as plasmonic skyrmions on atomically flat single crystalline gold films
that have been patterned using gold ion beam lithography.

This allows us to unambiguously resolve all vector components of the electric
field as well as their time dynamics, enabling the retrieval of the experimental
time-dependent skyrmion number, and indicating the periodic transformation
from skyrmion number +1 to -1 and back on a few femtosecond timescale.
references
[1] S. Tsesses et al., Science 361, 993 (2018).
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N. Sanner, O. Utéza and D. Grojo

Aix-Marseille University, CNRS, Marseille, France
e-mail: david.grojo@univ-amu.fr

High-peak power compact femtosecond lasers allow strong-field interactions
that are the basis for high-precision laser processing. However, a relatively
narrow region of the spectrum remains exploited today in this field. In this work,
we study femtosecond laser interactions in various bandgap materials at non-
conventional driving wavelengths from the deep-ultraviolet to the mid-infrared
part of the spectrum.

We present a complete study, together with a careful experimental metrology,
on single shot ablation of fused silica, sapphire and other dielectrics induced by
femtosecond pulses (< 200–fs) ranging from 258 nm to 3500 nm. The determi-
nation of the wavelength- dependent fluence ablation thresholds with systematic
measurements of ablated crater diameters and depths allow to discuss the effect
of drastically changing nonlinear ionization responses on the ablation outcome.
It serves also to fully evaluate the potential of the wavelength as control param-
eter to improve machining performances, including throughput, resolution and
precision.

In particular, the range of nonlinear responses accessible by radiation tun-
ing allows to revisit questions as important as the achievable resolution in laser
machining technologies. From our data set, we establish that the concept of
nonlinear resolution is not applicable for femtosecond laser ablation [1]. Inde-
pendently of the nonlinearity of interaction, we find a systematic one-to-one
mapping between femtosecond laser ablation features in dielectrics and beam
contours at a strict threshold-intensity. This is because any observable based on
a threshold-based response (as ablation) simply ruins all potential benefits that
could be expected on resolution from the nonlinear confinement of absorption. A
direct consequence is that the use of extreme UV, as in lithography, should not
be overlooked for super-resolution applications because the same optical limits
finally apply.

Another important consequence is that the achievable precision and repeata-
bility can be directly derived from the level of determinism of the interaction.
By comparing the results of a simple ‘noise’ model and statistical analyses of
ablation experiments, we quantify the degradation of the level of determinism
with increased pulse duration [2]. In this way, we derive and access the deter-
minism and precision limits in laser machining. This allows to discuss potential
directions to meet the remaining challenges for a reliable laser nano-machining
technology.
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High-peak power femtosecond lasers allow strong-field interactions that are
the basis for three-dimension (3D) laser writing in transparent materials. How-
ever, a relatively narrow region of the spectrum remains today exploited in this
field. In this work, we study interactions using long-wavelength laser pulses.
These open new and exciting opportunities to tailor in the 3D some semicon-
ductors inside which breakdown regimes were inaccessible until recent demon-
strations.

Our first proposed solution to achieve permanent modifications in the bulk of
silicon with sub-100-fs pulses was to rely on hyper-focused beams [1]. With this
space-domain optimization, we circumvent the strong detrimental propagation
nonlinearities in the pre- focal region that prevent enough energy localization
for permanent modification with the conventional configurations used for 3D
writing in dielectrics.

For more practical alternatives, we rely today on optimizations in the time
domain. We investigate the picosecond regime limiting the nonlinearities and
provoking progressive thermal band gap closure to assist pulse energy deposition
[2,3]. We also perform multi- pulse irradiation experiments where femtosecond,
picosecond and nanosecond pulses are synchronized. We identify by appropri-
ate pulse combinations breakdown channels seeded by pre-ionization or local
thermal pre-stimulation [4]. Another approach is to rely on transient accumula-
tion strategies. To this aim, we generate and apply ultrafast trains of pulses at
the highest achievable repetition-rates (up to THz) [5]. Taken these approaches
together, we introduce unique multi-timescale control parameters exploited for
improved energy deposition and for demonstrations of reliable 3D laser writing
deep inside silicon chips that would not be possible otherwise.
references
[1] M. Chanal et al., Nature Communications 8, 773 (2017).
[2] M. Chambonneau et al., Physical Review Applied 12, 024009 (2019).
[3] A. Das et al., (2020) unpublished.
[4] A. Wang et al., (2020) submitted.
[5] A. Wang et al., Research (2020) in press.
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Indium tin oxide (ITO) is commonly used a transparent electrode for various
applications such as touch displays, LEDs, or solar cells. Selective removal of
material is a necessary process step for many ITO applications that stands to
be optimized by ultrafast laser ablation. Ablation threshold fluences for ITO
thin films on glass substrates have been observed at an order of magnitude less
than the ablation threshold for glass substrates, providing the desired selectivity
for industrial processing. At a normal angle of incidence, ITO films displays an
ablation threshold of approximately 0.3 J/cm2 whereas glass substrates of float
glass or quartz display thresholds of approximately 3 or 4 J/cm2, respectively,
for a pulse duration of 525 fs at a wavelength of 1056 nm.

A better understanding of the exact ablation mechanisms is required in order
to optimize process parameters and avoid unwanted effects such as ridge forma-
tion. Pump-probe microscopy may be used to observe the physical phenomena
that occur during the ablation process and allows for a specific determination of
the driving mechanism of the ablation, whether it be a direct ablation process
or resulting from a confined energy situation. Previous work has shown that
ultrafast changes to the material that cause a confined energy situation or direct
ablation process may be observed through pump-probe microscopy [1][2]. Laser
parameters such as pulse duration, wavelength, focus radius, or fluence, may
be methodically varied in order change the driving mechanism of the thin-film
ablation.

The ablation dynamics of thin film ITO on glass substrates were investigated
using pump-probe microscopy from femtosecond to microsecond time-scales.
The change in reflectivity at the ITO surface was measured for several fluences
both above and below the ablation threshold. The resulting crater morphol-
ogy was thereafter examined. Spectrally resolved transmittance and reflectance
measurements were carried out at low intensities to calculate the steady-state
refractive index of the ITO. The strong nonlinearities inherent to ITO and its im-
plications on the ablation dynamics of the thin-film system are considered. The
prospects of micromachining for industrially-relevant applications are discussed.
references
[1] M. Domke, S. Rapp, M. Schmidt, H. P. Huber, Applied Physics A. Materials
Science and Processing 109 (2), 409–420 (2012).
[2] S. Rapp, M. Schmidt, H. P. Huber, Applied Physics A 122, 1035 (2016).
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In this work we report on the synthesis of nanostructured glasses and gelatins
by simple method that combines the pulsed laser ablation method (PLD) and the
Sol-Gel techniques [1]. Two different laser sources operating in different regimes
are used for this purpose. The first one produces pulses in the nanosecond scale
using a Nd:YAG laser emitting at 532 nm, with an energy of 100 mJ focussed
in a 2mm diameter laser spot. For the second one a mode-locked Ti:Sapphire
laser (Vitara-T from Coherent) coupled to a regenerative amplifier (modified
Legend-Elite-DUO, Coherent) was used; with this system produces pulses of
80 fs, 800 nm and 4.5 mJ at a 1 kHz repetition rate are produced. Metal
nanoparticles (Np’s) are generated by PLD using the corresponding target (Au,
Ag, Bi). For the synthesis of glasses the target is immersed in a transparent
solution made with tetraetilorthosilicate (TEOS) and water adding chloridric
acid as a catalyzer. The solution was prepared before the ablation process.
For the gelatins commercial transparent grenetin was employed. The ablation
time was varied from 1 min to 10 min depending on the target. The Np’s were
uniformly dispersed in the solution. After the ablation process the gels were
sealed and stored at room temperature for 24 hours and afterwards thermally
treated at 3000C for 3 hours. The gelatins were stored in the refrigerator for a
few hours in order to The samples were characterized by HRTEM, UV-Vis, and
Raman spectroscopy.
references
[1] Patent application: Instituto Mexicano de la Propiedad Industrial, Dirección
General de Patentes.~Expediente MX/a/2018/01688, 19/12/2018.
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Laser ablation through liquid or gas is an important process that have to
be studied for applications which use laser ablation in liquid (LAL) [1] and
laser shock peening (LSP) [2]. LAL is employed for production of suspen-
sions of nanoparticles (NP), while LSP is applied to increase hardness and fa-
tique/corrosion resistance properties of a surface layer. A bubble appears in
liquid around the laser spot focused at a target surface after strong enough laser
pulse. In the paper we connect the early quasi-plane heated layer created by
a pulse in liquid and the bubble forming at much later stages. In the previous
works these early stage from one side and the late stage from another side ex-
isted mainly as independent entities. At least, quantitative links between them
were unknown.

We consider how the quasiplane heated layer of liquid forms thank to thermal
conduction, how gradually conduction becomes weaker, and how the heated layer
of liquid nearly adiabatically expands to few orders of magnitude in volume
during the drop of pressure. Our molecular dynamics simulations show that the
heated layer is filled by the diffusive atomic metalliquid mixture. Metal atoms
began to condense into NPs when they meet cold liquid outside the edge of
mixing zone. This process limits diffusive expansion of metal atoms, because
the diffusivity of NP is less than that of individual atoms. Thus the mixture
expands together with hot liquid, and the NPs approximately homogeneously
fill an interior of bubble.

Femtosecond (fs) laser exposure has recently been used to increase strength
of materials (fs LSP). Increase of strength is achieved through plastic transfor-
mations behind the front of a sufficiently strong laser shock wave (SW). Plastic
transformations evolve in time to residual stresses and deformations. There is a
threshold pthr|el−pl ∼ 1 GPa of elasto-plastic transformations in terms of ultra-
short shock wave amplitude. Below the threshold, plastic transformations cease.
The article analyzes the factors that determine the attenuation of a shock wave
during its propagation in a target. Thus thickness of the region covered by
plastic transformation is estimated.

Nanosecond (ns) lasers are used for LSP for many years. A water layer is
used to increase momentum transferred into target by a ns pulse. Thus in this

134



Invited

sense the LSP is similar to LAL. There are many experimental papers devoted
to ns LSP, but a whole physical picture which includes descriptions of a ejecta
in liquid and all stages of shock evolution in a target was absent. In the paper
we will consider all aspects of laser-matter interaction in case of ns LSP down
to 3D decay of a shock deep inside a target.
references
[1] N. Inogamov et al., Opt Quant Electron, 52 63 (2020).
[2] N. Inogamov, V. Zhakhovsky, D. Ilnitsky, V. Khokhlov, “Picosecond-nanosecond
laser flash, formation of powerful elastic waves in crystals, and shock peening“,
Proc. of the 32nd International Symposium on Shock Waves (ISSW32).
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Glass-metal nanocomposites containing nanoparticles have attracted a great
attention due to their unique properties. However, both fabrication and a control
of the nanoparticle growth remain challenging. Herein, we demonstrate that the
use of a carefully chosen laser radiation provides not only unique possibilities of
the fabrication of such materials, but also of a reliable control over their optical
properties. As a result, a wide range of applications become possible in the fields
of photonics, optoelectronics, security and catalysis.

In this study, we use mesoporous thin film containing of small (d<5nm)
metallic (Au, Ag) nanoparticles and several laser sources ranging from con-
tinuous wave to femtosecond lasers. The performed multi-physical modeling
demonstrates that, depending on target composition and laser parameters, an
interplay of nanoparticle growth and decay sets in different ways for low and
high laser scanning speeds. The involved phenomena are related to the tem-
perature increase strongly depending on the nanoparticle size distribution. In
particular, the presence of several nanoparticle populations and of the collective
thermos-plasmonic effects are demonstrated to be crucial in the definition of the
final nanoparticle distributions [1,2].

Additionally, based both on the experimental results and on the developed
numerical modeling, we could efficiently control over the optical properties of the
produced nanocomposite materials. Thus, the results of this work provide not
only a better understanding of the nanocomposite formation mechanisms, but
also ways of further development of such technologies for numerous industrial
applications.
references
[1] H. Ma, S. Bakht, A. Rudenko, F. Vocanson, D. Slaughter, N. Destouches, T.
E. Itina, The Journal of Physical Chemistry C 123 (42), 25898–25907 (2019).
[2] Y. Andreeva, N. Sharma, N., A. Rudenko, J. Mikhailova, M. Sergeev, V.P.
Veiko, T. E. Itina, The Journal of Physical Chemistry C 124 (18), 10209–10219
(2020).
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In this work we investigate the mechanism of nanoparticles (NPs) genera-
tion due to laser ablation of metals in liquid medium with numerical atomistic-
continuum model. The mode is capable of addressing the mechanisms of non-
equilibrium laser-induced phase transition processes at atomic level with Molec-
ular Dynamics (MD) approach, whereas the effect of free electrons, playing a
determinant role during short laser pulse ablation, is described in continuum
with Two Temperature Model (TTM). Such the combined MD-TTM model [1]
was utilized in a super large scale modeling of the process of Au and Al NPs
generation in water. The obtained NPs are then characterized from the point
of their size distribution and morphology [2]. These characteristics were studied
as functions of the laser irradiation parameters (pulse duration and fluence), the
ablated materials (Al and Au), and their porosity in the presurface region (in
the case multipulse regime). The performed simulations enable a direct com-
parison of the modeling results with the experimental data [3] and allow for
manipulations with the laser irradiation parameters for generation of the NPs
with predesigned properties, demanded by Bio-medical applications.
references
[1] D. S. Ivanov, L. V. Zhigilei, Phys. Rev. B 68, 064114 (2003).
[2] M. Iqbal, S. A. Khan, D. S. Ivanov, R. A. Ganeev, V. V. Kim, G. S. Boltaev,
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Sci. on-line (2020).
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The presentation will overview our on-going activities on laser ablative syn-
thesis of novel biocompatible colloidal nanomaterials and their testing in biomed-
ical tasks. Our original approach is based on ultra-short (fs) laser ablation
from a solid target or already formed colloids to fabricate “bare” (ligand-free)
nanoparticles (NPs) with well-controlled size characteristics, as well as coating of
nanomaterials by functional molecules (dextran, PEG etc.) during the ablation
process or afterwards. The presentation will describe different approaches to
achieve appropriate characteristics of plasmonic (Au, TiN), semiconductor (Si-
based structures) and polymer dye nanomaterials and overview their biomedical
applications. In particular, by performing in vitro and in vivo tests we con-
cluded on safety of Au [1], TiN [2] and Si [3] NPs. We also found that bare
Au NPs can provide unique opportunities as SERS probes for identification of
biological species [4], as well as serve as electro-catalysts of glucose oxidation in
biofuel cells [5]. We also revealed a strong photothermal effect under the use
of TiN and Si TiN NPs and applied this effect in tasks of cancer hyperthermia
[2,6]. We finally overview applications of Si NPs, which exhibit biocompatibility
and biodegradability options [7]. In particular, we show that laser-synthesized
NPs can be used as efficient markers in tasks of linear and non-linear optical
bioimaging [8]. In addition, these NPs can be used in mild cancer therapies,
e.g. as sensitizers of radiofrequency radiation-based hyperthermia [9] and safe
carriers of therapeutic radionuclides in nuclear nanomedicine tasks [10].
references
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Multilayer products made of ultra-thin layers are widely used in modern
science and technology. Laser exposure is used as one of the promising methods
of processing such products. In this regard, we study the ablation of a layered
target. A physical model is constructed, numerical simulation is performed, and
experiments are carried out.

We study a layered target composed of alternating layers of nickel and alu-
minum. Nickel is the first layer on which the laser beam is incident. In the
calculations, the first pair of layers has a thickness of 45 nm, then five pairs of
thin layers with a thickness of 25 nm and a thick nickel layer with a thickness
of 160 nm instead of a substrate. In the experiment there are more thin layers.
The layers are sprayed onto a silicon glass substrate.

The experiments were conducted with two different lasers and various diame-
ters of the focal spot. To estimate the absorbed energy the reflection coefficient
was measured. The results of calculations and experiments are consistent with an
accuracy of about 10%. This allowed us to refine the model of two-temperature
states and determine the strength of nickel. It is explained why, with an increase
in the absorbed fluence, first the upper layer breaks in the multilayer.
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In the present work amorphous GST225 thin films with thickness 100 nm on
a W(140 nm)/TiN(30 nm)/SiO2(1 µm)/Si(substrate) multilayer structure were
fabricated via DC magnetron sputtering and were irradiated by femtosecond
laser pulses (λ=1250 nm, ν=10 Hz, τ=125 fs, J=0.14-1.17 J/cm2) after.

Ellipsometry measurements showed that the values of reflection and absorp-
tion coefficients at the irradiation wavelength are R=0.39 and α = 24500cm−1,
respectively. These parameters are appropriate to effective LIPSS fabrication
[3]. Raman spectroscopy revealed amorphous structure of initial samples, as
well as partial crystallization of irradiated regions. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) analysis revealed formation of one-
dimensional lattices oriented orthogonally to the polarization vector of modifying
laser radiation. After irradiation at the fluence J = 0.14J/cm2 ripples with the
period Λ1 = 1.17 ± 0.02 µ m and the depth H1=10-20 nm are observed. In
turn, the laser pulses with the higher fluence J = 1.17J/cm2 induce formation
of LIPPS with the period Λ2 = 0.91±0.02 µ m and the depth H 2=100-200 nm.
Estimated induced non-equilibrium charge carrier concentrations during initial
stage of irradiation are N1 = 6 · 1021 cm−3 and N2 = 2.8 · 1021cm−3 and are in
accordance with a hypothesis about LIPPS formation on account of interference
of a laser beam and photoinduced surface plasmon-polaritons [3].

The obtained results enhance the understanding of the surface and phase
modification mechanisms in amorphous GST225 thin films under femtosecond
pulsed laser treatment and seem useful for new device design for data-storage
applications and polarization optics.

DC magnetron deposition of amorphous GST225 thin films and ellipsometric
measurements were supported by RFBR project N 20-03-00379 and were per-
formed using equipment of Core facilities center “MEMS and electronic compo-
nents” and “STI Sensory” of MIET. Experiments on femtosecond laser treatment,
as well as SEM, AFM and Raman spectroscopy investigations were supported
by the program of Competence Center of the National Technology Initiative
“Big Data Storage and Analysis Center” according to the contract of Ministry
of Science and Higher Education of RF No 7/1251/2019 on 15.08.2019 between
Lomonosov MSU and Russian Venture Company.
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[2] S. Kozyukhin, P. Lazarenko et al., Opt. Laser Technol. 113, 87 (2019).
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Laser-induced structural changes in chalcogenides: the role of
electronic excitation
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Chalcogenide semiconductors represent a large group of functional materials,
which include chalcogenide glasses, phase-change alloys [1] and transition-metal
dichalcogenides [2]. Among their various useful properties in their ability to
change the structure in a reversible way under the action of external stimuli, such
as light. In this talk we cover laser-induced phenomena in chalcogenide glasses
(reversible photosructural change and photo-induced anisotropy), phase-change
alloys (reversible crystallisation-amorphisation) and transition-metal dichalco-
genides (semiconductor-metal transitions [3,4]).

The three classes of materials are characterised by different electronic struc-
ture of chalcogen species (lone-pair electrons in chalcogenide glasses, resonant
bonding in phase-change alloys, and bonding that involve d-electrons in transi-
tion metal dichalcogenides). The effect of different bonding nature on structural
response to electronic excitation will be discussed based on experiments and
ab-initio simulations [5].

This work was partially supported by the Russian Foundation for Basic Re-
search, grant 19-53-26017 (AVK), the Czech Science Foundation, grants 20-
23392J, 19-17997S (MK) and JSPS KAKENHI grant No. 19H02619 (YS, PF).
references
[1] A. V. Kolobov, J. Tominaga, “Chalcogenides: metastability and phase-change
phenomena”, Springer (2012).
[2] A. V. Kolobov, J. Tominaga, “Two-dimensional transition-metal dichalco-
genides”, Springer (2016).
[3] A. V. Kolobov, P. Fons, Phys. Rev. B 94 (9) 094114 (2016).
[4] T. Fukuda, Y, Saito, P. Fons, A.V. Kolobov, K. Ueno, M. Hase, Appl. Phys.
Lett. 116 (9) 093103 (2020).
[5] A.V. Kolobov, Y. Saito, P. Fons, M. Krbal, Phys. Stat. Sol. B (in print).
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laser
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This paper presents the production of hierarchical surface structures on a cop-
per foil substrate coated with a polyvinyl chloride (PVC) film using an ytter-
bium fiber laser (1064 nm wavelength, 100 NS pulse duration). The resulting
surface structures were studied using optical microscopy and scanning electron
microscopy. The optical properties of the surface after laser irradiation was
determined by the method of IR spectroscopy of attenuated total internal reflec-
tion (ATR). Wettability was assessed by the lying drop method. The threshold
value of the energy density required for complete removal of the polymer from
the substrate was determined. It is shown that an increase in the energy density
of laser radiation leads to superhydrophilicity of the surface. The results allow
us to produce gradient structures for such operations as sample preparation,
transport, mixing, separation, detection, dosing, etc. [1-2].
references
[1] J.Yong, Y. Fang, Applied Surface Science 389, 1148–1155 (2016).
[2] K. Yin, D. Chu, Nanoscale 9 (37), 14229–14235 (2017).
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Femtosecond-laser lithography on halide perovskite thin films for
advanced nanophotonic applications
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Light-emitting active nanophotonics based on resonant nanostructures and
metasurfaces made of semiconductors have become an active direction for cre-
ation of multifuctional designs for light manipulation at subwavelength scale via
structural coloration, photoluminescence, and lasing. At the same time, halide
perovskites are a prospective class of light-emitting materials providing optical
contrast that is high enough to support resonances in broad spectral range. Al-
though perovskites allow for their low cost synthesis and subsequent thin films
deposition, their nanostructuring is limited to their sensitivity to various chem-
icals. We demonstrate a novel concept for 3D micropatterning of perovskite
films via direct femtosecond laser projection lithography. Whereas the major-
ity of previous works used laser processing only for rough cutting/scribing of
perovskite materials at microscale level, here by using advanced laser beam en-
gineering and delicate multi-pulse processing we showed the capability of flexible
non-destructive 3D processing of perovskites at sub-diffraction resolution down
to 250 nm. The elaborated optimized laser processing regime allowed to control
3D surface morphology preserving optoelectronic properties of the irradiated
perovskite material, thus opening a pathway for high-performing inexpensive
and large-scale fabrication of nanostructures and surface textures suitable for
advanced light-emitting, surface coloring, and information encryption applica-
tions [1,2].
references
[1] A. Y. Zhizhchenko, P. Tonkaev, D. Gets, A. Larin, D. Zuev, S. Starikov,
E. V. Pustovalov, A. M. Zakharenko, S. A. Kulinich, S. Juodkazis, A. A. Kuch-
mizhak, S. V. Makarov, “Light-emitting nanophotonic designs enabled by ultra-
fast laser processing of halide perovskites”, Small 16, 2000410 (2020).
[2] A. Zhizhchenko, S. Syubaev, A. Berestennikov, A. V. Yulin, A. Porfirev,
A. Pushkarev, I. Shishkin, K. Golokhvast, A. A. Bogdanov, A. A. Zakhidov,
A. A. Kuchmizhak, Y. S. Kivshar, S. V. Makarov, “Single-mode lasing from
imprinted halide-perovskite microdisks”, ACS nano 13 (4), 4140–4147 (2019).
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Pulse-width dependent spatiotemporal nanostructuring in bulk
dielectrics by ultrashort laser pulses

S. I. Kudryashov, A. E. Rupasov, P. A. Danilov, M. P. Smaev,
and A. S. Zolot’ko

P. N. Lebedev Physical Institute, Moscow, Russia
e-mail: kudryashovsi@lebedev.ru

Moderately short (picosecond-range) laser pulses were shown to be more ad-
vantageous in some ultrashort-pulse laser processing in dielectrics [1,2]. Mean-
while, the underlying fundamental physics is still far from to be well understood.

In our studies, we demonstrated that pulse variation from 0.3 till 12 picosec-
onds during direct 515-nm and 1030-nm laser writing of birefringent nanograting
arrays inside fluorite slabs has optimal pulsewidth for maximal retardance per
irradiated spot of 15-micron (half-width) thickness. At both these laser wave-
lengths, the optimum comes as the trade-off between the pulsewidth-decreasing
laser intensity and the increasing interference region of incident and reflected
(backward) waves, making a light standing wave with the following formation of
nanogratings.

The reported study was supported by RFBR, project No. 19-52-54003.
references
[1] X. Li et al., Applied Surface Science 485, 188 (2019).
[2] M. Sakakura et al., Light: Science & Applications 9, 15 (2020).
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Analysis of filamentation effect in liquids during ablative
pulse-width dependent laser generation of colloidal nanoparticles

S. I. Kudryashov, A. A. Nastulyavichus, I. N. Saraeva, N. A. Smirnov,
A. A. Rudenko, D. A. Zayarny and A. A. Ionin
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Laser generation of colloidal nanoparticles in liquids has matured as a high-
throughput, semi-industrial, eco-green technology, providing nanophotonic build-
ing blocks, key-enabling nanoagents for biomedicine, components of advanced
nanomaterials. Meanwhile, novel opportunities to increase throughput and range
of colloidal nanoparticles in liquids through elaborate laser technologies are still
in need.

In our studies, we performed single-shot-per-spot laser ablation of bulk gold
and silicon in water and carbon disulfide at different pulsewidths (0.3-12 ps)
of 1030-nm laser pulses in water, analyzing UV-NIR spectrally characterized
optical density of colloidal solutions and ablation rate per pulse. Our results
indicate the dramatic increase of ablation rate and nanoparticle yield versus
laser pulsewidth occurs for supercritical peak laser powers, saturating for sub-
critical peak powers. Analytical expression was developed to quantify the laser
pulsewidth effect in terms of ablation rate and ablative yield of nanoparticles.

This study was in part supported by the Russian Foundation for Basic re-
search (grant No 18-29-20022 MK).
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Direct laser writing of depressed-cladding waveguides in ultra-low
expansion glass-ceramics
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G. Y. Shakhgildyan and V. N. Sigaev
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Transparent glass-ceramics with an ultra-low coefficient of thermal expan-
sion (CTE) based on precipitation of nanosized crystals with negative CTE
such as spodumene or β-eucryptite-like solid solutions in lithium aluminosili-
cate glass is widely applied in engineering from telescope mirrors and ring laser
gyroscopes to household appliances. Recent progress in ultrafast laser-induced
micromodification of transparent dielectrics increases the topicality of the in-
vestigation of direct laser writing of channel waveguides and other integrated
optical components inside materials with ultralow or near-zero CTE. However,
very few experiments on the laser-induced modification of ultralow thermal ex-
pansion glass-ceramics including commercial Zerodur and Robax glass-ceramics
have been reported so far and mainly qualitative evaluation of the induced effects
has been performed [1]. Recently, we have studied ultrashort laser pulse-induced
effects in Sb-doped lithium aluminosilicate glass-ceramics with near-zero CTE
and have shown noticeable negative refractive index change up to -0.002 due
to partial amorphization of the glass-ceramics [2]. This result opens an oppor-
tunity for direct ultrafast laser writing of depressed-classing waveguides in the
glass-ceramics under study.

Figure 1: Cross-sections of the laser-written channel waveguides (top row) and correspond-
ing pseudocolour images of the near-field mode intensity profiles (bottom row); d is for the
calculated core diameter, MFDx, MFDy are for horizontal and vertical mode field diameters,
respectively.
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The depressed cladding waveguides with different geometries (Fig. 1) were
fabricated by direct laser writing of the cladding as a set of parallel tracks at the
pulse energy of 200 nJ, the pulse repetition rate of 10 kHz and scanning speed
of 200 µm/s. Dependence of the propagating mode profile on the waveguide
diameter was examined. The minimal propagation losses for the waveguides
were estimated as low as ∼ 4 dB/cm at 1030 nm wavelength. The further
optimization of the writing conditions is expected to improve the performance
of the waveguides.

This study was supported by the Russian Science Foundation (grant № 19-
19-00613).
references
[1] V. R. Bhardwaj et al., J. Appl. Phys. 97, 083102 (2005).
[2] V. N. Sigaev et al., Glass. Ceram. 76, 370–373 (2020).
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Femtosecond laser-induced crystallization of glass provides precipitation of
microcrystals with high spatial resolution and opens the opportunity for the di-
rect laser writing of crystalline waveguides in the inside of glass. It is considered
to be promising method to fabricate 3D integrated optical circuits, microlasers
and new photonics architectures based on space-selective precipitation of func-
tional crystalline phases, possessing second-order optical nonlinearity, significant
electrooptical properties, enhanced luminescence efficiency ets.

However, the way from crystallized tracks in the inside of glass to crystal-
in-glass channel waveguides with nearly single-crystal, highly oriented structure
requires accurate selection of glass-forming system and glass composition and
coping with fundamental problems of the growth of homogeneous, smooth, and
continuous tracks. At the moment, femtosecond laser-written crystal-in-glass
waveguides with evaluated propagation losses were reported only for lanthanum
borogermanate glass in which a ferroelectric LaBGeO5 phase can be precipitated
[1,2]. Here, we describe direct laser writing of β-BaB2O4 crystal waveguides in
47,5BaO-5Al2O3-47,5B2O3 glass. β-BaB2O4 crystals have significant second-
order optical nonlinearity and have excellent optical transparency in the visible
and near-IR ranges. The waveguiding properties of extended crystal tracks of
β-BaB2O4 were evaluated. In comparison with lanthanum borogermanate glass,
the writing of crystal waveguides in barium aluminoborate glass can be per-
formed at significantly lower pulse energy and higher scanning speed of the laser
beam.

A major problem of performance of the crystalline waveguides written in the
inside of glass by the Gaussian femtosecond laser beam is their strongly elon-
gated, asymmetrical cross-section, often horseshoe-shaped or split into two parts
(so-called bilateral growth), which is determined by the shape of the temperature
distribution around the beam waist and can be further aggravated by the aber-
ration of the focused laser beam increasing with the focusing depth under the
glass surface. Successful correction of this aberration by the spatial modulation
of the wave front profile with the spatial light modulator reducing the elongation
of the crystallized track cross-section was reported earlier [1]. Here, various op-
portunities to control and further improve the shape of the cross-section of the
laser-written tracks are described. By example of LaBGeO5 crystalline track
laser-written in lanthanum borogermanate track, we have shown that careful
exposure to the femtosecond beam moving along the helical or sinusoidal path
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along the crystal-in-glass track enables its partial amorphization, thus forming
a track with a smaller, nearly circular cross-section. Another opportunity is
using the optical vortex beam for growth of crystalline tracks inside glass. The
Laguerr-Gaussian beam formed by LG01 mode induces the smoother tempera-
ture distribution near the focal region than the Gaussian beam. At appropriate
laser beam parameters, smaller temperature gradients avoid the effect of the
bilateral growth and form a single crystalline track with the oblong cross-section
having the better aspect ratio.

The study was financially supported by the Ministry of Science and Higher
Education of Russia, FSSM-2020-2003.
references
[1] A. Stone, H. Jain, V. Dierolf et al., Sci. Rep. 5, 10391 (2015).
[2] A. S. Lipatiev, T. O. Lipateva, S. V. Lotarev et al., Cryst. Growth Des. 17,
4670 (2017).
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Nanoantennas for light harvesting and ultrafast energy conversion
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Metallic and dielectric nanostructures provide distinct and unique means for
shaping the electromagnetic near field, and for channelling radiation from the
far field to the nanoscale. The associated electromagnetic field hot spots can be
exploited for the enhancement of interactions between light and matter, most
prominently for surface-enhanced spectroscopy and sensing, the boosting of non-
linear interactions, and also for nanoscale spatial control over chemical reactions.

In my lecture I will approach plasmonic and dielectric nanoantennas from
the viewpoint of being a means for ultrafast energy conversion at the nanoscale.
With example materials systems such as gold and silver (plasmonic), gallium
phosphide (dielectric), and silicon carbide (polar dielectric), I will highlight ap-
plications such as non-linear optics, photon-phonon interactions for the launch-
ing of acoustic surface waves, and the plasmon-assisted triggering of redox reac-
tions.
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Laser ablation for nanophotonics based on halide perovskites

S. V. Makarov

ITMO University, Saint Petersburg, Russia
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Recently, the study of halide perovskites has attracted enormous attention
due to their exceptional optical and electrical properties. As a result, this family
of materials can provide a prospective platform for modern nanophotonics and
meta-optics, allowing us to overcome many obstacles associated with the use of
conventional semiconductor materials. Namely, the perovskites provide simple
and cheap wet-chemistry methods of nanofabrication, high quantum yield and
pronounced excitonic properties at room temperature, broadband and reversible
spectral tunability, high defect tolerance, high enough refractive index for light
confinement at subwavelength scale, as well as flexibility regarding integration
with various nanophotonics designs.

Here, we review the recent progress on laser ablation for application in halide
perovskite nanophotonics starting from single-particle light-emitting nanoanten-
nas [1,2] and nano/micro-lasers [3,4] to the large-scale designs working for surface
coloration, anti-reflection, optical information encoding [4], and enhanced solar
energy harvesting [5].

The work was supported by the Russian Science Foundation (project N 19-
73-30023).
references
[1] E. Y. Tiguntseva, G. P. Zograf, F. E. Komissarenko, D. A. Zuev, A. A. Za-
khidov, S. V. Makarov, Y.S. Kivshar, Nano Letters 18 (2), 1185–1190 (2018).
[2] E. Y. Tiguntseva, D. G. Baranov, A. P. Pushkarev, B. Munkhbat, F. Komis-
sarenko, M. Franckevicius, A. A. Zakhidov, T. Shegai, Y. S. Kivshar, S. V. Makarov,
Nano Letters 18 (9), 5522–5529 (2018).
[3] A. Zhizhchenko, S. Syubaev, A. Berestennikov, A. V. Yulin, A. Porfirev,
A. Pushkarev, I. Shishkin, K. Golokhvast, A. A. Bogdanov, A. A. Zakhidov,
A. A. Kuchmizhak, ACS Nano 13 (4), 4140–4147 (2019).
[4] A. Y. Zhizhchenko, P. Tonkaev, D. Gets, A. Larin, D. Zuev, S. Starikov,
E. V. Pustovalov, A. M. Zakharenko, S. A. Kulinich, S. Juodkazis, A. A. Kuch-
mizhak, Small, 2000410 (2020).
[5] A. Furasova, E. Calabró, E. Lamanna, E. Tiguntseva, E. Ushakova, E. Ubyivovk,
V. Mikhailovskii, A. Zakhidov, S. Makarov, A. Di Carlo, Advanced Optical Ma-
terials 6 (21), 1800576 (2018).
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Microresonators with whispering gallery modes (WGMs) can be used for opti-
cal frequency comb generation and are demanded in various applications includ-
ing optical filtering and switching, remote diagnostics, spectroscopy, precision
metrology, telecommunications, etc [1]. Thermal nonlinearity is known to play
a huge role in microresonators, which can lead to dramatic changes in nonlin-
ear dynamics of the systems and can be used for controlling comb parameters
[1]. A lot of attention is paid to the study of thermal nonlinearity, but, as a
rule, as applied to silica microresonators. Here we contribute to the study of
thermo-optical effects in spherical microresonators based on different types of
glasses, which are promising due to their large Kerr nonlinearity and wide range
of transparency in the near- and mid-IR.

To simulate thermo-induced shift of WGMs under laser pumping at 1.55 µm,
we developed a theoretical model which takes into account uneven heat distri-
bution over the microsphere caused by small WGMs’ effective mode volume and
overall experimental geometry. Temperature distribution calculated by the fi-
nite element method was used in characteristics equations for eigenfrequencies
through thermal expansion and thermooptic effects. Silica, tellurite (TeO2-WO3-
La2O3) [2] and chalcogenide (As2S3) glass-based microspheres of different radii
were studied for various parameters. It was found that for silica and tellurite
spherical microresonators calculated thermal frequency shifts are approximately
similar for the studied model parameters, while for chalcogenide-based micro-
spheres the shifts are significantly larger than for the two other glasses. Attained
theoretical results are in a good agreement with experimental ones [2].

The work is supported by RSF grant No. 20-72-10188 and Megagrant No.
14.W03.31.0032.
references
[1] T. J. Kippenberg, A. L. Gaeta, M. Lipson, M. L. Gorodetsky, Science 361,
eaan8083 (2018).
[2] A. V. Andrianov, M. P. Marisova, V. V. Dorofeev, E. A. Anashkina, Results
in Physics 17, 103128 (2020).
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The charge transfer reaction (proton and/or electron) is the most important
stage in a wide range of energy conversion processes in chemical and biological
systems. Due to the fundamental nature of these reactions, an interest of its com-
prehensive study of both experimenters and theorists is constantly growing. The
purpose of this work is to develop a model for proton transfer kinetics descrip-
tion in tetrahydroacridin-1(2H)’s derivatives systems and to evaluate the main
energy parameters of molecular systems by experimental steady-state absorption
and fluorescence spectra fitting of tetrahydroacridin-1(2H)’s in a set of aprotic
(dimethylformamide (DMF), acetone (ACE), methylene chloride (DCM)) and
protic (alcohols) solvents. Knowing the basic energy parameters will allow us to
study the kinetics of charge transfer in the framework of the developed multi-
channel stochastic model.
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Figure 1: Fitting of experimental stationary absorption and emission spectra in a set of
solvents. The experimental data are shown by black colour, the data obtained with the
fitting are presented by red and blue lines.
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In the framework of our research, it is proposed to use the multichannel
stochastic approach which was previously successfully used to describe the multi-
stage electron transfer in donor-acceptor complexes [1–3]. Such model takes into
account the dynamics of solvent relaxation and the reorganization of intramolec-
ular high-frequency vibrations. A quantitative description of charge transfer ki-
netics in the framework of a multichannel stochastic model requires knowledge of
the basic energy parameters (exergonicity parameter and medium reorganization
energy at each stage, reorganization energies of high-frequency intramolecular
vibrational modes, as well as their frequencies), which may be determined on the
basis of a fitting of experimental stationary absorption and fluorescence spectra
[3, 4]. It was found that in aprotic solvents, when changing from the ground
state to the excited state, the frequencies of high-frequency modes change in-
significantly (∼ 10 ÷ 15%). In protic solvents (methanol, ethanol, propanol)
when changing from the ground state to the excited state, the frequencies of
high-frequency modes can change by a factor of 2. These modes are assumed
to be directly related to the vibrations of the hydrogen atom involved in the
hydrogen bond.

The study was performed by a grant from the Russian Foundation for Basic
Research (Grant 20-53-00021) and by the Belarusian Republican Foundation for
Fundamental Research (Grant P20R-340).
references
[1] S. V. Feskov, V. A. Mikhailova, A. I. Ivanov, J. Photochem. Photobiol. C
29, 48 (2016).
[2] V. N. Ionkin, A. I. Ivanov, J. Phys. Chem. A 113, 103 (2009).
[3] V. A. Mikhailova, R. E. Malykhin, A. I. Ivanov, Photochem. Photobiol. Sci
17, 607 (2018).
[4] T. V. Mikhailova, V. A. Mikhailova, A. I. Ivanov, J. Phys. Chem. C 122,
25247 (2018).
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Interaction of intense ultrashort laser pulses with solids creates highly excited
non-equilibrium states of matter with high electron temperatures, but still at
solid state density. Relaxation of such an excited system may lead to significant
changes in the lattice structure of the irradiated target. Understanding such
processes is necessary, e.g., to manufacture long lasting reflective optics for the
rapidly developing X-ray free-electron lasers (XFELs).

We study the interaction of fs laser pulses with Ru films in a wide range of
incident photon energies (∼ 1 − 104 eV). Since at XFELs reflective thin metal
films operate at grazing incidence conditions, absorption of light occurs in the
top part of Ru mirrors (∼ 1 − 10 nm). Hybrid multi-scale modeling of target
evolution after irradiation is performed. The model takes into account photoab-
sorption and non-equilibrium electron cascading occurring on a fs timescale,
thermal diffusion and electron-phonon energy exchange on a ps timescale and
lattice dynamics up to ns timescale.

Different photon energies result in qualitatively different absorbed energy
profiles by the time of thermalization of the electronic system. The effects of
such a difference on the hydrodynamic evolution and eventual damage of Ru
are discussed [1]. Details of processes such as melting, cavitation, ablation and
recrystallization are revealed on the example of 92 eV photons [2]. The results
show a good agreement with the experimental observations on Ru ablation [3].
references
[1] I. Milov et al., Appl. Surf. Sci. 501, 143973 (2020).
[2] I. Milov et al., “Two-level ablation and damage morphology of Ru films under
femtosecond extreme UV irradiation”, submitted to Appl. Surf. Sci. (2020).
[3] I. Milov et al., Opt. Express 26, 19665 (2018).

155



Poster

Writing and rewriting laser-induced periodic surface structures on
stainless steel for optical properties control

M. K. Moskvin, N. N. Shchedrina and G. V. Odintsova

ITMO University, Saint-Petersburg, Russia
e-mail: moskvin_mk@mail.ru

Laser-induced periodic surface structures (LIPSS) can be produced in a wide
range of pulse durations from continuous to femtosecond exposure on almost any
material, such as metals, semiconductors, and dielectrics [1,2]. This phenomenon
is usually associated with the interference between an incident electromagnetic
wave and an excited surface electromagnetic wave. LIPSS usually appear as
a periodic surface relief that correlates with the laser irradiation parameters,
polarization, and wavelength [3,4].

In this work, the nature of LIPSS formation induced by short laser pulses
(100 ns) on the surface of AISI 304 stainless steel is studied. LIPSS were gen-
erated using an ytterbium fiber laser (IPG Photonics) with a maximum power
of 20 W, a wavelength of 1064 nm, and a pulse repetition rate from 20 to 99
kHz. A step by step process of LIPSS formation is considered. The effect of the
laser irradiation polarization on the LIPPS writing and rewriting is revealed. A
change in structure direction due to the repeated laser irradiation with another
polarization direction is demonstrated. Thus, the control of the LIPPS forma-
tion during multiple laser irradiation process is shown. This technology can
be applied for information recording and colorful image formation with various
visual effects such as image movement or color switching.

The reported study was financially supported by the Ministry of Science and
Higher Education of the Russian Federation Research Agreement No. 075-11-
2019-066 of 22.11.2019 (within the framework of decree of the Government of
the Russian Federation No. 218 of 09/04/2010).
references
[1] J. Bonse et al., IEEE Journal of selected topics in quantum electronics 23
(3), (2016).
[2] P. Gregorčič et al., Applied Surface Science 387, 698–706 (2016).
[3] M. Rohloff et al., Applied Physics A 110 (3), 553–557 (2013).
[4] F. Fraggelakis et al., Applied Surface Science 470, 677–686 (2019).
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Nanodot array deposition via laser interference pattern using
laser-induced forward transfer
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Laser-induced forward transfer (LIFT) is a direct-writing technique capable
of depositing a portion of material. In addition, the size is smaller than the laser
wavelength at small shot energy through the laser-induced dot transfer (LIDT)
technique[1-4]. To deposit a single nanodot in a single shot of laser irradiation,
a liquid nanodrop is transferred from donor to receiver and finally solidified via
a solid-liquid-solid (SLS) process[5].

In this study, a femtosecond laser interference pattern was first applied to
LIDT, and an array of nanodots was successfully deposited in a single shot[6].
The LIDT technique produces high-purity, catalyst-free that do not require post-
cleaning or alignment processes. Given these significant advantages, LIDT can
expand the usability of nanodots in a wide range of fields.
references
[1] M. L. Levene, R. D. Scott, B. W. Siryj, Appl. Opt. 9, 2260 (1970).
[2] J. Bohandy, J. Appl. Phys. 60, 10 (1986).
[3] Y. Nakata, T. Okada, Appl. Phys. A Mater. Sci. Process. 69, S275 (1999).
[4] A. Narazaki, R. Kurosaki, T. Sato, H. Niino, Appl. Phys. Express 6, 092601
(2013).
[5] Y. Nakata, N. Miyanaga, K. Momoo, T. Hiromoto, Appl. Surf. Sci. 274, 27
(2013).
[6] Y. Nakata, E. Hayashi, K. Tsubakimoto, N. Miyanaga, A. Narazaki, T. Shoji,
Y. Tsuboi, Int. J. Extrem. Manuf. (2020).
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Femto-nanosecond laser ablation of gold target in liquid
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Laser ablation in a liquid is well-known and popular method for obtaining
nanoparticles due to number of advantages [1-2]. The choice of the generation
regime has a great influence on the characteristics of the produced particles.

Colloidal solutions of gold nanoparticles were generated in water from gold
films of variable thickness and bulk target at different intensities both of a
nanosecond fiber laser marker HTF Mark on Y b3+ ions (1064 nm, 120 ns, Emax

up to 1mJ) and Yb-fiber femtosecond laser Satsuma (1030 nm, 0.3-10 ps, Emax

up to 10 µJ). For comparison, different scanning speeds were chosen. Gold thin
films were produced by magnetron sputtering in an argon atmosphere on SiO2
substrates. The target was arranged in a glass beaker with deionized water of
a volume ' 2.5 ml (height above the target ' 1 cm). The laser beam was fo-
cused through the liquid layer onto the target surface. The obtained colloidal
nanoparticles were characterized by scanning electron microscopy, optical trans-
mission spectroscopy, and dynamic light scattering. The chemical composition
was confirmed by energy-dispersive x-ray spectroscopic chemical microanalysis
(EDS) using the INCA module (Oxford Instruments, England) of the electron
microscope.

The reported study was supported by RFBR, project No. 18-29-20022.
references
[1] A. Hahn, S. Barcikowski, B. Chichkov, JLMN-Journal of Laser Micro/Nano-
engineering 3 (2), 73–77 (2008).
[2] A. Ionin, A. Ivanova, R. Khmel’nitskii, Y. Klevkov, S. Kudryashov, N. Mel’nik,
A. Nastulyavichus, A. Rudenko, I, Saraeva, N. Smirnov, D. Zayarny, A. Baranov,
D. Kirilenko, P. Brunkov, A. Shakhmin, Applied Surface Science 436, 662–669
(2018).
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Graphene transistors functionalization using femtosecond laser in
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Possibility of femtosecond laser pulses to affect on materials modification
takes a big part of interest in ultra-fast processes research and technology inves-
tigations. In case of graphene surface modification and functionalization using
femtosecond laser there are many effects, such as ablation, covalent bonding of
different chemical groups [1], re-crystallization in three-dimensional shapes [2].

CVD grown graphene was transfered on Si/SiO2. Through several lithography
steps graphene-based field-effect transistors were formed with Cr/Au source-
drain electrodes and with Si as back gate. For graphene modification processes
we used 80 MHz laser with 780 nm wavelength.

Figure 1: Ratio of D/G Raman peaks mapping, showing functionalization level.

Parameters of laser treatment were calibrated to have different total modifica-
tion dose. From ablation to slight functionalization of graphene 10 µm× 10 µm
squares parameters of laser treatment calibrated as can be seen from peaks inten-
sity ratio (D/G), that shows amount of defects and functional groups, recorded
using Raman spectroscopy (fig. 1). Semiconductor characteristics analysis was
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Figure 1: Changes in transfer characteristic after functionalization of graphene (b).

also performed to see changes in doping level of graphene, as can be seen on
slope change of transfer characteristic (fig. 2).

This study was supported by a grant from the Russian Science Foundation
(Agreement No. 19-19-00401).
references
[1] I. I. Bobrinetskiy, A. V. Emelianov, Applied Physics Letters 4 (107), 043104 (2015).
[2] A. Johansson, P. Myllyperkiö, Nano letters 10 (17), 6469–6474 (2017).
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Femtosecond micromachining of bulk Si: effect of pulse duration
and chirp
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Spatial localization of laser pulse energy during process of micromachining is
achieved due to the tight focusing of laser beam. Under tight focusing conditions
laser pulse energy is localized and the deposited energy density (DED) can exceed
micromodification formation threshold [1]. Unfortunately it is extremely difficult
to achieve high DED inside semiconductors [2].

We have investigated the effect of pulse duration and focusing conditions on
the energy delivery under nonlinear propagation of tightly focused Cr:forsterite
laser radiation in bulk silicon. The numerical simulation (Unidirectional Pulse
Propagation Equation) shows that pre-focal losses of femtosecond IR pulses are
associated with two-photon absorption and plasma defocusing. Increasing the
duration of the tightly focused laser pulse by introducing a negative chirp leads to
a decrease in laser pulse intensity, which promotes mitigation of the undesirable
losses. Figure 1 (a) shows the pulse duration dependence of the maximal fluence
for tightly focused (NA=0.5) 240 nJ pulses which confirms more efficient energy
delivery to the focal volume by longer laser pulses. Nevertheless, it is still not
possible to achieve the micromodification formation threshold in bulk silicon in
this regime.

Figure 1: Dependence of maximal fluence on laser pulse duration, a) laser pulse energy 240
nJ, NA=0.5, b) laser pulse energy 650nJ, NA=0.85.

Figure 1 (b) shows the pulse duration dependence of the maximal fluence for
650 nJ pulses focusing with a numerical aperture of 0.85 in bulk silicon. It was
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determined that for the pulse duration of τ ' 500− 600 fs and a negative chirp
the maximum fluence has a local maximum of 0.13 J/cm2. This maximum is
attributed to the up-chirp compensation by the self-phase modulation and the
positive dispersion of the material what leads to pulse compression. We experi-
mentally (using 3D propagation imaging) demonstrated that with this approach
DED about 5.5 kJ/cm−3 was achieved, that overcomes the micromodification
formation threshold (3.2 kJ/cm−3).
references
[1] E. Mareev, K. Lvov, B. Rumiantsev, E. Migal, I. Novikov, S. Stremoukhov,
F. Potemkin, Laser Phys. Lett. 17, 015402 (2019).
[2] E. Zavedeev., V. Kononenko V., I. Konov., Lasr. Phys. 26, 016101 (2016).
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Structured light beams, such as optical vortex, vector beam, and non-diffractive
beam, carry various physical properties, for instance, ring-shaped spatial form,
self-healing and orbital angular momentum.

Recent works have shown that irradiation of structured light beams offer
many unique structured materials and novel fundamental light-matter interac-
tions. In particular, irradiation of a single nanosecond to femtosecond optical
vortex pulse with orbital angular momentum twists a variety of materials to
form helical structures, such as helical metal or silicon microneedles, and helical
surface reliefs, on a nano/micro scale [1-6].

This presentation reviews the state-of-art of the helical nano/microstructures
formed by the irradiation of a single picosecond optical vortex pulse. Such
light induced helical structures will open the door towards advanced materials
science and technology, for instance, chiral meta-surfaces, sensitive detection and
collection of the chiral chemical composites, and chiral chemical reaction at high
time and cost efficiencies.
references
[1] T. Omatsu, K. Chujo, K. Miyamoto, M. Okida, K. Nakamura, N. Aoki, R.
Morita, Opt. Express 18, 17967–17973 (2010).
[2] F. Takahashi, K. Miyamoto, H. Hidai, K. Yamane, R. Morita, T. Omatsu,
Sci. Rep. 6, 21738/1–10 (2016).
[3] K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, T. Omatsu, Nano Lett. 12,
3645–3649 (2012).
[4] K. Masuda, R. Shinozaki, A. Shiraishi, M. Ichijo, K. Yamane, K. Miyamoto,
T. Omatsu, J. Nanophotonics 14, 016012 (2020).
[5] T. Omatsu, K. Masuda, K. Miyamoto, K. Toyoda, N. M. Litchinitser, Y.
Arita, K. Dholakia, J. Nanophotonics 14, 010901 (2020).
[6] T. Omatsu, K. Miyamoto, K. Toyoda, R. Morita, Y. Arita, K. Dholakia,
Adv. Opt. Mater. 7, 1970052 (2020).
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Nowadays direct laser writing of waveguides has found a wide application
in photonics applications [1]. For example, a waveguide sensing demonstrates
promising results in a refractive index determination of substances deposited
on a glass surface [2]. However, the writing occurs inside toughened glasses [3]
that strongly limits their potential applications in sensor industry. Thus, the
concept of waveguide with a cladding sensitive to the environment and a core
with optical properties close to a fused silica seems relevant. In this case the
direct laser writing in a porous glass allows to implement the concept.

In this report, we fabricate waveguides inside the porous glass and research
their sensor potential. The feature here that the waveguide is buried in a
nanoporous framework that makes the shell sensitive to the external action.
While the framework easily captures molecules of water, alcohol, or organic
dyes that influence on the waveguide optical characteristics. The combination
of the waveguide and such a porous glass may become a novel sensing platform
with a wide range of applications, depending on the molecules captured.

As a result, three types of waveguides, namely, “comet-shape”, “ectangular-
sectioned” and “cylindrical-shape” are fabricated and their optical properties are
measured. In particular, the “cylindrical-shape” waveguide is used for detection
of molecules captured by the porous glass upon registration of time dependent
changes in the near-field mode distribution of the waveguide output. The col-
lected data of the influences homologated with different concentrations of a sub-
stance allowed us to build a data base, which is used by potential sensor devices
for measuring unknown concentration by matching output data with the data
base.

Funding: The study is funded by the grant of Russian Science Foundation
(project No 19-79-10208).
references
[1] R. M. Vazquez et al., “Integration of femtosecond laser written optical waveg-
uides in a lab-on-chip”, Lab on a Chip 9 (1), 91–96 (2009).
[2] J. Lapointe et al., “Toward the integration of optical sensors in smartphone
screens using femtosecond laser writing”, Optics letters 40 (23), 5654–5657 (2015).
[3] T. Tamaki et al., “Structural modification in fused silica by a femtosecond
fiber laser at 1558 nm”, Optics express 14 (15), 6971–6980 (2006).
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Formation of in-volume plasma nanogratings in fused silica due to
ionization instability of internal surface plasmon
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The periodic nanogratings formed in the volume of dielectric by fs laser pulses
are already widely used in various fields of modern optics [1,2]. Nevertheless, a
clear physical model that reveals the nature of their periodicity is still missing.
In a number of calculations it was shown that multiple plasmoids formed around
randomly placed ionization centers in fused silica show a tendency to formation
of more or less ordered structure [3-4], however, being only based on the direct
numerical integration of Maxwell’s equations this studies cannot reveal the phys-
ical nature of periodicity and still do not allow to advance further some common
references to wave interference.

To provide a sufficiently clear physical model that allows to identify the spe-
cific physical mechanism of the emergence of order from chaos in “multiplasmoid”
discharge and calculate the main characteristics of the arising ordered structure,
it seems natural to use approaches based on the concept of ionization-field in-
stability of a medium exposed to electromagnetic radiation [5,6]. In this work a
computer simulation of dynamics of an optical discharge produced in the volume
of a transparent dielectric by a focused femtosecond laser pulse was carried out
taking into account the possibility of developing small-scale ionization-field insta-
bility. The presence of ionization centers was taken into account with the model
of a nanodispersed heterogeneous medium by using Maxwell Garnett formulas.
The results of the calculations made it possible to reveal the previously unknown
physical mechanism that determines the periodicity of the arising structure. Two
main points are decisive in this mechanism: (i) the formation of a thin overcriti-
cal plasma layer at the breakdown wave front counter-propagated to the incident
laser pulse and (ii) the excitation of the “internal surface plasmon” at this front,
resulting in a rapid amplification of the corresponding spatial harmonic of ran-
dom seed perturbations in the plasma and formation of a contrast structure with
a period equal to the wavelength of the surface plasmon (∼0.7 of the wavelength
in dielectric).
references
[1] Y. Shimotsuma, P.G. Kazansky, et al. Phys. Rev. Lett. 91, 247405 (2003).
[2] B. Zhang, X. Liu, J. Qiu, Journal of Materiomics 5, 1 (2019).
[3] R. Buschlinger, S. Nolte, U. Peschel, Phys. Rev. B 89, 184306 (2014).
[4] A. Rudenko, J.-P. Colombier, T. E. Itina, Phys. Rev. B 93, 075427 (2016).
[5] V. B. Gildenburg, I. A. Pavlichenko, Phys. Plas. 23, 084502 (2016).
[6] V. B. Gildenburg, I. A. Pavlichenko, Opt. Lett. 44, 2534 (2019).
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Prediction of fast chemical order-disorder transitions induced by
laser for high-density magnetic recording

N. I. Polushkin
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Today magnetic recording is still the leading technology for mass data stor-
age with data densities beyond 1 Tbit/in2. Pushing the recording density in
the terabit regime requires new storage materials, novel recording schemes, and
media designs. We propose the design of magnetic memories upon the basis
of thermally induced chemical order-disorder transitions (CODTs) in alloys of
transition metals, which exhibit disorder-induced ferromagnetism. If the tem-
perature T is higher than the critical temperature Tc for CODT, the alloy tends
to chemically disorder and its state can remain ferromagnetic upon quenching
to room temperatures. Contrary, at T < Tc, one expects the relaxation of the
alloy to the chemically ordered state which is nonmagnetic. We report on our
simulations of CODTs and demonstrate that nanosecond laser irradiation con-
centrated within a nanoscale zone on the sample surface is able to induce the
reversible transitions in Fe-rich FexAl1−x alloys.

Figure 1: Design of magnetic memories based on chemical order-disorder transitions in inter-
metallic Fe-based alloys. Information bits are nanoscale regions with a reduced magnitude
of magnetization written with near-field optical effects. The written information can be read
out by detection of the stray field with a magnetic sensor combined with near-field transducer
[1]. In the upper left corner, the simulated distribution of magnetization in the written bit is
shown.
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Figure 1 shows a magnetic memory nanodevice which can be realized upon
that basis by using near-field optical effects, e.g., Ref. [1]. It is crucial for
this approach that the bits can be written as erasable nanoscale entities in
which the magnitude of magnetization differs from that of encompassing matrix.
Therefore, contrary to the existing magnetic memories, the information here can
be encoded in not the polarity of magnetization but in its magnitude. As a result,
the difficult problems typical for current magnetic recording technologies, e.g.,
thermal upsets of magnetization and cross-talks between adjacent bits, can be
circumvented by using the approach we propose.

Work is supported by RFBR (N 18-02-00827_a).
references
[1] W. Challener et al., Nature Photon. 3, 220 (2009).
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Currently, spin angular momentum (SAM) of light is widely used in optical
tweezers, laser material processing and spintronics [1-3]. It is well known that
the transverse component of SAM occurs when there is a phase difference π/2
between the transverse and longitudinal components of the electric field of light,
that is, its polarization state distribution of radiation must be inhomogeneous
like, for example, in the case of cylindrical vector beams (CVBs). Here, we
consider a new type of vector beam, vector Lissajous beams (VLBs), which
are of double order (p, q) and a generalization of CVBs characterized by single
order p. The ratio and parity of orders (p, q) affect the properties of different
components of the electromagnetic field: these parameters define the type of
components (whether they will be real, imaginary or complex) and the type of
local spin angular momentum density (pure transverse or more complex). This
allows one to engineer the imaginary part of the longitudinal component of the
electromagnetic field and control the local transverse SAM density that is useful
for optical tweezers and future spintronics applications.

We analytically show that SAM in the focal plane is transverse for all stan-
dard cylindrical polarizations (p=q) regardless of their orders. When p 6= q,
all SAM components (longitudinal and transverse) are non-zero. Although due
to symmetry, the total SAM in the focal plane will be zero, the local distribu-
tion of rotational forces is rather complex. Numerically, several examples show
local directions of rotation of the electric field vector: in areas where all SAM
components are present, a spiral rotation occurs (i.e., both in the longitudinal
and transverse directions). In addition, we present a technique for the design of
metalenses for the generation of the VLBs with the desired orders p and q.

The work was funded by the Russian Science Foundation (RSF) under grant
19-72-00018.
references
[1] K. Y. Bliokh, A. Y. Bekshaev, F. Nori, Nat. Commun. 5, 3300 (2014).
[2] A. Y. Bekshaev, K. Y. Bliokh, F. Nori, Phys. Rev. X 5, 011039 (2015).
[3] J. Sanchez-Barriga, E. Golias, A. Varykhalov, J. Braun, L. V. Yashina,
R. Schumann, J. Minar, H. Ebert, O. Kornilov, O. Rader, Phys. Rev. B 93,
155426 (2016).
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Figure 1: VLB with orders p = 1 and q = 2: reconstructed 3D map of the electric field vector
( different colors indicate components of the electrical part of the electromagnetic field: red
for |Ex|2, green for |Ey|2 and blue for |Ez|2) and components of SAM of the beam.
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Sub picosecond single pulse laser ablation of the high entropy alloy
CrMnFeCoNi and comparison to stainless steel AISI 304
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The laser matter interaction of alloys, like industrial relevant stainless steels,
with ultra-short pulsed (usp) lasers has been widely discussed. However, a new
approach to alloy design, High Entropy Alloys (HEAs), is currently in the focus
of many studies. HEAs show promising properties for technical applications.
One of the most investigated HEAs is CrMnFeCoNi and although up to date
a lot of research has been performed on this alloy, there is still a gap in the
literature regarding subtractive usp laser micro-machining.

In this work, novel results for single pulse usp laser ablation of CrMnFeCoNi
at a laser wavelength of 1056 nm and a pulse duration of 530 fs are presented
and compared with commercial stainless steel AISI 304. The ablation threshold
Φthr at the selected laser parameters is 0.24(1) J cm−2 for CrMnFeCoNi which
is slightly lower than for AISI 304 with 0.27(1) J cm−2. The analysis of the
crater morphology by SEM imaging and optical profilometry implies that photo-
mechanical spallation can be considered as the driving ablation mechanism for
CrMnFeCoNi and for stainless steel in the low fluence regime. The energy spe-
cific ablation volume (ESAV) was determined for both alloys and has a max-
imum at 4 − 4.5 Φthr. This result agrees well with the model of the fluence
dependent ablation depth proposed by Smirnov et al. [1], but contradicts with
the well-known linear absorption model [2]. The reflectance corrected ESAV at
this maximum is 9.5 µm3/µJ and 7.0 µm3/µJ for CrMnFeCoNi and AISI 304,
respectively. By comparing this values with the total energy needed to evap-
orate the solids, CrMnFeCoNi ablation needs approximately 25 % more energy
and AISI 304 even 50 %. So while ablation mechanism and morphology of usp
laser ablation of CrMnFeCoNi are comparable to AISI 304, CrMnFeCoNi shows
in contrast an increased ablation efficiency.
references
[1] N. Smirnov, S. Kudryashov, Laser Physics Letters 16 (5), 056002 (2019).
[2] G. Raciukaitis, M. Brikas, Journal of Laser Micro/Nanoengineering 4 (3),
186-191 (2009).
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The scalable, surfactant-free laser-based synthesis route has shown to comple-
ment the conventional catalyst preparation methods, enabling independent stud-
ies of the catalytic activity in terms of nanoparticle purity, functional properties
(size, morphology, oxidation state) and material design (multi-elemental com-
position).[1,2] Furthermore, preadjusted nanoparticle properties are maintained
due to subsequent nano integration onto support materials allowing mechanistic[3a-
c] and applicatory studies like the implementation of laser-generated catalysts in
real fuel cell systems.[3d] But gram-scale synthesis of nanoparticles with desired
size (commonly below 10 nm to gain sufficient catalytic activity) is required for
economical catalyst synthesis.[1] Yet up until now only the overall productivity is
investigated in respective studies addressing the scalability of the laser ablation
process.[4]

The presented talk intends to cover recent breakthroughs in scaling the syn-
thesis of catalytically relevant Pt and PtPd alloy nanoparticles with particle
size below 10 nm. First, the interplay between ablation rate and fragmenta-
tion efficiency during high-productivity laser ablation will be discussed allowing
optimization of the yield of particles below 10 nm while maintaining g/h-scale
production rate for the first time. While larger particles could not entirely be
avoided, a continuously operating tubular bowl centrifuge removing these un-
desired particle fractions has been implemented downstream.[5] By varying the
g-force and residence time, the cut-off was shifted to smaller diameters, conse-
quently maximizing the cumulative mass-yield of NP below 10 nm to more than
90% at flow rates used for g/h-scale synthesis of nanoparticles.[5] Finally, cat-
alytic activity of size-selected PtPd nanoparticles from gram-scale synthesis will
be evaluated in CO and NO oxidation catalysis showing that the activities were
in perfect agreement to literature reference values, even showing enhanced NO2
formation rates. These results solidify the scientific and economic relevance of
laser-generated catalysts.

The authors gratefully acknowledge funding by the German Federal Ministry
of Research (BMBF) and the KMU Innovativ program (KONTIKAT project) as
well as the industrial collective research program (IGF) supported by the Federal
Ministry for Economic Affairs and Energy (BMWi) through the AiF (German
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Federation of Industrial Research Associations eV) for funding the LASKAT
project.
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Nanostructured silicon interfaces provide a unique platform for the develop-
ment of many advanced technologies. Femtosecond laser pulses at fluences near
melting and ablation thresholds being focused onto a polished silicon surface
immersed into liquid enable the control over the surface morphology at nano-
and even subnanoscales [1, 2]. In liquids, however, the laser processing even at
sufficiently low fluences is inevitably accompanied by generation of gas bubbles
which strongly scatter the incident laser radiation preventing its interaction with
a material. We demonstrate that under certain laser parameters and appropriate
ambient environment one can benefit from such an adverse effect.

We report on a new technique of silicon surface nanostructuring in liquid
with a pair of femtosecond laser pulses. The bubble, generated by the first
pulse, serves as a dynamic microscale obstacle to scatter the second pulse off.
As a result, a diffraction pattern is projected onto the surface resulting in annu-
lar concentric structures consisting of alternating maxima (protruding rims) and
minima (microdimples), referred to as a circular ripple pattern [3]. Controlling
the incident laser pulses’ energy at constant time delay allows repeatable pro-
ducing of a wide range of circular ripple patterns notable for their high surface-
relief modulation of radial symmetry, undersurface nanocavities and interfacial
smoothness. The oil with a dynamic viscosity of two orders of magnitude higher
than that of distilled water is used in the experiment to control the bubble
lifetime as liquid viscosity significantly effects the cavitation dynamics, in par-
ticular, at long timescales in the collapse phase [4]. Wavelength doubling of
incident radiation (1028 nm) results in similar circular patterns but with half as
much lower modulation frequency.
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The nonlinear absorption of intense (up to 1014 W/cm2 ) laser pulses is a
powerful tool for the bulk modification of transparent media [1] and attracts the
attention of scientific community as a subject of fundamental research [2,3]. The
most important application of nonlinear absorption phenomenon is a plasma-
mediated laser micromachining of inorganic materials [4] and ophthalmological
surgeries [5]. In order to realize the precise control of the bulk modification
process under laser micromachining in condensed matter it is principal to use a
feedback, that gives information about the modification process with high spatial
and temporal resolution. One of the possible types of this feedback is the spatial
distribution of the deposited energy density (DED), that is the amount of energy
absorbed per a unit volume of medium.

In order to provide the feedback with high spatial resolution, we propose a
novel optoacoustic method aimed to retrieve the 3D distributions of plasma elec-
tron density and DED under plasma- mediated bulk modification. The method
is based on photoacoustic imaging method [6] and shadowgraphy technique [7].

The experimental proof of the concept was done on the basis of optical break-
down in distilled water, that was induced by Cr:Forsterite femtosecond laser sys-
tem pulses (central wavelength is 1240 nm, pulse duration is 170 fs (FWHM),
repetition rate is 10 Hz, energy up to 2.5 mJ). The Cr:Forsterite radiation with
energy E = 325 µJ was focused by lens with NA = 0.5 into the water in order
to induce the optical breakdown.

The algorithm of 3D distributions retrieval is divided onto three stages. The
first one is a retrieval of 3D distribution of absorbed energy fraction integrated
along the probe beam path A(x, y, z) on the basis of acoustic tomogram and
shadowgraphy photo. The second one is a retrieval of 3D distribution of the
plasma electron density ne(x, y, z) by recalculation of A(x, y, z) on the basis of
a model of laser pulse propagation in inhomogeneous plasma. The third stage
is a retrieval of DED distribution ε(x, y, z) by recalculation of ne(x, y, z) on the
basis of the experimental calibration of total laser pulse energy absorbed in the
region of optical breakdown relatively to the total amount of generated plasma
electrons. The obtained 3D distribution of the DED ε(x, y, z) is shown on Fig.1.

174



Oral

Figure 1: The obtained 3D distribution of the deposited energy density at the region of optical
breakdown in water (105◦, 155◦, 205◦, 255◦ are the azimuthal angles of view).

The advantage of the proposed method in comparison with another techniques
(such as shadowgraphy itself [8], interferometric measurements [9] and spectral
multiplexing [10]) is in the 3D resolution of the inner structure of the optical
breakdown plasma. The proposed optoacoustic method can be applied both in
the area of technological applications, such as micromachining of transparent
materials, and in the field of fundamental science of laser-matter interaction.
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and Higher Education of the Russian Federation [K2-2019-004]. B.V. Rumiant-
sev is the scholar of the Foundation for the Advancement of Theoretical Physics
and Mathematics “BASIS”.
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Direct femtosecond recording in dielectrics allows you to create local con-
stant modifications that can be used in various fields, for example, to create
optical waveguides, splitters, resonators in the volume of active media, micro-
and nanofluidics devices. By changing the radiation parameters, one can obtain
various types of modifications or defects [1,2]. The following types of structures
recorded by femtosecond pulses are distinguished: regions with a refractive index
different from the initial material, birefringent structures, cavities, etc. Sepa-
rately, it is worth noting an actively developing field, such as laser recording and
long-term storage of information [3].

During the interaction of ultrashort laser pulses with a material volume and
surface, periodic nanolattices can form [4]. These structures are parallel stripe-
shaped regions, the direction of which depends on the polarization of the laser
beam. The period of self-organizing nanogrids depends on the energy in the pulse
and the number of pulses per point, the frequency of the bands varies within
hundreds of nanometers, which is less than the wavelength of the recording laser
[5]. The properties of these structures can be used for the manufacture of half-
wave and quarter-wave plates, polarization converters, polarization-dependent
devices, as well as moderators.

In the course of this work, using ultrashort laser pulses (wavelengths of 515
nm and 1030 nm) at various polarizations in the volume and on the surface
of transparent materials, microstructures were recorded in the form of arrays of
parallel microlines (with linear polarization) or perpendicular-parallel microlines
(with circular polarization). Linear structures recorded in the volume of fluorite
have birefringence.

In this work, we study the possibility of creating structures that can have dif-
ferent optical effects in direct femtosecond laser recording of arrays of microlines
taking into account possible manifestations, self-organized nanogrids, and resid-
ual microscale voltages. A distinctive feature of this study is the preparation of
structures in materials which are characterized by the presence of a significant
amount of optical inhomogeneities and chemical impurities.

This work was supported by RFBR grant No. 19-52-54003.
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The ability to control wettability of metal surfaces is of great interest nowa-
days and have various applications such as anti-corrosion treatment, oil-water
separation, friction reduction [1]. One of the relevant applications is directional
fluid flow, which can be used in microfluidics [2], biomolecular interactions [3],
for creating chemical sensors [4]. The directional fluid flow can be achieved
by creating wettability gradient with contact angle going from hydrophilic to
superhydrophilic [5]. A one-stage method of laser formation of structures for a
directional fluid flow on an AISI 304 stainless steel surface proposed. Structuring
was performed using a nanosecond fiber laser with a wavelength of 1.06 µm.

To create a wettability gradient, laser exposure parameters were obtained
with a change in fluence with small increments from 2 J/cm2 to 18 J/cm2, which
formed a roughness gradient with rms value, changing from 0,15 to 42. Addi-
tional post-processing of the material was not carried out; wetting experiments
were executed immediately after laser structuring. Thus, a wettability gradient
was created with contact angles from 65 to 0 degrees, which allow the directional
movement of a droplet with volume from 1 to 5 µl over a 15 mm distance at
an average speed of 20 mm/s. The creation of patterns with complex shapes,
such as branching, merging, turning, and bending around an obstacle, was also
demonstrated.
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New functional nanocomposites have found numerous applications in such ar-
eas as optics, photonics, photovoltaics, catalysis and plasmoincs. Generally, laser
irradiation forms a buried modified region in a nanoporous glass composite, more
specifically a multilayer spherical plasmonic structure with the concentration of
nanoparticle distributed across the cross-section [1]. Moreover, the growth [2],
fragmentation [3], reduction or oxidation of nanoparticles occur in the irradi-
ated zone, thus defining the structure’s optical properties that are commonly
measured after laser processing by contact examination. The ability to predict
the optical properties of composites during their laser processing is crucial in
the development of new functional materials. Commonly, such task requires
the determination of stable phenomenological relationships between experimen-
tal and simulated results. In this work, we propose an combination of effective
medium theory [4] for simulate of optical properties with diffusion-controlled
model for simulate of nanoparticles growth [5] by laser annealing. Effective
medium theory with Bruggeman approximation will be used for dielectric func-
tion determination in the case of composite with nanoparticles (silver/gold).
The diffusion-controlled model will be used for correction of nanoparticles size
and its concentration in the irradiated region. Will be presented the procedure
to control the plasmonic structures formation inside a transparent composite
with doped with silver/gold ions induced by laser irradiation. The theoretical
and experimental investigation are demonstrated here to prove the procedure
working ability.
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Pathogens are a common cause of many diseases. Nowadays, the treatment of
various types of bacteria is complicated by the development of resistance of these
organisms to the use of antibiotics [1]. One of the promising directions in solving
this problem is the use of magnetic nanoparticles obtained by laser ablation in a
liquid. The magnetic properties of these particles can be used for their targeted
delivery within the human body to problem areas using powerful magnets. In
this study, we studied the process of obtaining magnetic nanoparticles, checking
the possibility of their movement in viscous media (with a viscosity coefficient
close to blood) and checking their antibacterial properties.

This work was supported by Russian Science Foundation (grant 18-15-00220).
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The ability to control wettability of metal surfaces is of great interest nowa-
days and have various applications such as anti-corrosion treatment, oil-water
separation, friction reduction [1]. One of the relevant applications is directional
fluid flow, which can be used in microfluidics [2], biomolecular interactions [3],
for creating chemical sensors [4]. The directional fluid flow can be achieved
by creating wettability gradient with contact angle going from hydrophilic to
superhydrophilic [5]. A one-stage method of laser formation of structures for a
directional fluid flow on an AISI 304 stainless steel surface proposed. Structuring
was performed using a nanosecond fiber laser with a wavelength of 1.06 µm.

To create a wettability gradient, laser exposure parameters were obtained
with a change in fluence with small increments from 2 J/cm2 to 18 J/cm2, which
formed a roughness gradient with rms value, changing from 0,15 to 42. Addi-
tional post-processing of the material was not carried out; wetting experiments
were executed immediately after laser structuring. Thus, a wettability gradient
was created with contact angles from 65 to 0 degrees, which allow the directional
movement of a droplet with volume from 1 to 5 µl over a 15 mm distance at
an average speed of 20 mm/s. The creation of patterns with complex shapes,
such as branching, merging, turning, and bending around an obstacle, was also
demonstrated.

The reported study was financially supported by the Ministry of Science and
Higher Education of the Russian Federation Research Agreement No. 075-11-
2019-066 of 22.11.2019 (within the framework of decree of the Government of
the Russian Federation No. 218 of 09/04/2010).
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Femtosecond laser irradiation is a promising technique for modification of
amorphous hydrogenated silicon (a-Si:H) films, as it increases conductivity and
optical absorption of such films due to crystallization and surface texturing
[1]. Also, micron-scale laser-induced periodic surface structures (LIPSS) can
be formed in the a-Si:H films owing to excitation of surface plasmon-polaritons
under effect of high-power femtosecond laser pulses [2]. Such way structured
a-Si:H films demonstrate birefringence, dichroism [3], and electrical anisotropy
[2] which can be used in design of polarization-sensitive optoelectronic and pho-
tovoltaic devices. However, these practical applications demand understanding
the nature of the anisotropy arising in a-Si:H as a result of LIPSS formation.

In our work a-Si:H films with 600 nm thickness were irradiated by femtosec-
ond laser pulses (λ = 1250 nm, τ = 125 fs, f = 10 Hz, F = 0.5 J/cm2) in raster
mode. The scan speed V varied from 2 to 50 µm/s during laser processing. Af-
ter irradiation scanning electron microscopy revealed formation of LIPSS with
periods close to the laser wavelength. At V = 50 µm/s one-dimensional gratings
with 0.88 ± 0.03 µm period orthogonal to the laser polarization were formed.
When V = 2 µm/s, the second LIPSS type formation was observed. The ob-
tained ripples are directed along the laser radiation polarization and have the
period of 1.12± 0.022 µm. Raman spectra indicate formation of crystalline sil-
icon (c-Si) phase with the volume fraction from 17 to 30% inside the irradiated
films.

Electrical measurements showed increasing specific dark conductivity of mod-
ified films by 3 to 4 orders of magnitude, up to 3.8± 0.2 · 10−5, (Ω · cm)−1, due
to formation of silicon nanocrystals by femtosecond laser pulses. Also, dark
conductivity and photoconductivity of the modified a-Si:H films demonstrate
anisotropy in the surface plane, when their values are higher along the LIPSS
or the scan direction during laser irradiation. The ratios of these conductivi-
ties in mutually orthogonal directions differ up to 2.5 times. Observed electri-
cal anisotropy is caused both by the LIPSS depolarizing effect in the effective
medium theory framework and uneven c-Si phase distribution within the LIPSS
and scan traces after laser irradiation. Additional analysis of photoconductivity
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spectral dependences and absorption coefficient spectra revealed anisotropy of
the charge carrier lifetime along and orthogonal to the LIPSS. This difference of
the charge carrier lifetimes explains the observed dark conductivity anisotropy.

The work was supported by a Joint Grant of the Moscow Government and
the Russian Foundation for Basic Research (project 19-32-70026).
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Laser-induced backside wet etching (LIBWE) is an effective method for trans-
parent materials processing. Compared to other conventional methods, it is
characterized by a low threshold, low etching rate, and a high-quality surface
with very low surface roughness. The etching process relies on the strong ab-
sorption of laser pulses energy by the buffer liquid. It allows the formation of
submicron and nanoscale structures on the processed sample surface and effi-
cient nanoparticle manufacturing. As a rule, nanosecond UV-NIR lasers are
used in combination with strongly absorbing media: organic dyes, liquid metal,
or nanoparticles formed from a solution upon laser pulses absorption [1]. The
unique properties of water allow using it as an effective buffer medium in the
etching process. At a wavelength of about 3 µm, there is a strong fundamental
absorption line (1.3× 104 cm−1), resulting in several micron absorption depths.
It makes 3-µm laser sources attractive for many applications where a high energy
input into the liquid is required [2].

Up to now, the etching process at a high energy deposition is not totally
understood. It includes a combination of complex physicochemical processes in
water, including nonlinear bleaching, sharp increase in temperature and pressure,
and corresponding supercritical water state formation. Extreme energy input is
also accompanied by strong mechanical effects, including cavitation and shock
wave generation, which are believed to play an essential role in the etching
process. As a result of the processed sample mass removal, nanoparticles are
formed in the solution, which can also affect the etching rate and mechanism.

We report the study of the surface structuring of crystalline dielectrics (CaF2,
Sapphire) during LIBWE in water under the excitation of powerful 3-µm laser
pulses. The difference in etching mechanisms under nanosecond and femtosecond
effects is considered. The composition of the buffer fluid for the presence of
nanoparticles from the processed material is also studied. Methods for increasing
the etching rate by using a liquid accelerating the rate of a chemical reaction
are considered.
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The formation of two-phase laser-induced periodic surface structures (LIPSS)
on the surface of the initially amorphous Ge2Sb2Te5 (GST225) thin films under
the illumination by 180-fs laser pulses with the wavelength of 1030 nm has been
studied in detail. The observed LIPSS were perpendicular to the light field
polarization and their period was close to the wavelength. We have determined
their parameters by several methods (optical microscopy, SEM, TEM, AFM)
which correlate with each other.

Figure 1: The results of the microscopy studies for the GST225 film after the exposure to laser
pulses (duration 180 fs, repetition rate 200 kHz, average energy fluence 3.6 mJ/cm−2, pulse
number N = 5 · 103). (a) The SEM image and (b) the overlay of images (optical microscopy
OM, AFM in topography mode, and conductive AFM) were obtained from the same spot..

It was found that the valleys consist of the crystalline phase, while the ridges
remain amorphous. The LIPSS appearance can be explained by the formation
of surface plasmon-polariton and its subsequent interference with the incident
beam resulting in spatial modulation of the temperature on the film surface.

The height difference between the valley and the ridge is about 2-3 nm, ac-
cording to the AFM data (Figure 1b, central panel). This value is significantly
less than the height of the ripples observed in the similar film after the femtosec-
ond laser irradiation with the wavelength of 515 nm, where the 20-nm height
ripples were observed [1]. The significantly less pronounced surface relief for
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crystalline-amorphous alternating structures induced by the wavelength of 1030
nm can be explained by the larger penetration depth of femtosecond pulses into
the bulk of the GST film.

The research was supported by RFBR grants 18-33-20237 and 20-03-00379.
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M. Smayev, A. Sherchenkov, Yu. Sybina, A. Polohin, V. Sigaev, Opt. & Las.
Technol. 113, 87 (2019).
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Single-shot pulse ablation of silicon by ultrashort laser pulses of
variable duration in air and water

N. A. Smirnov, S. I. Kudryashov and A. A. Ionin

P. N. Lebedev Physical Institute, Moscow, Russia
e-mail: cna1992@mail.ru

Silicon due to unique properties is widespread material and has applications
in different fields, such as micro-optoelectronics, electronics, solar energy. Be-
sides recently silicon become very widespread as a photon material and silicon
nanoparticles are successfully used in theranostics [1, 2]. Since many of these
systems operate at high optical intensities, an accurate understanding of the
nonlinear characteristics of silicon is important for understanding and optimiz-
ing their performance. The paper presents the results of irradiating a silicon
surface with femtosecond radiation with a wavelength of 1030 nm and laser
pulse durations of variable duration in the range from 0.3–10 ps. A crystalline
silicon plate 380 µm thick was used as a target. The target surface was irra-
diated in a single-pulse mode through a lens with a numerical aperture NA =
0.25. The treated surface of the sample was studied using methods of optical,
scanning electron and scanning probe microscopy. The results were obtained
on the efficiency of silicon ablation from the duration of radiation in air and in
distilled water. The two-photon absorption coefficient for silicon was calculated.

The reported study was supported by RFBR, project Nos. 18-29-20022, 20-
32-70015.
references
[1] A. D. Bristow, N. Rotenberg, H. M. Van Driel, Applied Physics Letters,
90 (19), 191104 (2007).
[2] I. N. Saraeva, S. I. Kudryashov, A. A. Rudenko, M. I., Zhilnikova, D. S. Ivanov,
D. S. Zayarny, M. E. Garcia, Applied Surface Science, 470, 1018–1034 (2019).
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The perspectives of application of silicon nanoparticles formed by
picoseconds laser ablation of porous silicon in liquids for localized

and effective heating of a biological tissue

O. I. Sokolovskaya and A. V. Skobelkina

Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia
e-mail: oi.sokolovskaja@physics.msu.ru

Silicon is material of high biocompatibility, bioavailability, biodegradability
and low toxicity [1]. For biomedical applications it would be better to employ
silicon nanoparticles (SiNP) of spherical shape, with their size being less than
150 nm.

Photothermotherapy (PTT) techniques are based on using inorganic nano-
materials as a thermal coupling agents for a biological sample. Nanoparticles
injected in a tissue play the role of additional elastic scattering and absorption
centers. As a result stable and localized heating more than 40oC can be achieved
[2].

We developed a two-stage technique to obtain suspensions of SiNP in con-
centrations that are desirable for hyperthermia method. The first stage is the
electrochemical etching of crystalline silicon wafers in order to obtain a layer
of porous silicon (PS). The second stage is picosecond laser ablation of PS in
ethanol or liquid nitrogen and SiNP formation as the result. Lower ablation
threshold in PS results in higher yield of SiNP than ablation of crystalline sili-
con.

Atomic-force microscopy of obtained samples demonstrated formation of the
SiNP with the size ranges of 5-100 nm and 7-60 nm for ablation in ethanol and
liquid nitrogen , respectively. Relatively small sizes of the produced nanopar-
ticles indicate low efficiency of agglomeration of the ablation products into
nanoparticles in the used buffer environments. Scanning electron microscopy
inspection indicated that all types of fabricated Si-NPs have a smooth surface,
without noticeable surface roughness, and a shape close to spherical.

We used Monte Carlo simulation method to obtain initial thermal distribution
as a result of light absorption from continuous laser source. Then we solved
time-dependent heat equation through MATLAB Partial Differential Equation
Toolbox. The simulation of heat maps was performed for a sample tissue with
suspensions of SiNP taking into account the particles size distribution obtained
previously in experiment .

This work was supported by Russian Science Foundation (grant 19-12-00192).
references
[1] M. Yu. Kirillin, E. A. Sergeeva et al., Laser Physics 251, 075604 (2015).
[2] C. Hong, J. Lee et al., Nanoscale research letters 6, 321 (2011).
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You shall not pass: titanium nanospikes-based flow-through filter
for liquid sterilization

I. V. Sozaev1, I. N. Saraeva1, E. R. Tolordava1,3, A. A. Nastulyavichus1,
S. I. Kudryashov1,2, A. A. Rudenko1, D. A. Zayarny1, A. A. Ionin1

and Yu. M. Romanova3

1 P. N. Lebedev Physics Institute of Russian Academy of Sciences, Moscow, Russia;
2 National Research Nuclear University MEPhI, Moscow, Russia;
3 N. F. Gamaleya Federal Research Centre of Epidemiology and Microbiology, Moscow, Russia;
4 ITMO University, Saint-Petersburg, Russia
e-mail: islam.sozaev@mail.ru

The cause of the majority of diseases, is the activity of pathogenic microor-
ganisms. The use of antibiotics has led to the mutation of bacterial strains and
their acquired resistivity. Such “lion in the way” of human well-being is nowa-
days bypassed with the use of micro- and nanostructures with a wide specter of
functionality. One of the most eligible methods of such structure manufacturing
is laser ablation in liquid, which allows fabrication of nano- and microstruc-
tures [1]. In this work, several Ti nanosctructures, fabricated with the use of
ytterbium-doped fiber laser Satsuma, were tested as potential elements for liquid
sterilization filter. We implemented the morphology (fig. 1a) and tested their
antibacterial properties with standard live-dead viability kit, (fig. 1b). Nanos-
tructured Ti was used afterwards for the construction of flow-through filter, with
functional surfaces (fig. 1c, d). Such filter allowed reducing the bacterial popu-
lation from 106 to 104, presumably due to the chemical toxicity of nanoparticles
and mechanical damage caused by a sharp nanoscale relief on Ti.

Figure 1: (a) SEM image of nanostructured Ti surface; (b) fluorescent photograph of the
bacterial strains; (c) the upper view of flow-through filter and (d) its 3D model.

This work was supported by the Russian Science Foundation (project no.
19-52-54003).
references
[1] S. I. Kudryashov, L. V. Nguyen, D. A. Kirilenko et al., ACS Applied Nano
Materials 1 (6), 2461–2468 (2018).
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Influence of pulse separation on the ablation mechanism of silicon:
Spallation and phase explosion vs. melt ejection

M. Spellauge, J. Winter and H. P. Huber
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Ultrafast laser material processing with MHz to GHz bursts is a common
technique to effectively leverage the high pulse energies provided by state of the
art laser systems. Burst processing promises to increase the ablation volume
compared to processing with single pulses, while at the same time it seems to
decrease the residual heat remaining in the sample in the so called “ablation-
cooling” regime [1]. However, this technique has the drawback of losing precision
and ablation quality due to significant melt burr formation at the ablation edges
[2].

In this study we focus on the melt dynamics of electronic grade <100> sili-
con after irradiation with ultrafast near-infrared pulses with varying inter-pulse
spacing. First the melt dynamics, recorded after subjecting the sample to sin-
gle pulses with varying fluence are determined using a pump-probe microscopy
setup. Based on the measurement of the transient sample reflectivity, the re-
solidification times were measured to be 8 ns and 75 ns for fluences of 0.47 J/cm2

and 4.73 J/cm2, respectively. In a second experiment the sample was irradiated
with multiple pulses of the same energy, exhibiting inter-pulse spacing of 10 µs
and 12 ns.

We observe two different regimes of burst laser material processing. At flu-
ences below 1.3 J/cm2, subsequent pulses irradiate a solid surface. Here spal-
lation and phase explosion are the driving ablation mechanisms. Within this
regime, the ablation volume is comparable to single-pulse processing with an
inter-pulse spacing of 10 µs and no melt ejection is observed. Above fluences of
1.3 J/cm2 subsequent pulses irradiate a liquid surface. Here the ablation vol-
ume increases up to a factor of four compared to single-pulse processing with an
inter-pulse spacing of 10 µs. Furthermore a large amount of molten material is
ejected up to 20 µm across the ablation crater edges.

Based on this observation, the ablation volume increase in the burst mode can
be attributed to ablation in the liquid phase. This is well known from nanosec-
ond pulse ablation, which exhibits high ablation volumes with the drawback of
reduces quality due to melt ejection.
references
[1] C. Kerse, H. Kalaycioglu, Nature 537 (7618), 84–88 (2016).
[2] M. Domke, V. Martylitsky, Applied Surface Science 505, (2019).
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Volume gratings fabrication using ultrashort laser pulses with
different intensity distributions

N. G. Stsepuro, P. A. Nosov, M. S. Kovalev and G. K. Krasin

Bauman Moscow State Technical University, Moscow, Russia
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A change in the refractive index in a silicate material can be achieved by
focusing ultrashort laser pulses both on the surface and in volume of the material
[1]. This technology allows producing of nano- and microstructures, such as
waveguides [2,3], couplers [4] and gratings [5-6]. To a greater extent, such a
structure is obtained using the direct laser recording method. Focused ultrashort
pulses form a desired pattern in two or three coordinates on the surface or
inside the material. The direct recording method can be implemented in two
ways: parallel recording [2,3] and side recording [6,7]. In parallel recording, the
sample is scanned parallel to the beam propagation axis, and the shape of the
focused beam is highly symmetrical. In lateral recording, the sample is scanned
perpendicular to the axis of beam propagation, but the shape of the scanning
beam is usually asymmetric, for example, cylindrical.

The volume high-frequency grating is an important element in photonics due
to the high diffraction efficiency, high selectivity for wavelength and large diffrac-
tion angles. Usually a micro objective is used as a focusing element. We suggest
using an axicon as the focusing element. Then the quasiparallel laser beam after
the axicon will have an intensity distribution described by the Bessel function
of the first kind of the 0th order, i.e. a Bessel beam of the 0th order is formed.
As a result, under the influence of ultrashort laser pulses, there will be a change
in the refractive index of the silicate material along the entire length of the 0th
order Bessel beam, which in turn will immediately allow the formation of nano-
and microstructures of the required thickness.
references
[1] A. A. Ionin, S. I. Kudryashov, A. A. Samokhin, Phys. Usp. 60, 149 (2017).
[2] K. M. Davis, K. Miura, N. Sugimoto, K. Hirao, Opt. Lett. 21, 1729 (1996).
[3] K. Miura, J. Qiu, H. Inouye, T. Mitsuyu, K. Hirao, Appl. Phys. Lett. 71,
3329 (1997).
[4] K. Minoshima, A. M. Kowalevicz, I. Hartl, E. P. Ippen, J. G. Fujimoto, Opt.
Lett. 26, 1516 (2001).
[5] K. Yamada, W. Watanabe, J. Nishii, K. Itoh, J. Appl. Phys. 93, 1889 (2003).
[6] Y. Li, W. Watanabe, K. Yamada, T. Shinagawa, K. Itoh, J. Nishii, Y. Jiang,
Appl. Phys. Lett. 80, 1508 (2002).
[7] K. Kawamura, M. Hirano, T. Kamiya, H. Hosono, Appl. Phys. Lett. 81,
1137 (2002).
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Laser-induced periodic surface structures formation on various
materials
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Department of Physics and OPTIMAS Research Center, Technische Universität Kaiserslautern,
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The use of ultrashort laser pulses for surface nanostructuring is of great im-
portance in technological and medical applications [1]. Thus, the understanding
of the basic governing mechanisms of energy deposition to the irradiated mate-
rial is very important. On a rough material surface, at grating structures or at
a step edge, ultrashort laser pulses can excite surface plasmon polaritons (SPP),
i.e. surface plasmons coupled to a laser electromagnetic wave [2,3]. One of the
possible scenarios for the description of laser-induced periodic surface structures
(LIPSS) is based on the SPP excitation and their interference with the incident
beam.

The spatial and temporal evolution of the periodically modulated absorbed
laser energy is studied after irradiation of various metals in the framework of
the two-temperature model (TTM) [4]. We present a new analytical source
term in the TTM, which takes into account the excited plasmon subsystem and
therefore spatial periodicity [5]. The developed method can be used to study
the mechanisms of laser energy absorption under controlled conditions and for
investigation of the properties of the excited SPP.
references
[1] J. Bonse, S. Höhm, S. V. Kirner, A. Rosenfeld, J. Krüger, IEEE J. Sel. Top.
Quantum Electron. 23 (3), 9000615 (2017).
[2] S.A. Maier, Plasmonics, Fundamentals and Applications, Springer, (2007).
[3] H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Grat-
ings, Springer-Verlag, (1988).
[4] S. I. Anisimov, B. L. Kapeliovich, T. L. Perel’man, Sov. Phys.-JETP 39, 375
(1974).
[5] P. N. Terekhin, O. Benhayoun, S. T. Weber, D. S. Ivanov, M. E. Garcia, B.
Rethfeld, Appl. Surf. Sci. 512, 144420 (2020).
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Synthesis of metal phyllosilicates and silicides via reactive laser
ablation in liquid

K. M. Tibbetts, M. G. John and E. Broadhead

Department of Chemistry, Virginia Commonwealth University, Richmond, US
e-mail: kmtibbetts@vcu.edu

Reactive laser ablation in liquid (RLAL) combines “top-down” and “bottom-
up” approaches to laser nanofabrication in liquid media through ablation of a
solid target in metal salt solution. In this work, a high-power ultrashort pulsed
laser is focused onto the surface of a silicon wafer immersed in aqueous solutions
of one or more metal salts such as KAuCl4, Cu(NO3)2, or Ni(NO3)2 [1-3]. This
synthesis both produces ablated nanomaterials in solution and writes nanostruc-
tures onto the silicon surface. The specific composition and structures of both
products are highly dependent on the solution pH. Under alkaline conditions,
the solution products are comprised of metal phyllosilicates, a class of minerals
built of alternating tetrahedral and octahedral coordination layers containing
Si4+ and divalent metal cations such as Cu2+ and Ni2+, respectively. We have
found that phyllosilicate formation relies on the generation of deprotonated silicic
acid (SiO(OH)3 – ) species from silicon atoms ablated off of the wafer, which react
with the metal cations to self-assemble into phyllosilicates [2]. When Cu(NO3)2
is present, sub-2 nm Cu2O nanoclusters supported on the copper phyllosilicate
matrix are also formed (Figure 1) [1].

Figure 1: Scheme of RLAL of a silicon wafer in metal salt solution and representative
products produced in solution and on the surface.

Under neutral pH conditions, high quantities of metal are deposited into the
remaining silicon surface, producing laser-induced periodic surface structures
(LIPSS) doped with Au or Cu silicides (Figure 1) [3]. Whereas the low wetta-
bility of copper on silicon results in large ∼400 nm Cu silicide particles on the
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surface, the high wettability of Au produces small nanoparticles on the surface
and a mixture of metallic Au and Au-silicide phasess to a depth of up to ∼150
nm [3]. Further characterization of both solution and solid RLAL products will
be discussed.
references
[1] M. G. John, K. M. Tibbetts, Appl. Surf. Sci. 510, 145037 (2020).
[2] M. G. John, K. M. Tibbetts, J. Phys. Chem. C submitted (2020).
[3] E. Broadhead, K. M. Tibbetts, Langmuir submitted (2020).
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Effect of laser treatment with short and ultrashort pulses on the
structure of near-surface layers of titanium alloys

A. Yu. Tokmacheva-Kolobova1,2, G. V. Odintsova3, S. I. Kudryashov4
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3 ITMO University, Saint-Petersburg, Russia;
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e-mail: kolobov@icp.ac.ru

The report presents the results of original studies of the structural-phase state
of the surface and near-surface layers of titanium and its alloys after irradiation
with short (nanosecond) and ultrashort (femtosecond) laser pulses.

Features of realization of the effect of nanostructuring of thin (about 1 µm)
surface layer on the example of titanium alloy of system Ti-Al-V (VT6) and
commercially pure titanium brand VT1-0 in the initial submicrocrystalline and
coarse-grained structural states in the result of laser processing are discussed.
The change in the phase composition of technically pure titanium associated
with the formation of a high-pressure phase is analyzed.

The possible mechanisms of the observed nanostructuring effect associated
with the possibility of phase recrystallization and dynamic recrystallization un-
der the studied conditions are considered.

The study in the main part related to the study of the structure of commer-
cially pure titanium, performed with support from grant RFBR N 19-58-26005
and additional parts related to the study of phase composition, thematic maps
of fundamental research IPCP No. 0089-2019-0017.
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Ionisation processes and laser induced periodic surface structures in
dielectrics with mid-infrared femtosecond laser pulses
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Irradiation of solids with ultrashort pulses and laser processing in the mid-
Infrared (mid-IR) spectral region is a yet predominantly unexplored field with
a large potential for a wide range of applications. In this work, laser driven
physical phenomena associated with processes following irradiation of fused sil-
ica (SiO2) with ultrashort laser pulses in the mid-IR region are investigated in
detail. A multiscale modelling approach is performed that correlates conditions
for formation of perpendicular or parallel to the laser polarisation low spatial
frequency periodic surface structures for low and high intensity mid-IR pulses
(not previously explored in dielectrics at those wavelengths), respectively.

Ionisation processes and laser induced periodic surface structures in dielectrics with mid-
infrared femtosecond laser pulses 
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Irradiation of solids with ultrashort pulses and laser processing in the mid-Infrared (mid-IR) spectral region is a yet predominantly 
unexplored field with a large potential for a wide range of applications. In this work, laser driven physical phenomena associated 
with processes following irradiation of fused silica (SiO2) with ultrashort laser pulses in the mid-IR region are investigated in 
detail. A multiscale modelling approach is performed that correlates conditions for formation of perpendicular or parallel to the 
laser polarisation low spatial frequency periodic surface structures for low and high intensity mid-IR pulses (not previously 
explored in dielectrics at those wavelengths), respectively. Results demonstrate a remarkable domination of tunneling effects in 
the photoionisation rate and a strong influence of impact ionisation for long laser wavelengths. The methodology presented in this 
work is aimed to shed light on the fundamental mechanisms in a previously unexplored spectral area and allow a systematic novel 
surface engineering with strong mid-IR fields for advanced industrial laser applications.  

  

  

Figure: (a) Photoionisation rates at various wavelengths and laser (peak) intensities assuming excitation of electrons from the valence 
band, (b) Percentage change of maximum value of electron density if Kerr effect is considered ( ∆𝑁𝑒 = (𝑁𝑒 − 𝑁𝑒

(𝐾𝑒𝑟𝑟)
)), Top view 

of Parallel (c) and Perpendicular (d) to laser polarisation LSFL for laser (peak) intensities I=1.06×1013 W/cm2 and I=1.4×1013 
W/cm2, respectively for NP=3 and NP=10, respectively. 
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Figure 1: (a) Photoionisation rates at various wavelengths and laser (peak) intensities assum-
ing excitation of electrons from the valence band, (b) Percentage change of maximum value
of electron density if Kerr effect is considered (∆Ne = (Ne − N (Kerr)

e )), Top view of Parallel
(c) and Perpendicular (d) to laser polarisation LSFL for laser (peak) intensities I=1.06 ×1013

W/cm2 and I=1.4×1013 W/cm2, respectively for NP=3 and NP=10, respectively.

Results demonstrate a remarkable domination of tunneling effects in the pho-
toionisation rate and a strong influence of impact ionisation for long laser wave-
lengths. The methodology presented in this work is aimed to shed light on
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the fundamental mechanisms in a previously unexplored spectral area and allow
a systematic novel surface engineering with strong mid-IR fields for advanced
industrial laser applications.
references
[1] G. D. Tsibidis, E. Stratakis , “Ionisation processes and laser induced peri-
odic surface structures in dielectrics with mid-infrared femtosecond laser pulses”
(under review).
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Laser-printed platform for ultrasensitive SERS-based identification
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We demonstrated a technology of fabrication and application of laser-printed
platform for ultrasensitive SERS-based identification of various analytes dis-
solved in water droplets at trace concentrations. The device combines an analyte
enrichment system comprised of properly arranged superhydrophobic micropil-
lars that guide the water droplet with dissolved analyte molecules during its
evaporation so that eventually the concentrated analyte gets deposited onto a
hydrophilic central site with SERS-active nanostructures. The optimal parame-
ters of the superhydrophobic area and special external electrostatic field distri-
bution providing the most efficient transport of the analyte molecules from the
solvent to the central site are found. The optimal design of the central SERS-
active site and its laser fabrication technology are developed. The proposed
platform showed remarkable performance, permitting to identify characteristic
fingerprints of various model analytes including organic dye molecules and widely
used medical drugs at concentration down to 10−12 M in a reliable manner.

The reported study was supported by RFBR, project No. 20-02-00556.
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Influence of pulse separation on femtosecond laser ablation
efficiency of Aluminium
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1Department of Applied Sciences and Mechatronics, Munich University of Applied Sciences,
Munich, Germany;
2Institute of Photonic Technologies, Friedrich-Alexander University Erlangen-Nuremberg, Erlangen,
Germany
e-mail: jan.winter@hm.edu

In recent years, several works have been investigating the temporal pulse
spacing with the aim of maximizing removal rate by applying double pulses
or pulse bursts. In the theoretical explanations, it was pointed out that the
double pulse acts as a single pulse for double pulse spacing remaining below the
electron-phonon relaxation time. When double pulse time spacing is exceeding
the electron-phonon relaxation time, the second pulse suppresses the rarefaction
wave induced by the first pulse resulting in a decreased ablation depth [1]. For
a separation time in a nanosecond time domain it was argued that only the first
pulse contributes to the formation of the ablation crater, while the second pulse
is partly absorbed by the ejected ablation plume resulting in a re-deposition of
ablation plume [2].

Here we study the energy specific ablation volume and ablation depth of
double pulses in dependency of increasing pulse separation on aluminium bulk
material. We focus especially on a pulse spacing range from tens of picoseconds
up to one nanosecond to close an existing gap in the state of the art. Ultra-
fast pump-probe ellipsometry and microscopy are applied to study the surface
material motion after single laser pulse impact. Additionally, a hydrodynamic
simulation of double pulse laser ablation supports the experiments.

The comparison of time-resolved measurements and double pulse ablation
depth confirm the suggestion that a double pulse acts as a single pulse for double
pulse spacing below 5 ps. Between 5 ps and 50 ps the interaction of the second
pulse with the rarefaction wave decreases removal rate. The propagation of
ablation layer is clearly visible in time-resolved experiments resulting in the re-
deposition of ablated material back to the surface for longer double pulse spacing
up to 1 ns. This re-deposition is also confirmed with a hydrodynamic simulation
with a pulse spacing of 100 ps.
references
[1] M. E. Povarnitsyn, T. E. Itina, Physical Review Letters 104, (2010).
[2] D. J. Förster, S. Faas, Applied Surface Science 440, (2018).
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Pulsed laser ablation of silicon in different liquids is a powerful modern tool
to produce a variety of nanoparticles with desirable size, physical and chemical
properties [1]. Silicon nanoparticles (Si-NPs) fabricated by this technique have
potential in different biomedical applications [2, 3] due to high biocompatibility
and biodegradability of nanostructured silicon. Note that high-yield production
of Si-NPs is quite time-consuming and requires employment of a powerful laser
with high pulse repetition rate. To enhance the efficiency of Si-NPs fabrica-
tion, we suggest using preliminary nano- or microstructured silicon instead of
traditionally used monocrystalline silicon (c-Si) targets.

In our work we use silicon nanowire (Si-NW) arrays [4] and mechanically
grinded microparticles (1-6 mm in size) as targets for picosecond (1064 nm, 34
ps, 10Hz) laser ablation in water and ethanol. Measurement of the ablation
thresholds for Si-NWs targets in liquids revealed that these values are several
times less in comparison to the corresponding ones for c-Si. Thus, this approach
allowed to increase the ablation product yield. Similar tendency is observed for
laser fragmentation of the silicon microparticles.

According to scanning electron microscopy and atomic force microscopy stud-
ies, Si-NP sizes are in the range of 5-170 nm depending on the used target and
buffer liquid. Raman spectroscopy analysis revealed almost perfect crystallinity
of the formed Si-NPs. The Si-NPs ablated in ethanol exhibit fluorescence emis-
sion in the range of 600-900 nm. We assume that the observed fluorescence
caused by defects in the studied nanocrystalline structures.

Spectrophotometry measurements of the ablated Si-NPs suspensions revealed
that scattering coefficient reaches value of ∼1 mm−1 in the spectral range of 400-
1000 nm indicating their potential as contrast agents in biomedical imaging.

Thus, pulsed laser ablation of Si-NW arrays and silicon microparticles pro-
vide high-yield fabrication of Si-NPs with relatively small size and high level of
crystallinity, that are promising as fluorescence markers and scattering contrast
agents in bioimaging.

This work was supported by the Russian Science Foundation (project N 19-
12-00192).
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Femtosecond laser printing of single living mammalian cells
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According to the superior cell survival rates, laser-induced forward transfer
(LIFT) has been used in recent years for the flexible and gentle 3D-bioprinting
of cells [1]. One drawback of the state-of-the-art nanosecond laser based cell
printing is the fact, that material from an inorganic sacrificial layer, which is
required for laser energy absorption, is transferred to the printed target struc-
ture where it contaminates the printed construct [2]. Instead of an inorganic
sacrificial layer, protein based donor films have been used in combination with
nanosecond ultraviolet (UV) laser sources. However, UV radiation can introduce
DNA double strand breaks, thereby imposing the risk of cancerogenisis [3].

Figure 1:

Here we present a new femtosecond laser-based method for the efficient and
precise cell printing which avoids the use of non-biological inorganic absorption
layers. An ultrashort laser pulse (λ = 1030 nm, 600 fs, few µJ) is focused under-
neath a cell layer (cf. Fig.1), which is suspended on top of a hydrogel reservoir.
Non-linear absorption leads to plasma ionization and rapid cavitation bubble
expansion, which generates a jet of material, transferring cell-laden hydrogel
from a gel/cell reservoir to an acceptor stage [4]. Fig.2 shows the transferred
jet of pure hydrogel at a delay time of 50 µs after laser pulse. Fig.3 presents
microscope image of transferred human mesenchymal stem cells (SCP1) on ac-
cepter slide (red Propidium Iodide (PI) staining indicates dead cells, live cells
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are displayed in green). The transferred cells reveal a well-defined form and have
survival rate around 95%, which is close to the vitality of non-transferred cells.
references
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[2] P. Serra, J. M. Fernández-Pradas, Journal of Laser Micro/Nanoengineering
1, 236–242 (2006).
[3] R. Xiong, Z. Zhang, Biofabrication 9, 24103–24117 (2017).
[4] J. Zhang, B. Hartmann, PLOS ONE 13 (5), e0 195479 (2018).

Figure 2:

Figure 3:
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Residual stresses in Ti6Al4V alloy after surface texturing by
femtosecond laser pulses
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Femtosecond laser processing is one of the promising methods in surface mod-
ification of biomaterials because of the unique periodic surface nano- or micro-
scale topography formed after irradiation [1]. The main features of relief forma-
tion on titanium alloy surface were extensively studied; however, the residual
stresses in the surface layers of such titanium alloy exposed to fs laser pulses
have not been sufficiently studied. The analysis of the residual stress state is of
great technological importance because stresses can be beneficial or detrimental
with respect to the mechanical properties of the material [2].

In this work, we study the formation of laser induces periodic surface structure
(LIPSS) on Ti6Al4V titanium alloy, irradiated by 1030 nm femtosecond laser
pulses, and investigate residual stresses in the near-surface layers after such laser
processing. Multipulse femtosecond laser processing of Ti6Al4V titanium alloy
with a single-pulse fluence in the range from 0.08 to 1.2 J/cm2 leads to the
formation of periodic surface structure. It is shown that laser processing with
0.08 and 0.4 J/cm2 leads to the formation of compressive residual stresses in the
surface layers (up to 2.3 µm). After processing with 1.2 J/cm2, tensile residual
stresses are formed in the surface layers of the Ti6Al4V titanium alloy.

The reported study was funded by RFBR, project No. 20-08-00907 (investi-
gation by the SEM method) and the Russian Science Foundation, project No.
19-79-00257 (investigation by XRD).
references
[1] A. Y. Vorobyev, C. Guo, Appl. Surf. Sci., 253, 7272 (2007).
[2] U. Welzel, J. Ligot, P. Lamparter, A. C. Vermeulen, E. J. Mittemeijer, J.
Appl. Cryst. 38, 1–29 (2005).
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Generation of metallic nanoparticles by laser ablation in molten
salts
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Laser ablation of metallic nanoparticles in various liquids is an active research
topic [1-3]. Ambient media used for this purpose are typically liquid at room
temperature. In this work, the generation of metal nanoparticles by ablation
of solid targets in ionic liquids was studied. Sodium nitrate NaNO3, sodium
nitrite NaNO2 and lithium nitrate LiNO3 salts with a relatively low melting
point were used as such liquids.

An ytterbium fiber laser with pulse duration of 200 ns and energy of 1 mJ
at repetition rate of 20 kHz was used as a laser radiation source. The salts
were brought to the melting point from 300 to 320o C on a hotplate, then a
solid target was placed in the resulting liquid. Laser ablation was then carried
out at a constant temperature of 320oC. X-ray diffractograms of pure NaNO3
matrix and NaNO3 with Au NPs indicate that the size of Au NPs lies rather
in sub-µm range that in nanometer scale. The spectrum of the resulting solid
matrix after solidification turned out to lack the usual plasmon resonance peak
at the wavelength of about 520 nm. Instead, an increase in the absorption
in the IR region (wavelengths from 750 to 1000 nm) was observed, which can
be associated with the elongation of Au nanoparticles under the influence of
surrounding matrices. A similar effect was reported earlier in [4] in case of
polymer matrix.
references
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citation by lasers in liquids”, Physical Chemistry Chemical Physics 15 (9), 3022–
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uids“, ed. G.W. Yang, Pan Stanford, pp. 327–391 (2011).
[4] E. V. Barmina, N. N. Mel’nik, I. I. Rakov, G. A. Shafeev, “Optical properties
of nanocomposites based on polymers and metal nanoparticles”, Physics of Wave
Phenomena, 25 (3), 165–169 (2017).
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Critical assessment of the problem of the boundary conditions for
modeling of propagation of tightly-focused ultrashort laser pulses in

transparent solids
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For fabrication of high-precision structures inside bandgap materials for pho-
tonics and optoelectronics applications, ultrashort pulse duration of tightly-
focused laser beams is preferable to provide minimizing of the intensity clamping
effect and, thus, to avoid delocalization of the absorbed laser energy [1,2]. So-
phisticated numerical modeling of different stages of laser-materials interactions,
from the laser excitation of the electronic sub-system of a solid to its thermal
and mechanical response to the laser energy deposition, enables a deep insight
into the dynamics of laser-induced processes and helps to reveal optimal condi-
tions of the irradiation regimes for specific applications. However, in the case of
tightly-focused beams, mathematical modeling faces the problem of setting up
correct boundary conditions for the laser field entering a material sample.

It is usual practice that, in numerical models, that the spatiotemporal shape
of an incoming laser beam at the sample surface is taken in the Gaussian
form, that corresponds to a solution of the linear Schrödinger equation for
the monochromatic case [2,3]. For the case of tightly focused laser beams,
such boundary conditions can lead to unphysical results while the validity of
a “smoothed” boundary conditions is still not well-proven [2]. For obtaining
physically-grounded modeling results, it is necessary to elaborate boundary con-
ditions for incoming tightly-focused beams, which correspond to real focusing
systems. For this aim, a “parabolic mirror” boundary condition is seemingly one
of the most reasonable approaches [4]. In this work, we investigate the “parabolic
mirror” boundary condition in applications to the problems of propagation of
tightly-focused laser beams in transparent dielectrics. We have applied the tech-
nique of the Stratton-Chu integral [5]. It is demonstrated that using the tempo-
ral Gaussian shape to describe tightly-focused ultrashort laser pulse propagation
yields unphysical results. For obtaining the physically meaningful solutions, it
is necessary to calculate temporal evolution of the beam in a special way. To
do this, the generalization of the Stratton-Chu integral for the time dependence
of the propagating laser pulse has been proposed. A numerical code has been
developed for efficient calculations of the generalized Stratton-Chu integral.
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radiation in silicon”, Opt. Lett. 37, 3369–3371 (2012).
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Schrödinger equations for describing the volumetric interaction of femtosecond
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J. Opt. Technol. 84, 439 (2017).
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Femtosecond laser lithography of 3D-structures for photonic
integrated circuits

R. D. Zvagelsky1,2, D. A. Chubich1, D. A. Kolymagin1, A. V. Pisarenko1,
R. P. Matital1 and A. G. Vitukhnovsky1,2
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In contrast to electronic technologies, where well-studied metal interconnec-
tions are used, silicon photonics still does not have a proven and reproducible
integration of radiation I/O elements with photonic chips. Available integration
methods have high radiation losses, can be polarization-dependent, and have
a high price. Recent studies have shown the existence of a new technology of
low-loss photonic interconnections using three-dimensional polymer waveguides
that are transparent to the telecommunication wavelength of 1550 nm [1].

In this work, we have investigated such photonic wire bonds (PWB) fab-
ricated by femtosecond laser lithography for connection of two silicon nitride
waveguides on a single nanophotonic circuit [2]. For this purpose, 3D optical
interconnections have been designed and optimized for effective transmission of
infrared radiation of the telecommunication wavelength on a photonic chip. Lu-
minescence mapping and morphology analysis of the fabricated 3D-structures
were performed by laser scanning confocal microscope upon the cw-excitation
wavelength of 458 nm (argon laser).

Figure 1: SEM image of the fabricated photonic junction containing two PWB.
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The most important part of the work is to measure the optical functionality
of the manufactured devices; the obtained loss values range from 3 to 15 dB
depending on the geometric characteristics of the waveguides. Also, we pre-
sented, theoretically substantiated and experimentally confirmed the concept of
photonic junctions that combine 3D-waveguides within a single photonic chip
(fig. 1).

The authors are grateful to the MIPT Shared Facilities Centre for SEM mea-
surements. Financial support was granted by the RFBR grant no. 18-29-20129.
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Spectral and temporal characteristics of emission luminescence of
solid matter and anthropogenic aerosols under the action of Ti:Sa

laser pulses of femtosecond duration under the conditions of
nonlinear optical effects

D. V. Apeksimov1, P.A. Babushkin1, Yu. E. Geints1, G. G. Matvienko1,
V. K. Oshlakov1, A. V. Petrov1, V. M. Ryabtsev1,2 and A. A. Zemlyanov1
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2 Tomsk State University, Tomsk, Russia
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The report presents the results of complex studies of spectral and temporal
characteristics of the emission glow of control samples of several substances in a
solid state (imitation of topographic targets) and in the form of a solid aerosol
(imitation of a contaminated aerosol) under the action of Ti:Sa laser pulses of
femtosecond duration (at a carrier wavelength of 800 nm) under the conditions
of nonlinear optical effects (self-focusing, filamentation, supercontinual conical
emission).

The experiments in the laboratory and controlled air path with a length of 8 m
have shown the effectiveness of using femtosecond laser-emission spectroscopy
for registration of substances in the solid state and solid aerosol. It is shown
that this technique allows us to confidently detect a greater number of emission
lines of the samples used, in particular due to the excitation of lines with low
excitation energy. Controlling the length of the multiple filamentation region
at the propagation distance by changing the focusing conditions allowed remote
excitation of the emission spectra of the glow of control samples. Increasing the
length of the filamentation area along the propagation path leads to an increase
in the detected signal, which partially compensates for the losses associated
with removing the sample from the receiver. The detected effect can be used
as a simple way to increase the total intensity of the glow signal of the defined
emission lines and, consequently, to increase the probability of implementing
this method.
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From uni-molecular to collective effects in air lasing from molecular
nitrogen cation

L. Arissian1,2,3, A. Rastegari1, B. Kamer1 and J.-C. Diels1

1 University of New Mexico, Albuquerque, NM, USA;
2 National Institute of Standards and Technology, Boulder, USA;
3 University of Ottawa, Ottawa, Canada
e-mail: ladan@unm.edu

Control over a distant laser source in atmosphere is desired for various appli-
cations such as atmospheric studies and remote sensing. In the past decade a
phenomena called “air lasing” caught a lot of attention as it provided an easy ac-
cess to a remote bright source in air. Although the realization of such a source is
relatively easy and has been observed in various pulse energies, optical frequen-
cies and air pressure, understanding of its gain mechanism was quite challenging.
Various proposals had been published in literature in explaining the high gain
in N+

2 .
In this paper I will present some of the proposed description of observed

high gain between B2Σ
+
u → X2Σ

+
g in N+

2 such as electron re-collision [1] and
strong field ionization. I present how high precision spectroscopy [2] that is
traditionally used for study of uni-molecular aspect of the emission can be used
to show the collective contribution in realization of high gain in air lasing. I show
how the gain decay has the same time scale as the Stark shift on the emission
lines suggesting the effect of plasma fields in loss of coherence [3]. Moreover the
high precision spectroscopy highlights the coherence contribution in observing
the high gain [2]. A collective contribution in high gain with fast decay known
as superradiance provides a complementary picture to the uni-molecular studies
of air lasing [4].

A parallel comparison between uni-molecular and collective aspects of “air
lasing” is provided.
references
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THz radiation in circularly- and elliptically-polarized multi-color
strong fields

I. Babushkin1,2,3

1 Institute of Quantum Optics, Leibniz University, Hannover, Germany;
2 Max Born Institute, Berlin, Germany;
3 Cluster of Excellence PhoenixD (Photonics, Optics, and Engineering – Innovation Across
Disciplines), Hannover, Germany
e-mail: babushkin@iqo.uni-hannover.de

Terahertz (THz) frequency range (0.1-30 THz) is extremely useful for many
applications since transitions between rotational and vibrational levels of com-
plex molecules lie in this range [1]. One of the useful methods to generate THz
pulses is based on ionization of noble gases using strong two color fields [1,2]. In
a most typical setup, a femtosecond strong pulse of fundamental frequency and
its second harmonic are focused into a gas spot, causing photo-induced plasma.
THz radiation is produced because ionization in an asymmetric pump field cre-
ate a nonzero net asymmetric plasma current [3]. The efficiency of THz radiation
can be increased significantly if using more than two color pump, for instance
3-color driving fields produced by optical parametric amplification [4-6]. Taking
even more colors promises an increase of the optical-to-THz conversion efficiency
to a percent level [7]. Recent researches showed that circularly-polarized pump
pulses allow to produce THz radiation more efficiency than linearly polarized
ones [8,9,10]. Besides, nontrivial polarization of the pump pulses allows to gen-
erate THz radiation of tunable waveshape [11].

In this talk I overview the mechanisms of increasing efficiency of THz gen-
eration provided by controlling polarization and number of frequencies of the
pump pulses, suggested by different authors. I also show how particular THz
waveshapes are formed if the pump of nontrivial polarization is used.
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We demonstrate generation of continuously-tunable, narrowband THz pulses
from phase-locked multi-millijoule femtosecond pulse bursts by optical rectifica-
tion in a tilted-pulse-front setup[1].

The femtosecond laser pulse bursts is formed using the Vernier technique [2] in
a chirped pulse amplifier where the pulse spacing is given by the cavity roundtrip
time difference ∆τ of the master oscillator (MO) and a regenerative amplifier
(RA),f−1burst = ∆τ = |τMO−τRA|. Due to the chirped pulse amplification together
with spectral and temporal overlapping pulses in the cavity it is necessary to
stabilize and control the phases of the intraburst pulses to suppress the formation
of high intensity peaks in the spectral and temporal domain. We demonstrate
stabilization of the regenerative amplifier cavity, control over individual pulse
phases, continuous tuning of the intraburst pulse spacing in the ps-regime and
amplification of the burst to multi-mJ levels.

As a proof of concept, THz bursts are generated by optical rectification in
LiNbO3 using a tilted-pulse-front pumping (TPFP)[1] resulting in µJ THz pulses
with conversion efficiencies exceeding 0.1% for pump energies higher than 2mJ
(Fig. 1).

Figure 1: THz energy (left) and conversion efficiency (right) vs NIR pump energy for various
intraburst pulse numbers (cycles) achieved in the TPFP-OR THz generation experiment.

SHG autocorrelations of the NIR driver and linear autocorrelations of the
generated THz transients using a Michelson interferometer can be seen in Fig. 2.
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In accordance with the prediction, the continuously-tunable intraburst frequency
translating into the central THz frequency is given by the inverse pulse spacing
and the bandwidth ∆f of the generated THz signal is lower the higher the
number of pulses N according to ∆f = 1/(N∆t). Higher-harmonics of the
THz-signal can be seen as well, originating from higher-order side-bands in the
original NIR burst spectrum

Figure 2: Intensity (SHG, burst) and linear (THz) autocorrelations and THz spectra for a)
variable pulse spacing with a fixed number of pulses (N=6) with the respective THz-frequency
marked as black vertical line b) variable pulse number with fixed pulse spacing (∆t=3 ps).
The THz spectrum generated from a single pulse is depicted in orange.

references
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Dependence of the short-wavelength cutoff in the mid-IR pulse
spectrum on the interaction length in a transparent dielectric
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Filamentation of high-power femtosecond laser radiation under conditions of
anomalous group velocity dispersion leads to formation of a high-intensity wave
packet, extremely compressed in space and time, — a light bullet [1]. Spa-
tiotemporal transformation of the wave packet during the light bullet forma-
tion is accompanied by significant broadening of its spectrum — generation of
a supercontinuum [2], the spectrum of which extends from near ultraviolet to
mid-infrared region. The principal feature of the anti-Stokes region in the light
bullet spectrum is the appearance of a narrow wing, separated from the central
region by a broad spectral minimum, which is formed as a result of destruc-
tive interference of supercontinuum radiation [3]. Supercontinuum generation
by light bullets is considered an effective method for obtaining coherent broad-
band radiation, therefore peculiarities of the light bullet spectrum are a topic of
great interest.

This paper presents the results of experimental and numerical study of the
anti-Stokes wing formation and the evolution of a short-wavelength cutoff in
the mid-IR pulse spectrum during propagation of the pulse in fused silica and
calcium fluoride. During the experiment, radiation with a close to Gaussian in-
tensity profile was focused by the lens into wedge-shaped transparent dielectric
samples. The samples were located on a movable stage, which made it possi-
ble to change the length of the nonlinear optical interaction with the dielectric,
while the input radiation parameters remained the same. For numerical simu-
lation of pulse filamentation and formation of light bullets, the slowly evolving
wave approximation was used [4]; the model takes into account diffraction and
dispersion effects, Kerr and plasma-induced variations of the refractive index,
and also the attenuation of radiation. Our analysis of the results obtained at
the filamentation of 1900 nm femtosecond laser pulses shows that the position of
the short-wavelength cutoff of the supercontinuum spectrum was shifted to the
region of shorter wavelengths when the increasing distance of nonlinear optical
interaction of radiation with the medium remained shorter than the light bullet
formation path. However, the short-wavelength cutoff did not change with an
increase in the interaction length, already exceeding the length of the light bul-
let formation path. It is shown that the general picture of the anti-Stokes wing
formation remains unchanged for various initial radiation parameters.
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Ultrashort laser pulse filamentation: The outlook from the
nonstationary nonlinear diffraction-ray optics
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We present an uncommon outlook on laser pulse filamentation phenomenon
based on the optical field representation as a self-consistent ensemble of specific
spatio-temporally localized wave structures - the diffraction-ray (light) tubes.
These light tubes are energetically independent from each other, but are in close
coherent coupling through the phase front of optical wave. The spatial tra-
jectories of light tubes follow the direction of the transverse component of the
Pointing vector. The boundaries of light tubes do not intersect in space, and the
tubes themselves do not exchange energy. Light tubes shape and cross-section
can vary upon pulse propagation, thus reflecting the impact of the physical pro-
cesses acting on optical radiation in the medium. This diffraction-ray approach
brings together the features of pure amplitude and pure phase analysis to the
problem of nonlinear nonstationary self-action of optical radiation and allows
a new look at the conditions of the emergence and termination of laser pulse
filamentation.

Some examples visualizing femtosecond laser pulse filamentation in air are
considered in the framework of diffraction-ray optics. We show the filament is
supplied and refueled by the light energy only of the part of laser pulse which is
contained in the specific light tube having initial peak power slightly exceeding
the critical power for pulse self-focusing. It is this light tube that serves as the
energy reservoir for the filament. The residual peripheral part of the pulse does
not directly refuel the filament but maintains it through inertial confinement of
the “energy-supplying” ray tube by forming a virtual “diffraction” waveguide for
the filament.
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For the correct description of various light-matter interactions such as the
self-focusing, filamentation, supercontinuum generation, ablation, the light bul-
let formation it is necessary to know the concentration of free charges. Correct
calculations need the cross sections for multiphoton absorption, but for the co-
efficient of multiphoton absorption k>3, the measurements are difficult: corre-
sponding cross sections are extremely small, which requires high intensities for
direct observation and accompanied by the impact of additional scattering due
to small-scale filamentation and etc. Consequently, to the best of our knowledge
there are few articles about measuring the four photon absorption cross section,
and for the five-photon absorption, there is only one article about measuring the
five-photon absorption cross section [1], in which the cross section was estimated
from the ablation threshold for Al2O3. However, plasma properties near the ab-
lation threshold and critical density may be different. Recently we managed to
obtain four-photon absorption cross section in UV fused silica [2] using direct
transmission measurements by I-scan and z-scan open aperture techniques. The
development of small-scale instabilities was avoided by using very thin (100 µm)
samples. Using same technique we obtained five-photon absorption cross section
for CaF2 [3]. However, the contribution of plasma absorption was not taken into
account and could be significant.

In this work, we improved this technique for measuring multiphoton absorp-
tion by adding variation of initial pulse duration. We carried out several series
of I-scan absorption measurements for UV fused silica and CaF2 with different
pulse duration from 90 fs to 150 fs. Since multiphoton and plasma absorptions
have different dependencies from pulse duration their contribution can be dis-
united using a numerical model based on the nonlinear Schrödinger equation to
calculate sample transmission. Multiphoton cross-sections, collision and recom-
bination time for density plasma below critical can be obtained after fitting to
experimental data.
references
[1] M. Mero et al., Physical Review B 71, 115109 (2005).
[2] Ya. V. Grudtsyn et al., Optics letters 44, 2394 (2019).
[3] Ya. V. Grudtsyn et al., Laser Physics Letters 17, 075403 (2020).
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A development of high-power ultrashort mid-IR laser systems is the important
scientific object motivated by numerous applications, such as studies of ultrafast
molecular dynamics, laser driven particle acceleration, atmospheric nonlinear
optics, high harmonic and supercontinuum generation and other. A promising
technology for producing of ultrashort 10-µm wavelength-range laser pulses is
based on difference frequency generation pumped by a shortwave laser pulse and
its Raman-shifted component via stimulated Raman scattering (SRS) [1,2].

In this work we experimentally demonstrated the high-efficient (up to 20%)
SRS of 300-fs pulses in BaWO4 crystal with Stokes wavenumber of 925 cm−1

in the very simple single-pass optical scheme. This anomalously high efficiency
was achieved due to proper self-seeding of SRS induced by self-phase modula-
tion. The spectral width of pump emission broadened by self-phase modulation
reached∼925 cm−1 which was matched the strongest Stokes frequency of BaWO4

crystal. This emission acted as a seed for SRS and enhanced it. Also an applica-
bility of output emission for ∼10.6 µm seed pulse production for high-pressure
sub-picosecond CO2 laser amplifier via DFG in LiGaS2 crystal was numerically
verified. A simple design of the developed Raman shifter and its high efficiency
will allow one to increase an overall efficiency of the master oscillator for the
longwave IR laser system proposed in [1].

The study was supported by Russian Foundation for Basic Research (RFBR)
(grant N 20-32-70015).
references
[1] E. C. Welch, S. Y. Tochitsky, J. J. Pigeon, C. Joshi, Optics express 26 (5),
5154–5163 (2018).
[2] I. O. Kinyaevskiy, V. I. Kovalev, P. A. Danilov et al., Optics Letters 45 (8),
2160–2163 (2020).
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single-color filament plasma channel with different lengths

A. V. Koribut, D. V. Mokrousova, G. E. Rizaev, S. A. Savinov, A. A. Reutov,
Yu. A. Mityagin, L. V. Seleznev and A. A. Ionin

P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: andrew-koribut@yandex.ru

The terahertz frequency range is attractive for use in various fields, for ex-
ample, medical imaging, wireless communication, security, quality control, etc.
To date, one of the methods for generating THz radiation is filamentation of
ultrashort laser pulses in air. Mixing the first and second harmonics into one fil-
ament (two-color filament) is a popular way to generate THz radiation. However,
medium dispersion leads to the spread of pulses in space and, as consequence,
in time, which makes it difficult to obtain a remote source of THz radiation
in this way. In this paper, we study the generation of THz radiation in the
plasma channel of a single-color filament. There are not many articles on this
topic and their result is the angular distribution of THz radiation dependence on
the plasma channel length (L), as θ ∼ (λTHz/L)1/2 [1], where plasma channel
length was varied by changing the focusing condition (the focal length of the
focusing element), which leads not only to a change in channel length, but also
to a change in plasma density, and as a result to a significant change in the
THz radiation generation conditions by the filament plasma. In this paper, we
present a study of the angular dependence of THz radiation from a single-color
filament plasma at different plasma channel lengths under conditions of equal
focusing.

In the experiments, the output radiation from Ti:sapphire laser system was
focused. The central wavelength was 740 nm, pulse duration was 90 fs (FWHM),
beam radius was 3.2 mm (at the level 1/e), the pulse energy was varied by a
calibrated diffraction attenuator from 0.1 to 4 mJ. THz radiation was recorded
by a superconducting bolometer operating on the effect of electronic heating
in a thin NbN film. The spectral range of the bolometer operation is between
0.3 and 3 THz. To measure the angular distribution of the THz radiation,
the bolometer was mounted on a special stand that allows moving it along an
arc of a circle having a center in the geometric focus of the lens. Three series
of experiments were performed. In the first series, plasma channel length was
changed by changing the focus length of lens, and obtained angular distribution
are consistent with the earlier obtained results [1] and confirm the correctness of
the measurement method. In the second series, the plasma channel length was
changed by varying the pulse energy from 0.25 to 4 mJ, and significant changes
in the angular distributions were not observed. In the third series, the change in
the plasma channel length was made by interrupting the filament by U-shaped
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screen, and it did not result in noticeable changes in the angular distribution of
THz radiation.

The results of the experiments show that the decisive role in the angular pat-
tern of THz emitted by the plasma channel of a single-color filament is the initial
focusing conditions of laser radiation, and not the length of plasma channel, since
the plasma concentration strongly depends on the focusing conditions.

The reported study was funded by RFBR, project number 20-02-00114.
references
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V.T. Tikhonchuk, Physical Review Letters 98 (23), 235002 (2007).
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We analyze the role of the optical pulse reflected from the boundary of the
high absorption domain appearing in a semiconductor due to the nonlinear de-
pendence of its absorption coefficient at the femtosecond laser pulse propagation
[1]. Under this condition, the phenomenon of optical bistability occurs, and a
gradient of the dielectric permittivity appears because of the inhomogeneity of
the absorption coefficient [2]. Thus, this induced domain changes a propagation
condition. In dependence on the relation between the pulse duration and time
of the high absorption domain formation, the various parts of the pulse are re-
flected from this domain, and they propagate in the direction opposite to the
initial direction of the pulse propagation.

Figure 1: Fig.1 Fixed (stationary) high absorption domain.

Figure 2: Evolution of the beam intensity profile at its interaction with fixed high absorption
domain at time t=1.5 (a), 2 (b) dimensionless units. The incident beam profile is stated in
the Gaussian form.
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Mathematically the problem under consideration is described by the set of
time-dependent nonlinear PDEs, which involves the Poisson equation concerning
laser-induced electric field potential and equations concerning free electron and
ionized donor concentrations. The laser pulse propagation in a semiconductor
is described by the nonlinear Schrödinger equation with respect to the complex
amplitude, slowly varying in time only. In this case, we can provide adequate
modeling of a wave reflected from a high absorption domain.

In this study, we present the computer simulation results obtained on the
base of specially developed finite-difference scheme [3]. To verify appearing of
the reflected wave, we firstly consider the laser pulse propagation in a medium
containing the stationary domain of high absorption (see Fig.1). Its spatial
structure does not depend on the absorption of an incident laser energy. We
investigate the influence of the reflected wave on the high absorption domain
formation at different problem parameters: the incident beam profile, the width
of the high absorption domain, the diffraction coefficients (Fig.2). After that, we
provide a similar investigation for the induced domain of high absorption. The
computer simulation results demonstrate that the reflected beam can change a
dynamic of the high absorption domain and time of the switching essentially.

M. M. Loginova, V. A. Egorenkov are grateful to the Russian Science Foun-
dation (Grant 19-11-00113).
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Harmonics and supercontinuum generation are the well-known and widely
studied nonlinear phenomena both in gases [1,2] and in condensed matter [3,4].
The emission of harmonics in bulk solids is one of the possible ways to create
compact sources of coherent radiation in the ultraviolet range [5]. Supercontin-
uum is used in time-resolved spectroscopy [6] and in seeding optical parametric
devices [7]. The effect of focusing on the broadening of 800-nm pulse spectrum
was studied in [8]. However, the influence of focusing on the efficiency of non-
linear processes in the mid-IR wavelength region is poorly studied.

In this work, we studied numerically how the focusing conditions control the
harmonics and supercontinuum generation during the propagation of high power
(up to 9P/Pcr) mid-IR 200-fs laser radiation (4.4 µm) in fluorites (CaF2). We
simulated ultrashort pulse propagation using UPPE equation for electrical field
calculations and single rate equation with multiphoton, tunneling, avalanche
ionization and recombination for electron plasma dynamics.

When a laser pulse has relatively low power (0.003P/Pcr), only the low-
order harmonics generation appeared. We observed that the larger harmonics
efficiency is proportional to the 4th degree of the focal length. This indicates
that the harmonics generation is determined by the confocal parameter – the
interaction length for harmonics generation. When pulse power is more than
critical one, the Kerr nonlinearity and plasma generation acted. It is shown that
harmonics efficiency before the focal point is almost independent on focusing
condition, that relates with the balance between the intensity growth during
focusing and the interaction length increase (the first one is higher for tighter
and the second one for looser focusing). At the focal point the intensity of the
short-wavelength part of the spectrum increases under tighter focusing due to
more intensive self-phase and cross-phase modulation.

This research was partially supported by the Russian Foundation for Basic
Research (Project No. 18-02-40014 and 19-29-12030). K.V. Lvov is a scholar of
the Foundation for the Advancement of Theoretical Physics “BASIS”.
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[3] H. Kim et al., ACS Photon 4, 1627–1632 (2017).
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Despite the growth of interest to nonlinear devices and components for light
by light control in the terahertz (THz) range, there still is a shortage of such me-
dia used for these purposes. Observation of nonlinearities in the THz frequency
range is carried out without implementation of direct measurements of material
properties in most cases. The important parameter characterizing the nonlin-
earity of the material response in the field of intense waves is its coefficient of
nonlinear refractive index, usually denoted by n2. Recently the theoretical pre-
diction of an extremely large nonlinear refractive index for crystals at terahertz
frequencies was made considering SiO2 crystal only. The value of n2 appeared
to be about 10−12 W/cm2 [1]. In this model the nonlinearity is associated with
anharmonic vibrations of the lattice.

Due to its high transparency in the visible and IR, as well as in the THz
frequency range (from 100 µm), crystalline quartz is undoubtedly a common
material for components of terahertz technology. However, vibrational nonlin-
earity in the THz frequency range is worth considering as well, when working
with electro-optical crystals used to detect and generate THz radiation. There-
fore, in this work we estimate the nonlinear refractive index coefficients of ZnSe,
ZnTe, CdTe, GaP, LiNbO3 using the theoretical model mentioned. For instance,
the model showed values for LiNbO3 of the order of 10−11 W/cm2, which is con-
sistent with other experimental estimates [2].

These coefficients can be measured directly employing closed aperture z-scan
technique, applicable for THz pulsed radiation if thin samples are used [3,4].
However, regarding the case when common intense pulsed THz sources based on
LiNbO3 with 108 W/cm2 intensity [5] are employed, the difference between the
peak and valley of closed aperture z-scan curve is less than system noise in such
experiments.

Although, it was experimentally shown that liquid water has larger n2 value
in the THz range [4] (of the order of 10−10 W/cm2). In this work, we present
estimates of vibrational nonlinearity for various liquids such as water, heavy
water, ethanol and α-pinene and eliminate the influence of different mechanisms
inducing the refractive index.

The study is funded by RFBR project N 19-02-00154.
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We demonstrate efficient generation of harmonics up to 11th order in a gas
mixture containing 44 - 48 bar of xenon and 1 bar of carbon dioxide from mid-
IR laser field. Obtained conversion efficiency reaches 1% into third harmonic
and 0.3% into higher ones [1]. In previous papers harmonics were generated
in conventionally accepted conditions of near- and mid-IR filamentation in low
dispersive media such as air or noble gases with highest efficiencies into third
harmonic of 0.5% [2] and 0.13% [3] for 2 and 4 µm drivers, respectively.

Figure 1: a) Evolution of third harmonic (TH) yield with CO2 pressure in gas mixture (solid
black) and pure gas (dash dot red). Blue dashed lines shows calculated data. b) Phase
matching in XUV region.

In this contribution we show that efficient harmonic generation can be achieved
in completely contrary conditions of strong dispersion provided by molecular
resonance and moderate intensity of 1.8×1013 W/cm2 eliminating influence of
free-electron plasma. Manifold increase of conversion efficiency into harmon-
ics is attributed to resonant interaction of mid-IR pump and carbon dioxide
molecules, which absorption spectrum partially overlaps with pump one. We
shed light on some aspects of resonant light-matter interaction showing that in
the case of femtosecond pulses nonlinear refractive index does not increase by
several orders near the resonant band as was reported recently for nanosecond
pulses [4]. Even higher conversion efficiency was found in argon/carbon dioxide
mixture, where pump experience lower losses due lower carbon dioxide phase
matching pressure.
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Moreover, our treatment shows that resonant molecules may also bring new
opportunities for harmonic generation in XUV region, where efficient phase
matching of particular importance. Fast change of the refractive index in the
vicinity of pump spectrum allows for simultaneous phase matching of large num-
ber of harmonics, which has not been attained with plasma induced resonances
yet.

This work has been supported by Russian Foundation for Basic Research
(RFBR) Grant no. 19-29-12030 and 18-29-20074.
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Femtosecond laser filaments in air are the source of terahertz radiation and
can provide a remote diagnostics of objects. The presence of static electric field
can enhance the THz signal from the filament [1].

In our experiments we used laser system, based on Ti:Sa crystal (805 nm, 10
Hz, beam diameter (FWHM) 14 mm, energy up to 30 mJ, pulse duration 55 fs)
to form filaments. The filament was created in air by a lense with focal length
262 cm.

For the energy deposition diagnostics we used two independent methods.
Firstly, the terahertz radiation was detected using a Golay detector (Tydex, GC-
1P) with two teflon lenses (diameter – 5 cm, focal lengths – 15 and 5 cm). Golay
detector with TPX lenses was mounted on a rotational rail. Since the Golay
detector is intended firstly to record the power of quasi-continuous terahertz
radiation, we had conducted a test experiment to calibrate the Golay detector in
the recording mode of a single terahertz pulse. Secondly, to reveal multifilament
transverse spatial structure and the relative plasma concentration we employed
the novel high-resolution acoustic method [2].

We made acoustic measurements in the extensive number of longitudinal
coordinate points thus acquiring filament evolution information. According to
acoustic measurements the filament length was 32 cm.

To enhance the THz signal we placed two aluminum plane electrodes across
the filament to create a static field in the filamentation zone. The electrostatic
field was set 10 kV/cm. Width of the electrodes was 5,5 cm, length varied from
4,5 to 37 cm.

We measured dependence of the filament and electrode lengths and mutual
position. For 4,5 and 37 long electrodes we also investigated the radiation pattern
of the THz radiation with knife-edge method, diaphragm and rotating the rail
with Golay detector and TPX lenses. Spectral dependencies were investigated
with band pass filters and Michelson unterferometer.

This work was supported by RFBF under grant #18-02-00954 and #18-
52-16020, BASIS Foundation for the Advancement of Theoretical Physics and
Mathematics (19-2-6-261-1, E. V. Mitina).
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Spectral broadening of a femtosecond laser pulse propagating in a filamenta-
tion regime was observed almost at the very beginning of investigation of this
phenomenon [1]. The spectral red-shift in this paper was attributed to the pulse
self-phase modulation. In later studies the formation of spectral hump in the
region of longer wavelengths was associated with Raman effect [2-4]. In this
study we aim to find out what is the origin of this spectral hump formation. We
conduct our experiments with the pulses from Ti:Sapphire laser system with the
central wavelength of 744nm and the duration of about 90 fs. The laser beam
has adiameter (FW at 1/e) of 3.2 mm and is focused to a gas cell with the lens
f=115cm. In all cases we measure spectra of a bright spot in the transverse
fluence distribution. The Fresnel reflection of this spot from a glass plate is
directed to a spectrometer.

First, we compare the spectra after the filamentation in different gases (in-
cluding atomic ones). The 196 cm long gas cell could be filled with different
gases (air, Ar, Xe) or evacuated. The critical power of self-focusing, clamp-
ing intensity and peak plasma density can strongly depend on the propagation
medium. Therefore the quantitative comparison of different gases is not valid.
That is why we focused on the qualitative analysis of the spectra, namely on the
presence or absence of the spectral red-shift in a form of a hump. Quantitative
study of the spectral hump in air has been presented in [5,6]. Obtained spec-
tra after filamentation in ambient air, xenon and 2 bar of argon are shown in
Fig.1. We can observe the presence of several spectral humps shifted to the long
wavelength region in comparison with the initial spectra in every case. That is
why we doubt the Raman origin of this hump formation, as predicted in [5,6].
Second, we observe the dependence of spectral hump red-shift on the propaga-
tion distance in air and in atomic gas (argon). To carry out this experiment we
place a glass plate inside the gas cell. Scattered light reaches the spectrometer
through the transparent side window of the cell. Varying the distance between
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the lens and the reflecting plate, we observe similar increase of the longer wave-
length spectral wing shift with the propagation distance in air and argon. Thus,
we discovered the formation of a red-shifted spectral hump during filamenta-
tion in both molecular and atomic (xenon and argon) gases. This hump cannot
be attributed to stimulated Raman scattering due to rotational transitions in
molecules. Indeed, it is the result of pulse self-phase modulation [5,6].

The research was supported by the Russian Foundation for Basic Research
(grants 20-02-00114, 18-02-00954, 18-52-16020).

Figure 1: Normalized spectra after filamentation in different gases
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Single-cycle terahertz (THz) pulses with a high-intensity electric field can be
obtained by the conversion of multi-terawatt femtosecond laser radiation. Con-
version into THz range via metal irradiation is one of the perspective methods.
This process is known to be rather effective (up to 10−3) at relativistic intensities,
above 1018 W/cm2 due to electron bunch acceleration[1]. For low intensities, be-
low the ablation threshold, the efficiency of THz generation is below 10−7, due
to metal nonlinearity[2]. In the intermediate case of the sub-relativistic inten-
sity of 5 · 1016 W/cm2 we observed the efficiency of THz generation in the order
of 10−5 together with X-ray bremsstrahlung and characteristic radiation in the
preliminary experiment. Possible generation mechanisms of THz radiation are
discussed. We use the laser system “Pulsar 200 TW” installed in NRC “Kurcha-
tov Institute“, capable of generating 800 nm, 25 fs pulses with the energy of up
to 7 J. In present work we used energy below 60 mJ. With 30 cm focusing mirror
and 70 mm diameter beam we irradiate 10 microns thick Al and Cu moving foils.
Laser intensity on the target surface is optimized by x-ray yield maximization.
The ablation rate and hole diameter provide additional information about the
actual beam waist size [3]. We compare THz and X-ray generation efficiency
with the case of two-color gas plasma at low-pressure nitrogen. For tight fo-
cusing and 10 mbar pressure, THz generation from metal is comparable with
a two-color gas plasma case, while maximal THz energy is obtained for loose
focusing in the two-color scheme [4]. The advantage of metal THz generation -
is the absence of saturation at energy increase.

This work was partially supported by RFBR grants 18-52-16024, and 18-02-
40032
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Spain;
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Backwards amplification of UV radiation in atmospheric filaments has a huge
potential as a source of intense, directional and coherent probe pulses for remote
sensing applications. However, the swept-gain nature of these amplifiers strongly
hinders backwards amplification. It is thus necessary to understand all the
mechanisms involved in order to optimize backwards amplification.

Figure 1: 3D structure of backwards-amplified UV spontaneous emission (top) and injected
UV seed (bottom) in a 3 cm Nitrogen plasma filament.
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In this presentation we will show 3D modelling of forward and backward
amplification of UV radiation in Nitrogen plasma filaments and compare the
results with previous experiments [1,2] and modelization [3]. Finally, we will
show that the spatio-temporal characterization of the amplified beams allows to
unveil some of the plasma and amplification dynamics.
references
[1] P. Ding et al., Opt. Express 22, 29964 (2014).
[2] P. Ding et al., Phys. Rev. A 94, 043824 (2016).
[3] P. Ding et al., Phys. Rev. A 96, 033810 (2017).
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The problem of filament interactions, playing the key role in superfilamenta-
tion and being of interest for multifilamentation control, has been tackled in a
number of works [1-4]. However, the mechanism of the filament interactions in
course of superfilamentation process, as well as the influence of additional focus-
ing and beam modulation on this interactions, still requires further investigation.
In this report, we have experimentally studied filament interactions in loosely
focused multifilaments for numerical aperture (NA) ranging from 2.1 · 10−3 to
1.3 · 10−2, paying particular attention to the role of diffraction, self-focusing
and self-phase modulation in the interaction process. The multifilament bun-
dle was created by the radiation of a Ti:Sa laser system, delivering pulses with
energy in the range of 1–20 mJ, 50±5 fs duration, 812 nm central wavelength,
10 Hz repetition rate and 8 mm FWHM beam diameter). We investigated two
propagation modes: stochastic multifilamentation, when initial radiation trans-
verse structure was defined by amplitude and phase inhomogeneities of the laser
beam and regular multifilaments created using an amplitude mask. To obtain
the data we employed a set of techniques including broadband acoustic diagnos-
tics [5], luminescence and interferometric data (for 50 cm focusing), radiation
mode measurements (for 310 cm focusing) and the radiation frequency angular
spectra detection with simultaneous control of the laser pulse energy.

The measurements have shown that in amplitude regularized mode superfil-
ament formation behaves rather like new filament emergence and growth during
diffraction “competition” than like gradual merging of the seed filaments. This
can be explained by diffraction-driven evolution of the energy reservoir and the
intensive IR-shifted spectral components, which travels in the front of the pulse.
Initial four-lobe beam (formed by the amplitude mask) gives one intense max-
imum in the Fourier plane of the lens accumulating most of the reservoir en-
ergy. Once the considerable amount of reservoir energy is concentrated around
the beam center, the new central filament emerges and initial filaments fade
away. This behavior substantially differs from the stochastic multifilamentation
in which the reservoir gradually contracts to the propagation axis. There is
no local minimum in energy deposition and luminescence signal dependencies
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in this regime, pointing out at more gradual evolution of plasma concentration
than in amplitude regularized mode.

Our study revealed that diffraction transformation of the laser beam plays
the key role in femtosecond filament merging and energy exchange in the pres-
ence of additional beam focusing. In this case, conical emission ring structures
do not make any significant contribution to the filament interaction process.
The pre-defined beam pattern provides a way to influence not only the initial
transverse multifilament structure but also energy deposition dynamics during
the multifilament propagation.

The work is supported by RFBR grants № 18-52-16020, 18-32-00949, 18-02-
00954 and 20-31-70001. Pushkarev D. V. and Mitina E. V. thank Foundation
for the Advancement of Theoretical Physics and Mathematics “BASIS” for fi-
nancial support (grants № 18-2-6-123-1 and 19-2-6-261-1). Pushkarev D. V. also
acknowledges SPIE, the international society for optics and photonics, for the
financial support.
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[3] S. A. Hosseini et al., Phys. Rev. A 70, 033802 (2004).
[4] Y.-Y. Ma et al., Applied Physics B 93 (2), 463–468 (2008).
[5] D. S. Uryupina et al., Laser Physics Letters 13 (9), 095401 (2016).
[6] D. V. Pushkarev et al., Laser Physics Letters 15, 045402 (2018).
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Low order harmonics of intense femtosecond laser in gas cluster media is of
interest for creating efficient coherent UV sources with duration of 10−13–10−14 s.
The laser energy conversion efficiency to harmonic depends on its number and
for the third and the fifth harmonics it can reach values of ∼ 10−3–10−4. These
sources open the possibility of studying ultrafast processes of molecular states
photoexcitation and photodissociation. Low order harmonics can be used as
seed radiation when amplified in femtosecond Kr2 and Xe2 excimer systems
which have wide amplification bands and relatively high saturation energies. It
should be noted that the photon energy at the frequency of the Ti:Sa laser fifth
harmonic coincides with the energy of the 229mTh state that can be used for
nuclear isomer excitation.

The subject of this work is a comparative theoretical and experimental study
of the laser energy conversion efficiency of the third harmonic generation (THG)
induced by femtosecond Ti:Sa laser in Ar gas and Ar cluster medium. Сlusters
were generated by the technique based on supersonic gas expansion through
the conical nozzle into vacuum. Laser harmonics were generated under action
of the femtosecond laser radiation: λ=810 nm, E=5 mJ, τ=300 fs, F=30 cm,
I=2 PW/cm2. Variation of laser intensity and THG optimization were provided
by moving laser focus relatively to the cluster jet boundary (see Fig.1). Forma-
tion of the laser filament in a cluster jet is caused by nanoplasma nonlinearity,
which leads to a significant decline conversion efficiency of THG. Comparison
of the conversion efficiency of THG in a gas cell and cluster medium is shown
in Fig. 2. The difference in the harmonic generation efficiency probably arises
because in the case of the cluster jet, the third harmonic is generated only by
the diverging part of the laser beam.

We also present the numerical calculation based on the model [1] in which
the nonlinear gas medium is simulated as a chain of atoms oriented along the
propagation direction of laser field. THG process was calculated in the paraxial
approximation. Experimental and numerical results of the third harmonic effi-
ciency as a function of the atomic density demonstrate quadratic growth in the
low gas pressure region (see Fig.2) as a result of phase matching process. Then,
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as the gas pressure increases the third-harmonic generation efficiency decreases
due to the phase mismatching process (see dash curve).

We discuss the results of numerical calculations of the third, fifth and seventh
harmonics generation process in a cluster environment, and compare the results
of calculations for a free argon gas and argon cluster jet.

Figure 1: Efficiency THG in gas-cluster jet and the laser filament evolution versus laser
intensity at the jet boundary. Ar backing pressure 30 bar, average cluster diameter ∼ 50 nm.

Figure 2: Efficiency THG and calculated TH intensity versus on the atomic concentration in
gas cell.

The work was supported by RFBR grant № 18-52-41007 and partly by RFBR
grants № 18-02-40014 and № 20-21-00030.
references
[1] S. Yu. Stremoukhov, A. V. Andreev, Laser Physics 28, 035403 (2018).
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Generation of short and carrier-envelope phase (CEP) stable pulses of mid-
infrared (mid-IR) radiation is essential for solving various problems in strong-
field physics and time-resolved spectroscopy [1,2]. In the absence of broadband
mid-IR laser gain media, coherent mid-IR sources usually employ difference-
frequency generation [2, 3] and parametric downconversion [4] of ultrashort IR
laser pulses in nonlinear crystals, supporting passive CEP stabilization. De-
spite the significant progress achieved in this direction, the generation of intense
widely tunable few-cycle pulses in the mid-IR range remains a substantial and
unsolved problem (particularly in the long-wavelength part). The main difficul-
ties are caused by the limited operating frequency band due to the dispersion
and absorption of the pump and the generated light [3, 4].

In this work, we propose and investigate a method for generating tunable and
phase-controllable mid- and far-infrared pulses in gas ionized by an intense two-
color laser field composed of the chirped fundamental and its second harmonic
pulses with the group time delay. The generation frequency equals to the dif-
ference between the second harmonic and the doubled fundamental frequencies
and is continuously tunable by varying chirp or time delay. The duration of the
generated pulses is determined by ionization duration, which is much smaller
than the duration of the ionizing field and is controlled by stretching or chang-
ing the intensity of the driving pulse. Our quantum-mechanical calculations and
analytical description show that this method can provide a wide tuning range
spanning from several to more than a hundred THz using femtosecond lasers.

This work was supported by RFBR (Grants Nos. 18-02-01150 and 20-32-
70213).
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[2] A. S. Kowligy, H. Timmers, A. J. Lind, U. Elu, F. C. Cruz, P. G. Schune-
mann, J. Biegert, S. A. Diddams, Sci. Adv. 5, eaaw8794 (2019).
[3] C. Gaida, M. Gebhardt, T. Heuermann, F. Stutzki, C. Jauregui, J. Antonio-
Lopez, A. Schülzgen, R. Amezcua-Correa, A. Tünnermann, I. Pupeza, J. Limpert,
Light. Sci. Appl. 7, 1 (2018).
[4] K. Liu, H. Liang, L. Wang, S. Qu, T. Lang, H. Li, Q. J. Wang, Y. Zhang,
Opt. Lett. 44, 1003 (2019).
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High power ultrashort pulses in infrared (IR) spectral range are a key tool
for intense laser-matter interaction, ultrafast diagnostics, highly nonequilibrium
states formation, etc. They also open up possibilities for frequency conversion in
hardly accessible spectral ranges. One of the most attractive fields is generation
of coherent XUV radiation via high-order harmonic generation (HHG), which
can be applied for free-electron laser seeding [1], coherent diffraction imaging
[2], spectroscopy [3], etc.

Post-compression of IR pulses can be implemented via spectral broadening
in hollow-core capillary filled with gas and further group velocity dispersion
compensation. A plenty of results aimed on compression of Ti:Sapphire (800 nm)
and Yb based (∼1 µm) laser pulses have been reported [4]. The main challenge
of millijoule pulse compression consists in occurrence of self-focusing and gas
ionization. In terms of ponderomotive energy scaling, which is proportional to
wavelength squared, and HHG cutoff frequency increasing, shifting wavelengths
to mid-IR seems interesting, but the number of such high power sources is limited
to date. Changing Ti:Sapphire laser to Cr:forsterite (1240 nm) allows HHG
cutoff energy increase from 120 eV to 400 eV [3].

In this work, post-compression of 1240-nm 170-fs 2.5 – 8-mJ pulses in hollow-
core capillary filled with argon has been studied. The capillaries with 220 µm
and 250 µm core diameter, 100 cm and 50 cm lengths correspondingly have been
considered. Dispersion compensation has been performed by chirped mirrors in-
ducing group delay dispersion near -150 fs2 per bounce. The generalized nonlin-
ear Schrödinger equation containing attenuation, dispersion, Kerr nonlinearity
and self-steepening terms has been solved numerically for optimal compression
regimes revealing.

A compression of 1.24-µm pulses with 2.5 mJ input energy up to 20 – 25
fs (by a factor of 7 – 8) and threefold peak power increase with 65% of initial
energy conservation in argon-filled capillary has been shown theoretically. The
gas pressure has been varied between 0.5 – 1.5 bar and 1 – 5 reflections from
chirped mirrors have been chosen. The main pulse contains 50% of output
energy. Similar results can be obtained for 8 mJ pulse energy with pressure
decrease to 0.1 – 0.3 bar.
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Thereby, a possibility of 1240 nm and 2.5 – 8 mJ pulse compression in cap-
illaries has been shown. In experiment one can expect spectral broadening and
pulse shortening up to 20 fs.

This work has been supported by Russian Foundation for Basic Research
(RFBR) Grant no. 19-29-12030.
references
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[2] R. Xu et al., Nature communications 5, 4061 (2014).
[3] T. Popmintchev et al., Science 336.6086, 1287–1291 (2012).
[4] T. Nagy et al., Optica 6 (11), 1423–1424 (2019).
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Delayed cavity-free forward lasing at the wavelengths of 391 and 428 nm was
observed in recent experiments in air or pure nitrogen pumped with an intense
femtosecond laser pulse at wavelength of 800 nm. The mechanism responsible for
the lasing is highly con- troversial [1]. Two aspects of the results are particularly
challenging to explain. First, how is optical amplification between the ground
state X2Σ+

g and the excited state B2Σ+
u of singly ionized nitrogen molecules N+

2

obtained under the given pumping conditions? Second, how can one explain a
delayed amplified emission?

In this presentation we explain the delayed emission by the experimentally
confirmed presence of long-lived polarizations in a three-level V-scheme cou-
pling simultaneously ground state X2Σ+

g to states A2Πu and B2Σ+
u of molecules

N+
2 without population inversion. Ionization of neutral nitrogen molecules in

a strong laser field and subsequent ion excitation are described by a system of
Bloch equations providing a distribution of ions in the ground and excited states
A and B at the end of the laser pulse. The delayed signal amplification at the
B-X transition wavelength is described by a system of Maxwell-Bloch equations
in a V-scheme with polarization coupling maintained by a weak laser post- pulse.
Two regimes of signal amplification are identified: a parametric amplification of
a signal of a few ps duration at low gas pressures and a short (sub-picosecond)
soliton-like signal generation at high gas pressures. The theoretical model com-
pares favorably with available experimental results. The cavity-free lasing in air
holds a unique potential for optical remote sensing applications.

This work has been carried out within the framework of the EUROfusion
Consortium and funded from the Euratom research and training programme
2014-2018 and 2019-2020 under grant agreement No. 633053.
references
[1] A. Mysyrowicz et al., APL Photonics 4, 110807 (2019).
[2] V. T. Tikhonchuk et al., Physical Review A 101 (2020).
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The studies of terahertz (THz) beam profiles [1] provide knowledge about
physical processes of the generation and propagation of electromagnetic pulses.
A specific interest to the THz beam intensity profile measurements is due to the
study of nonlinear THz effects, for example with z-scan technique [2].

The results of experimental study of broadband terahertz radiation focusing
by lenses and Fresnel zone plates are presented. It is demonstrated, that applying
of lenses for the THz beam focusing leads to appearing of ring structure in spatial
distributions of THz radiation intensity in beam waist region. This structure can
be attributed to diffraction effects. The use of Fresnel zone plated for focusing
of broadband THz pulses is demonstrated. The control of divergence of the
radiation at selected frequencies is shown. Experimental results are in agreement
with numerical simulations.

This work was supported by the Presidium of the Russian Academy of Sci-
ences Program (Project No. 6 (2)), scholarships of the RF President (SP-
500.2019.4; SP-2453.2018. 2), Russian Foundation for Basic Research (RFBR)
(18-52-16020).
references
[1] P. Klarskov, A. C. Strikwerda, K. Iwaszczuk, P. U. Jepsen, New J. Phys. 15
(2013).
[2] X. Chai, X. Ropagnol, A. Ovchinnikov, O. Chefonov, A. Ushakov, C. M.
Garcia-Rosas, E. Isgandarov, M. Agranat, T. Ozaki, A. Savel’ev, Opt. Lett.
43 (21), 5463–5466 (2018).
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The formation of high-intensity and extremely compressed light bullet during
the filamentation of high-power femtosecond radiation is inseparably accompa-
nied by super-broadening of spectrum, overlapping a wide band from the ultra-
violet to the infrared region [1]. Under condition of anomalous group velocity
dispersion the broadening of the spectrum towards Stokes and anti- Stokes re-
gions relative to the carrier wavelength is significantly asymmetric. The spectral
intensity curve in the Stokes band declines monotonically with increasing wave-
length, while in the anti- Stokes region one forms an isolated wing, location and
parameters of which depends on the assembly of characteristics of radiation and
medium [2].

Experimentally, analytically and numerically one investigated features of
transformation of the anti-Stokes band of radiation spectrum during the forma-
tion of a light bullet sequence in the filament. The propagation of a high-power
femtosecond pulses focused in the SiO2 and CaF2 samples was considered.

Using the axicon as a focusing element leads to formation of a Bessel-Gaussian
spatial transverse structure of radiation in the form of intense central maximum
and surrounding rings with lower intensity [3]. Such intensity distribution pro-
vides a greater resistance to the occurrence of multiple filamentation in the
medium compared to lens focusing. With that, variation of the axicon focusing
parameters allows one to control the position and length of plasma channels
during filamentation [4].

It is shown that the formation of the second and subsequent light bullets in a
filament causes an appearance of high-frequency modulation of the anti-Stokes
wing of the spectrum. The modulation period decreases as the wavelength of the
corresponding spectral component decreases. It is established that the reason of
spectrum modulation is an interference of broadband supercontinuum radiation,
the source of which are light bullets.

This work was supported by the Russian Science Foundation (Project No.
18-12-00422). Zaloznaya E.D. acknowledges foundation for the advancement of
theoretical physics and mathematics “BASIS” for the financial support.
references
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[2] A.E. Dormidonov et al., JETP Letters 104 (3), 173-–177 (2016).
[3] L.N. Pyatnitskii, Wave Bessel Beams, Moscow: Fizmatlit (2012).
[4] S.V. Chekalin et al., Quantum Electronics 44 (6), 570—576 (2014).
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Optical breakdown and damage of the bulk is a serious issue when structuring
a surface of diamond by ultrashort laser pulses [1]. To study the causes of the
bulk damage and to find a way to eliminate it, experimental and theoretical
investigations were performed.

Laser irradiation of diamond was carried out using a disk Yb: YAG laser
(λ = 1030 nm, τ = 1 ps). The laser beam was focused at the surfaces of mono-
and polycrystalline diamond samples. Surface graphitization and ablation, as
well as the volume damage, were studied by optical microscopy. The geometry
of the damaged areas suggests a filamentation of the laser radiation, which is
observed for the first time for diamond.

Nonlinear Schrödinger equation for the electromagnetic field was solved nu-
merically to simulate the propagation of laser radiation in the diamond bulk.
An interplay of multiphoton absorption, diffraction and optical Kerr effect was
found to be the cause of the focusing of the light and breakdown in the volume.
Possible ways to eliminate this undesirable focusing during the diamond surface
structuring by ultrashort laser pulses are discussed.

The work was supported by the grant of RFBR 18-32-20226.
references
[1] T. V. Kononenko, P. A. Pivovarov, A. A. Khomich, R. A. Khmelnitskii,
V. I. Konov, Quantum Electronics 48 (3), 244–250 (2018).
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The superfilamentation regime, discovered in a recent work [1], is a special
case of the multifilamentation that occurs under condition of additional weak
focusing at a laser pulse power that is many times greater than the critical self-
focusing power. To date, plasma channels transverse structure evolution and
the spatial distribution of the radiation fluence (without frequency resolving)
in the superfilmentation mode has been studied [2], but the evolution of the
frequency-angular spectra (FAS) of superfilament radiation have not yet been
studied in detail in the literature.

In this work, we have studied the evolution of the frequency-angular structure
of radiation upon superfilmentation of femtosecond laser radiation in air. We
focused our attention on the radiation FAS evolution in the process of coherent
merging of four converging filaments. To create a regular (reproducible from
shot to shot) spatial structure of the multifilament, an amplitude mask was
used, which was an opaque plate with 4 holes [3]. The frequency-angular spectra
were measured under the same filamentation conditions as in our works [4, 5, 6],
where the acoustic signal and the spatial mode of multifilament radiation were
studied.

When the filaments are formed, the radiation spectrum broadens compared
with the initial pump spectrum forming new spectral maxima (in particular,
the maximum in IR, which can be interpreted as corresponding to the light
bullet [7]). During the filament fusion in amplitude-regularized multifilamen-
tation mode, a maximum is formed in the center of beam near the geometric
focus of the lens. The spectrum of this maximum is similar to the spectra of
the initial filaments. As it is clear from the comparison of linear diffraction
evolution of this beam mode with the multifilament bundle evolution, the de-
cisive role in the formation of the spectrum on the main axis is played by the
interference of the radiation of the initial filaments. CE components are almost
absent at the FAS at these distances, therefore they can not make any signifi-
cant impact on filament merging in this regime. When the critical power in the
central maximum is reached, this radiation gives rise to a superfilament. There-
fore, diffraction has a crucial impact on the superfilament formation at least
at the amplitude-regularized regime, since the superfilament is “born” from the
diffraction maximum. After the superfilament is formed, self-phase modulation
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(with possible impact of the delayed Raman response of the medium) broaden
the spectrum of its radiation in the IR spectral wing, resulting in significantly
broader spectrum than one of the initial single filaments. In the postfilamenta-
tion mode, the self-phase modulation process does not stop and leads to an even
greater IR-shift of the existing spectral maxima and the formation of the new
ones.

This work was supported by RFBR grants № 18-52-16020, 18-02-00954.
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Air lasing created remotely in air has attracted much attention due to its
promising applications in remote atmospheric studies [1–3].

In this report, the temporal and spectral characteristics of self-seed lasing
effect corresponded to the B2Σ+

u — X2Σ+
g (0-1) transition of molecular nitrogen

ions was investigated in forward direction. The experiments were performed by
using a 10 Hz/60 fs/950 nm/10 mJ laser pulse from a Ti:sapphire laser complex.
The laser plasma was created in air by different plano-convex lenses with 30, 40,
or 50 cm focal lengths. The spectral-time parameters of lasing were recorded by
a streak camera (Hamamatsu, Universal Streak Camera C10910) combined with
a spectrometer (Acton Spectra Pro SP-2300). According to our measurements,
lasing has linear polarization coinciding with the pump. Lasing pulse duration
(3-5 ps) depends on the length of laser plasma, and lasing power depends on the
pump peak power.

The reported study was funded by RFBR according to the research project
No 20-08-00060 a.
references
[1] P. Polynkin, Y. Cheng, Air lasing, Springer Series in Optical Sciences (2018).
[2] H. Li, D. Yao et al., Chin. Phys. B. 28, 114204 (2019).
[3] N. G. Ivanov, I. A. Zyatikov et al., Opt. Commun. 456, 124573 (2020).
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Spectroscopy of Rb atoms in a pulsed optical dipole trap
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We report on a study of the atom trapping in a pulsed optical dipole trap of
femtosecond duration [1,2]. Pulsed laser radiation is regarded as a laser source
for cooling and localization of atoms with absorption lines are in the ultraviolet
range of the spectrum. This primarily refers to the atoms used in organic chem-
istry (oxygen, nitrogen). For basic research, the development of cooling and
localization methods using radiation in the ultraviolet region of the spectrum is
interesting for cooling and trapping of hydrogen and antihydrogen.

To study the spectral properties of atoms in a pulsed dipole trap, a spec-
troscopy method using selective resonant heating was developed [3]. This made
it possible to compare the spectral properties of atoms localized in a pulsed
trap and a trap formed by cw laser radiation. Experimental data show that at
low intensities of localizing field the spectral properties of atoms are the same.
Under such conditions, in both types of traps, there is a shift in the absorption
line of the probe field caused by the ac-Stark effect induced by the trapping
field. However, theoretical estimates show that increasing of average intensity of
pulsed field leads to the more complicated spectral properties of trapped atoms.
When the intensity is increasing, the spectral line splits. Moreover, there is an
“appropriate” average intensity when the spectral shift of absorption line is ab-
sent [4]. Such properties of pulsed optical dipole trap open up the possibility for
spectroscopy without optical shift with using of arbitrary wavelength of trapping
laser.

The study was supported by the Russian Foundation for Basic Research:
Projects No.18-02-00429 and No.19-29-11004.
references
[1] A. E. Afanasiev, A. A. Meysterson, A. M. Mashko, P. N. Melentiev, V. I.
Balykin, Appl. Phys. B 126, 26 (2020).
[2] A. M. Mashko, A. A. Meysterson, A. E. Afanasiev, V. I. Balykin, Quantum
Electronics 50 (5), accepted (2020).
[3] A. E. Afanasiev, A. M. Mashko, A. A. Meysterson, V. I. Balykin, Quantum
Electronics 50 (3), 206 (2020).
[4] A. E. Afanasiev, A. M. Mashko, A. A. Meysterson, V. I. Balykin, JETP Lett.
111 (11), accepted (2020).
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The particularity of WGM frequency combs applications to
microwave signal generation for space and time metrology

I. V. Balakireva, V. I. Pavlov, N. P. Khatirev and I. U. Blinov
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Solnechnogorsk district, Moscow region, Russia
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One of the most important tasks in the metrological support of time and
frequency measurements is a development of an extremely stable microwaves
sources. These devices are necessary for the transmission of the reference fre-
quency signals and for use as part of mobile sources of time and frequency
reference signals. They are also required for precision ultra-high resolution spec-
troscopy.

The possibility of the microwave generation using the optical frequency combs
is a well known fenomena [1]. The microwave signal of tens GHz is formed
between the teeth of the optical comb, which is the set of the equidistant spectral
lines. In our research we are focused on the comb generation using whispering
gallery mode (WGM) resonators. Combs are generated in WGM resonator using
nonlinear effects, mainly Kerr or Blillouin effects. Usually, Kerr combs consist of
tens or hundreds of lines, while Brillouin combs consist of several lines. Another
difference is that Brillouin lines are generated one after one through cascaded
process, while Kerr comb lines rise all simultaneously.

Previous researches showed the possibility of generation of microwave signal
with Kerr combs with an instability up to 10−13 [2,3]. Almost the same insta-
bility (5× 1013 at 1 s) was reached with Brillouin effect [4]. At the same time it
was found, that the noise reduction up to -40 dB/Hz is achieved by cascading
the Brillouin effect [5]. This is possible without additional stability circles in the
setup. This is why the Brillouin combs are interesting for studies as the sourses
of the stable microwave signal.
references
[1] I. V. Balakireva, I. Yu. Blinov, V. I. Pavlov, N. P. Khatyrev, Izmeritel’naya
tekhnika 3, 24–28 (2020).
[2] Z. L. Newman et al., Optica 6 (5), 680–685 (2019).
[3] A. A. Savchenkov, D. Eliyahu, W. Liang, V. S. Ilchenko, J. Byrd, A. B.
Matsko, D. Seidel, and L. Maleki, Opt. Lett. 38 (15), 2636–2639 (2013).
[4] J. Li, H. Lee, K. Vahala, Nature communications 4, 2097 (2013).
[5] A. Sebastian, I. V. Balakireva, S. Fresnel, S. Trebaol, and P. Besnard, Opt.
Express 26, 33700–33711 (2018).
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The development of a quantum computer is one of the most important tasks
of modern physics. At present, a quantum computer has already demonstrated
supremacy over classical computers in solving certain problems [1]. An array
of ions trapped ultracold ions in the Paul trap are among the most promising
platform for quantum computing [2]. The internal state of each ion represents
a unit of quantum information (qubit), and ions’ state entanglement in the reg-
ister occurs due to the Coulomb interaction. The advantages of this platform
are robust trap lifetimes, long internal-state coherence, strong ion-ion interac-
tions, the high fidelity of the preparation and readout [3], and the high fidelity
of quantum gates [4]. The main technical challenge of the ion platform is its
scalability. This problem can be solved by shifting from two-levels qubits to
d-levels qudits. Qudit-based processors will be more efficient in simulations of
higher-dimensional quantum systems [5], quantum error correction [6]. In this
work, we present an experimental realization of encoding qudit states in hyper-
fine sublevels of a ground state 2S1/2 of ultracold 171Y b+ ion. Moreover, for the
first time, the shelving technique using metastable state 2D3/2 for measuring
qudits is demonstrated.
references
[1] F. Arute et al., “Quantum supremacy using a programmable superconducting
processor”, Nature 574 (7779), 505–510 (2019).
[2] S. Debnath et al., “Demonstration of a small programmable quantum com-
puter with atomic qubits”, Nature 536 (7614), 63–66 (2016).
[3] T. P. Harty et al., “High-fidelity preparation, gates, memory, and readout of
a trapped-ion quantum bit”, Physical review letters 113 (22), 220501 (2014).
[4] J. P. Gaebler et al., “High-fidelity universal gate set for be 9+ ion qubits”,
Physical review letters 117 (6), 060505 (2016).
[5] S. S. Bullock, D. P. O’Leary, G. K. Brennen, “Asymptotically optimal quan-
tum circuits for d-level systems”, Physical review letters 94 (23), 230502 (2005).
[6] E. T. Campbell, “Enhanced fault-tolerant quantum computing in d-level sys-
tems”, Physical review letters 113 (23), 230501 (2014).
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Surface and bulk scattering engineering in microresonators for
enhancement of laser stabilization via self-injection locking
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Compact narrow-linewidth lasers and effective sources of optical frequency
combs are important tools of modern optics, photonics and spectroscopy. Recent
studies have demonstrated the possibility of using high-Q optical whispering-
gallery-mode (WGM) resonators for realization of high-power single-frequency
emission with sub-kHz linewidth [1] due to the self-injection locking effect [2]
and for soliton comb generation from the compact multi-frequency diode laser
locked to high-Q optical microresonator [3,4]. The laser is stabilized due to the
resonant Rayleigh scattering on the internal and surface inhomogeneities, when
a part of the incoming radiation is reflected back into the laser, providing fast
frequency-selective optical feedback. In this work, we study in detail the sta-
bilization efficiency of a laser self-injection locking to high-quality-factor WGM
microresonator, crystalline or on-chip, for a wide range of Rayleigh scattering
values.

It can be shown that the optimal parameters of the self-injection locking
setup are mostly determined by the intrinsic microresonator parameter µ = γ

δ0
that is backscattering coefficient. Here, γ is the backscattering rate (half of
the mode splitting value) and δ0 is the microresonator internal loss rate [5].
The parameters γ and δ0 were divided into internal (“bs” - bulk scattering) and
surface (“ss” - surface scattering) parts:

µ =
γ

δ0
=
γbs + γss
δbs + δss

. (3)

The surface scattering depends on the microresonator geometry and surface
roughness, whereas the bulk scattering depends on the microresonator material
and geometry. Theoretical analysis showed that normalized backscattering µ can
be increased by decreasing surface roughness despite the fact at the same time
both backscattering rate and intrinsic losses of the microresonator also decrease.
To set the backscattering coefficient at optimal value, providing global maximum
of the stabilization coefficient, the geometry and material of the microresonator
can be selected at the manufacturing stage.

The results of the proposed model were tested on the experimental data
[3,4], where the self-injection locking effect and soliton comb generation from the
compact multi-frequency diode laser locked to crystalline MgF2 [3] and integral
Si3N4 [4] high-Q optical microresonator.
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A detailed analysis of the presented model allows one to choose the optimal
geometry and resonator material for high efficiency of laser stabilization in the
self-injection locking regime.

The work was supported by the Russian Science Foundation (project 20-12-
00344).
references
[1] R. R. Galiev, et al., Opt. Express, 26, 30509 (2018).
[2] N. M. Kondratiev, et al., Opt. Express, 25, 28167 (2017).
[3] N. G. Pavlov, et al., Nat. Photon.12, 694 (2018).
[4] A. S. Raja, et al., Nat. Comm., 10(680),1–8 (2019).
[5] M. L. Gorodetsky et al. J. Opt. Soc. Am. B, 17(6), 1051 (2000).
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Stabilization of a frequency comb to an optical reference
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Optical frequency combs were developed two decades ago and now find ap-
plications in many areas of science and technology. They are indispensable part
of modern optical frequency clocks, that allow connection of optical and radio-
frequency domains to measure optical frequencies. In the same time, optical
frequency combs referenced to ultrastable lasers are used to generate ultralow-
noise radio frequencies.

In this work, we present our resent results on stabilization of a fibre frequency
comb (from AVESTA) to a 1.14µm utlrastable laser [1], which is locked to a high-
finesse ULE cavity. Usage of an intracavity electro-optical modulator allows tight
locking of a comb tooth to the laser, that results in transferring laser stability to
full spectrum of the comb. We confirm this by observing narrow-line beat signal
between the comb and another ultrastable laser at 871 nm.

A few-days-long continuous lock was routinely achieved, that paves the way
for high-precision comparison of thulium optical clock to other optical or mi-
crowave clocks.

This work was supported by RFBR grant No. 18-02-00628 A.
references
[1] A. Golovizin et al., Journal of Russian Laser Research, 40 (6), 540–546 (2019).
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Methane based femtosecond radio-optical reference oscillator and
comb generator: stability, noise, applications

M. A. Gubin1,3, A. N. Kireev1, A. S. Shelkovnikov1, D. A. Tyurikov1,
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State of the art of the Radio-optical Reference Oscillator and Comb Generator
based on He-Ne/CH4 Optical Frequency Standard and femtosecond Er fiber
laser (Optical Frequency Divider) will be presented. The results of phase noise
spectral density and frequency stability measurements characterizing the whole
system as well as separate parts will be considered. Prospects of the development
towards compact and reliable Reference Oscillator and Comb Generator as well
as possible applications, for example interrogative oscillators for Cs, Rb cold
atoms fountains, phase calibration of VLBI receiver equipment, detection of
slowly moving objects by radars, etc will be discussed.
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Clock laser systems based on half-meter long ULE cavities in
vertical and horizontal mount
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Laser systems with spectral linewidth less than 1 Hz are the most vital instru-
ments in most of high-precision spectroscopy experiments. Masterpiece systems
now provide fractional frequency instability of 4×10−17 on 1-100 seconds averag-
ing time [1]. Such sub-Hz systems are a key instrument in most accurate optical
frequency standards: they provide spectroscopy of ultranarrow clock transitions
in modern optical clocks. Moreover, “clock” laser defines stability of optical clock
on short averaging times (less than ensemble preparation time) and limits sta-
bility on longer times due to Dick effect, that is determined by the level of laser
noise as well. Accordingly, laser systems with a very low fractional frequency
instability are more and more in demand, and our main goal is to improve their
efficiency, and, as a result, to provide laser systems with fractional frequency
instability about 10−16 on 1 second averaging time. Basic technique to obtain
ultra-low fractional instability is locking laser frequency to the mode of a passive
monolith ultra-stable high-finesse Fabry-Perot cavity. It has to be vibro-isolated
and thermostabilized, is usually kept in ultra-high vacuum. Under those condi-
tions fractional instability is fundamentally limited by thermal noise of cavity’s
mirrors (i. e. instability of length).

Allan variance of thermal noise can be used to predict best achievable frac-
tional instability of cavity’s eigenmode. In dependency on major parameters it
is given as [2]

σy ∝
√
T × φcoat

Lξ/4 × λ1/2 × E1/2

Here, T - temperature, φcoat - loss angle of mirror coating, L - cavity length, λ -
laser wavelength, E - Young’s modulus of mirror’s substrate. Hence, main ideas
of performing more stable laser systems are: using high-Q materials, low tem-
peratures and enlarging base of reference cavity. The idea of enlarging cavity’s
base is realized by two half-meter long vertical and horizontal mount cavities
made of Ultra-Low Expansion glass. Accurate calculations, proceeded for our
systems, resulted in 7 × 10−17 fundamental fractional instability limit. These
systems, operating on 698 nm will be used as clock lasers in Sr optical lattice
clock [3].

Most recent features and difficulties for those systems like actual fractional
frequency instability, vibrational sensitivity, doppler-caused instability, PDH
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electronic circuit characterization, fiber lines instability and future applications
are going to be discussed.

This research was supported by RFBR (19-32-90207).
references
[1] D. Matei et al., Phys. Rev. Lett. 118, 263202 (2017).
[2] N. Zhadnov et al., Quantum Electronics 48 (5), 425–430 (2018).
[3] O. Berdasov et al., Quantum Electronics 47 (5), 400 (2017).
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Ultrastable lasers based on cryogenic silicon cavities

K. S. Kudeyarov1, G. A. Vishnyakova1, N. O. Zhadnov1, D. S. Kryuchkov1,
K. Yu. Khabarova1 and N. N. Kolachevsky1,2

1 Lebedev Physical Institute, Moscow, Russia;
2 Russian Quantum Center, Moscow, Russia
e-mail: kost1994@yandex.ru

Lasers with stable frequency are widely used in many fields of physics and
technology, such as metrology, spectroscopy, astronomy and navigation. More-
over, ultrastable laser is essential for operation of modern optical clock and can
limit its stability [1]. State-of-the-art laser system yields fractional frequency
instability at the level of 4× 10−17 on averaging times of 1-100s [2].

Most of the stable lasers are based on high-finesse Fabry-Perot cavities. Laser
frequency can be locked to the eigenmode of a cavity viaa modulation Pound
-Drever-Hall technique. Stability of laser is determined mostly by variation of
distance between mirrors, which can be caused by various environmental per-
turbations, and imperfections in optoelectronic feedback loop. The fundamental
limit on of laser frequency stability is imposed by thermal noise of cavity spacer,
mirror substrates and coatings. To lower the thermal noise, one need to properly
design geometry and materials of cavity.

We work on stabilization of 1.5 µm fiber laser by locking to 8-cm monocrys-
talline silicon cavity mounted in filled cryostat of original design. Very high
mechanical Q-factor of silicon (108) and low temperature of zero CTE point
(124 K) allow for reducing the level of thermal noise. Additional decrease can
be provided by crystalline mirror coatings made of GaAs/AlGaAs. Towards
reaching of the thermal noise limit we managed to stabilize cavity tempera-
ture at zero CTE point, isolate cavity from vibrations, and control the residual
amplitude modulation in optoelectronic stabilization system.

The work was supported by the Russian Foundation for Basic Research
(Grant No. 19-32-90207).
references
[1] A. Quessada, R. P. Kovacich, I. Courtillot et al., Journal of Optics B: Quan-
tum and Semiclassical Optics 5 (2), 150–154 (2003).
[2] D. G. Matei, T. Legero, S. Häfner et al., Physical Review Letters 118 (26),
263202 (2017).
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In spite of the fact that optical frequency combs (OFCs) have been have been
developed as precise optical frequency rulers for precise atomic spectroscopy, it
was successfully used directly as a broadband light source in molecular spec-
troscopy. This combination creates spectrometers with a high frequency resolu-
tion and precision and highly sensitive spectral acquisition over the broadband
OFC spectrum. Furthermore, comb-based Fourier-transform spectroscopy de-
livering spectra with no instrumental function has been demonstrated [1] and
recently we have verified the precision of the comb-based spectrometer to 100
Hz level [2]. Such capabilities enable developments of broadband versions of
cavity enhanced absorption spectroscopy (CEAS) [3,4], cavity mode-width spec-
troscopy (CMWS) [2,4-5], and cavity mode dispersion spectroscopy (CMDS)
[2,4-5]. These spectroscopic methods provide background free spectra, and are
less prone to the intensity noise of optical frequency comb. Therefore the comb-
based cavity spectroscopies are useful to broadband determination of collisional
line-shape parameters which is crucial for future spectral databases.

Apart from the fundamental studies on optical collisions, relatively easy fre-
quency conversion to the mid-infrared wavelength range make it powerful tool
for trace gas and intermediate species detection [6], which helps to determine
pathways of chemical reactions relevant to atmospheric science and astrophysics.
With this goal recently we have developed OFC in the mid-infrared, based on
femtosecond optical parametric oscillator, working in 3-5 µm range and deliver-
ing more than 200 mW of optical power. In the presentation the ideas behind
the approach will be presented altogether with the measurements of the target
molecular species.
references
[1] P. Mas lowski et al., Phys. Rev. A 93, 021802(R) (2016).
[2] G. Kowzan et al., Sci. Reports 9, 8206 (2019).
[3] A. Foltynowicz et al., Physical Review Letters 107, 233002 (2011).
[4] A. Cygan et al., J. Chem. Phys. 144, 214202–1 (2016).
[5] A. C. Johansson et al., Opt. Express 26, 20633 (2018).
[6] A. Fleischer et al., J. Phys. Chem. Lett. 5, 2241–2246 (2014).
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Optical clocks have a various applications in fundamental and applied sci-
ence [1]. Some of them requires transportable systems. Thulium atoms seem
to be a suitable platform for transportable optical clock due to an inner-shell
optical transition at a wavelength of 1.14 µm with 1.2 Hz linewidth. This transi-
tion has a low sensitivity to external static electric field and blackbody radiation
the environment [2]. Other effects that cause frequency shifts in thulium optical
clock were discussed in [2], with the most significant one being quadratic Zeeman
effect.

To avoid frequency shift due to linear Zeeman effect we use the transition
between central magnetic sublevels of ground and clock states (|mF = 0〉 −→
|mF ′ = 0〉). To eliminate the second-order Zeeman shift we plan to use so-called
synthetic frequency technique. In this approach we are interrogating with both
hyperfine components of the clock transition. These components have the same
absolute value of second-order Zeeman shift but with different signs. Because
of that, second-order Zeeman shift for the mean “synthetic” frequency of clock
transitions between two hyperfine components cancels out (see fig.1).

In order to use this scheme we need to prepare atoms in the central magnetic
sublevels of both hyperfine states. In this work we demonstrate simultaneous
optical pumping into these states.

CLOCK
TRANSITION

Figure 1: Concept of synthetic wavelength

This work was supported by RFBR Grant No. 18-02-00628 A.
references
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[2] A. Golovisin et al., Nat. Commun. 10, 1–8 (2019).
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Quantum computation is one of the hottest topics in physics today. Ion
platform is one of the most promising candidates for realisation of a useful
quantum computer. High fidelity gates and long coherence time using ultracold
ions were already demonstrated. The next key step towards ion-based quantum
computation is to overcome the scalability problem.

In this talk, an overview of approaches to scaling ion quantum computation
and our contribution in this field will be presented including analysis of compu-
tation with arrays of micro point traps.

This work is supported by grant RSF 19-12-00274.
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Narrow-linewidth laser sources are of special demand for science and high-
tech indus- trials. Microresonator-based photonics provides an effective method
to make such sources less expensive by using commercial laser diodes locked to
high-Q optical microresonators. Self-injection locking (SIL) of a laser diode to a
whispering gallery mode (WGM) res- onator was proved to be an efficient instru-
ment of the linewidth narrowing [1]. During SIL the laser resonator is coupled to
the WGM resonator by Rayleigh backscattering as a passive frequency-selective
optical feedback. Under such conditions, laser linewidth the result linewidth of
the SIL laser diode can be determined by the fundamental thermore- fractive
noise in WGM if the Q-factor is high enough [2]. It was found out that the SIL
of a laser diode is sufficient for a Kerr comb generation in the microresonator
[3, 4] resulting a solitonic pulse formation. High attainable Q-factors and small
mode volume allow to decrease the soliton generation power threshold to several
µW . Thus, microresonator quality factor is a crucial parameter for such de-
vices. However, its accurate measure- ment can be a challenging task, especially
in SIL regime, when traditional linewidth or ringdown time measurement isn’t
applicable.

In this work we proposed and tested an original technique allowed us to
determine unloaded and loaded quality factors and vertical mode number p of
the microresonator in the SIL regime using the dependence of the locking range
δω on the gap between the WGM resonator and the coupler d. Using linear
theory of the SIL from [2] one may obtain that

δω =
3
√

3

2
γ
κmc
κ2m

k̄d0

where κm = κmc + κmi is the microresonator’s mode decay rate with κmi deter-
mined by the intrinsic losses and κmc determined by the external coupling, γ is
the forward- backward wave coupling rate, and k̄d0 is the laser output beam cou-
pling rate. Knowing the maximal value of the locking range, realized at critical
coupling (κmc = κmi), we calculated κmc = Qc/ω using the well-known formulas
for Qc(d) from [5] and, thus, determined κmi and intrinsic resonator quality Qi

. The proposed technique was verified for the resonator with known parameters
and showed good accuracy.
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We report that the instability boundary of the single-mode state in Kerr ring
microresonators with ultrahigh quality factors breaks the parameter space span
by the pump laser power and frequency into a sequence of narrow in frequency
and broad in power instability and synchronisation domains - Arnold tongues.
The instability tongues are located between the Lugiato-Lefever (lower) and uni-
versal (higher) thresholds. Close to the universal threshold, the system shows
a striking transition between the synchronisation and the frequency-domain
symmetry-breaking regimes of operation. Both narrow and board (soliton) fre-
quency combs can be interpreted using an interdisciplinary concept of oscillator
synchronisation.
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The development of a network of optical clocks connected with links [1] for
coherent transfer of frequency and time signals create great opportunities in
such fields of science and technology as the formation of national and interna-
tional time scales, satellite navigation, relativistic geodesy, very-long-baseline
interferometry, tests of fundamental theories, search for dark matter. The state-
of-the-art frequency standards have reached the level of relative uncertainty and
instability of 10–18. Transferring signals from these standards with conservation
of their characteristics using radio frequency methods is impossible, because the
latter cannot provide frequency transfer instability better than 10−16. One can
reduce the level of the phase noise introduced by the communication link by
transferring signals at optical frequencies. The development of stationary and
transportable optical frequency standards shows the necessity of designing both
fibre [2] and free-space [3] links for the transfer of highly stable signals.

We report the results of developing a laboratory 5-m free-space link with
a system for active compensation of phase noise. We have showed that the
noise introduced by the link into the signal is determined by the influence of
atmospheric turbulence for Fourier frequencies f < 1 Hz, and its spectrum is
described by the function f−2.3.3. The phase-noise compensation system makes
it possible to reduce the link contribution to relative frequency instability and
uncertainty of the transferred signal to a level of several parts of 10−19 for 5000
s of averaging; thus, the link can be used to compare transported frequency
standards [4].

In continuation of this study we are going to increase the link length to 500
m and use an unmanned aerial vehicle with a mirror fixed on it as a moving
receiver model.

This work was supported by the Russian Science Foundation (Grant 19-72-
10166).
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Quantum state control is a highlight of considerable research interest nowa-
days [1]. Population transfer between the quantum states induced by electro-
magnetic fields is successfully exploited in atom optics as well as Bose-Einstein
condensation and quantum information [2]. In the light of developing new gen-
eration of ultrafast sources of coherent radiation, such as femtosecond and atto-
second lasers, study of the light-matter interaction is getting a tremendous boost.

In the last three decades, many efficient schemes, such as stimulated Raman
adiabatic passage (STIRAP) and adiabatic rapid passage (ARP), for controlling
the quantum transport among the states have opened new ways to get control on
various atomic or molecular processes [1]. In order to attempt to speed up the
adiabatic process, Shapiro et al. (2007) [3] proposed a technique, named piece-
wise adiabatic passage (PAP). It produces a STIRAP-like population transfer by
sequences of a large number of pulses. The amplitudes of pulses changes adia-
batically forming envelopes reminiscent of the so-called P (the Pump) and S (the
Stokes) pulses in STIRAP. The interesting aspect of PAP that the individual
pulses can be shorter than the durations allowed by the adiabatic condition in
STIRAP, which makes it possible to implement this STIRAP-like process with
ultrashort pulses [1].

We study the dynamics of the quantum two-level system in dipole approxi-
mation driven by series of ultrashort pulses.

We show that even in the case of single nonresonant ultrashort laser pulse it
is possible to find such a value of amplitude that a complete population transfer
occurs. However detuning from the perfect amplitude value leads to incom-
plete population transfer. To understand the underlying properties better we
expose the quantum system by a train of ultrashort pulses. We demonstrate that
the quantum state of the atoms may be controlled by varying the intensity of
each different pulse, by controlling the overall phase and phase difference among
the states between different pulses. The robustness of the scheme against the
variation of the pulse train parameters is also investigated. Based on the inter-
pretation of the parameters, we discuss possible working algorithm that leads
to state inversion scenario. We show that contrary to commonly accepted PAP
protocols [1, 3] the fastest regime of population transfer can be realized be means
of essentially asymmetric envelope of pulse amplitudes.
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Series of implementations of the described phenomena may be possible, for
example in the design of magnetic field sensors, quantum gates or in the field of
metrology.
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referenced frequency comb

I. V. Zalivako1, I. A. Semerikov1, A. S. Borisenko1, M. D. Aksenov1,
P. A. Vishnyakov1, P. L. Sidorov1, N. V. Semenin2, A. A. Golovizin1,

K. Yu. Khabarova1,3, N. N. Kolachevsky1,3

1 P. N. Lebedev Physical Institute of RAS, Moscow, Russia;
2 Moscow Institute of Physics and Technology, Dolgoprudny, Russia;
3 Russian Quantum Center, Skolkovo, Russia
e-mail: zalivako.ilya@yandex.ru

Ultrastable lasers play an important role in many areas of modern physics
and technology. Scope of their applications includes manipulation of quantum
states of ions or atoms for quantum logic experiments, precision spectroscopy
and optical frequency standards. Ever growing interest in performing such ex-
periments outside laboratories, for example for chronogeodesy, spaceborn tests
of general relativity, commercial quantum computation and quantum sensors
setups and improving accuracy of satellite navigation systems, demand devel-
opment of compact, robust and transportable laser systems. In this work we
present results of stability measurements of a compact ultrastable laser sys-
tem at 871 nm for manipulation of an optical qubit encoded in quadrupole
,2 S1/2(F = 0)→,2D3/2(F = 2) transition in ,171 Y b+ ion. The system is based
on a diode laser frequency locked to an ULE cavity with high-finesse fused silica
mirrors. The stability was characterized by comparison with a frequency comb
referenced to another ultrastable laser source for clock transition interrogation in
Thulium atoms at 1140 nm. The measured relative modified Alan deviation of
the beatnote between the developed laser system and a frequency comb achieve
level below 3 × 10−15 at the averaging times in the range from 0.5 s to 50 s.
This result shows that despite significant reduction in mass and volume of the
vacuum package of the ultrastable cavity in comparison with our previous laser
systems (7 kg and 3.5 l in comparison with 20 kg and 10 l, correspondingly),
metrological characteristics of the developed system did not degrade.

The work is supported by RFBR Grant 19-32-90103.
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Measurements of the shape and phase of optical signals are of great impor-
tance for numerous applications. There are methods that allow direct algorithms
for pulse retrieval [1-3], and methods with iterative algorithms, e.g., frequency re-
solved optical gating (FROG) [4] that has become a standard tool for ultrashort
pulse characterization. We review the pulse measuring methods paying atten-
tion to the ambiguities and convergence issues of the pulse retrieval algorithms.
In particular, the most used version of FROG based on the second harmonic
generation (SHG) has several ambiguities (direction of time, ±π phase between
pulses) and limited convergence of its iterative algorithm for complicated pulses
and noisy data.

We present a novel unambiguous method based on an upgraded SHG FROG
scheme and direct pulse retrieval algorithm. A conventional FROG trace, which
is a set of spectra of a sum frequency signal generated by an input pulse and
its delayed replica, contains only intensity information. In our method a rela-
tive spectral phase between the FROG signal and some initially unknown suffi-
ciently broadband pulse is measured in addition. In our experimental realization
we used the second harmonic of the input pulse as the reference and extracted
the phase information from the spectral interference. We developed fast non-
iterative pulse retrieval algorithm utilizing a two-dimensional data set, which
greatly improves the pulse reconstruction compared to the known methods uti-
lizing one-dimensional phase retrieval algorithms [1,2]. We also developed a
simple and robust iterative algorithm with extremely fast convergence (∼ 10
iterations for almost any pulse in exhaustive numerical tests).

We experimentally tested our method using asymmetric pulses with a pedestal
and complicated phases, as well as double pulses with controllable relative am-
plitudes and phases. All these pulses were successfully retrieved with correct
direction of time by our algorithm.

This study was supported by the Ministry of Science and Higher Education
of the Russian Federation (Contract No. 14.W03.31.0032) and RFBR (Grant
ID 19-29-11032).
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Dye lasers are a convenient tool for generating radiation in a wide spectral
range from 0.3 to 2 µm, and obtaining ultrashort pulses due to their wide gain
spectrum. They are especially in demand for the region of 500− 700 nm, which
is not available for Ti:Sapphire and Cr:Colquiirites lasers and their harmonics.
The use of semiconductor lasers for pumping would significantly simplify and
reduce the cost of dye lasers. Previously it have been shown that exciting dyes
with powerful green laser diodes allows one to obtain high efficiency and wide
tuning ranges. Our goal in this work was to obtain ultrashort pulses in a dye
laser using either passive or active mode locking with 400 ns duration diode
pumping.

The use of a saturable absorber only made it possible to achieve partial and
unstable mode locking. This was due to the fact that with diode pumping of
total pulse power 4 − 6W, it was not possible to achieve the desired intensity
inside the laser cavity for sufficient bleaching of the saturable absorber. As a
result, the mode locking did not have sufficient time to establish during the
pumping. Synchronous pumping was provided by pulsed modulation of the
current through laser diodes with a pulse duration of 1 ns and a repetition rate
of 200 − 250MHz. As a result, a stable and reproducible mode locking with a
single pulse in the axial period was ensured.

Figure 1: a) Experimental setup of tunable diode-pumped dye laser; b) temporal profiles of
dye laser pulses using mixture of Rhodamine 6G and DODCI in ethanol.

The laser active element was a cuvette with 0.2 mm inner thickness filled with
a mixture of Rhodamine 6G and DODCI (a saturable absorber) dyes; pumping
was carried out by three NDG7475 laser diodes (λ = 513 nm) in the region of
20 × 40µm. The radiation of two diodes were modulated through changing of
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the supplied current, the power of the third diode was not modulated (fig. 1a).
The duration of the generated pulses was measured by a high-speed streak-
camera, and the typical half-width was 90− 100 ps. Further research will focus
on increasing the pulsed current through laser diodes and achieving a shorter
duration of pulses.

This work was supported by the Russian Foundation for Basic Research
(Grant No. 19-02-00344).

279



Oral

Stimulated Raman scattering in diamond microcrystals
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Diamond crystals are one of the most studied solids, which are obtained from
natural deposits or as a result of synthesis in laboratory conditions. The most
widely used are artificial diamonds obtained at high pressures and tempera-
tures and the chemical vapor deposition method. Using Raman scattering (RS)
methods allowed obtaining some characteristics of diamond particles. Previ-
ously stimulated Raman scattering (SRS) was studied in bulk single crystals,
diamonds or films. SRS observations in artificial diamond microcrystals grown
at high temperatures and pressures have not yet been carried out. In this work,
we set the task of studying the spectra of stimulated Raman scattering in mi-
crocrystalline diamond particles, as well as comparing these spectra with the
spectra of spontaneous Raman scattering in a diamond microparticles of similar
sizes.

Samples for research were commercial (Shenzhen Adiamond Technology Co.,
Ltd) microcrystals of diamond with sizes of 250-300 µm, obtained at high tem-
peratures and pressures. The stimulated Raman spectra were excited by a YAG:
Nd3+ laser with a wavelength of 532 nm, pulse duration of 60 ps, and a pulse
repetition rate of 20 Hz. The maximum energy in each pulse reached 20 mJ,
the maximum power ∼ 0.2 GW. Laser radiation was directed to the sample
surface with a lens with a focal length of 30 cm. The OS-12 filter reduced the
intensity of the exciting laser radiation and suppressed the secondary radiation
arising in the anti-Stokes region of the spectrum. The Stokes SRS spectra were
recorded with forward-scattering geometry by the FSD-8 fiber-optic minispec-
trometer with a spectral resolution of ' 1 nm. During experiments on recording
Raman spectra, focusing modes were used to ensure that there was no visible
damage to microcrystals due to intense laser irradiation. As a result, 3 Stokes
SRS components with a frequency shift of 1331 cm−1 were recorded.

Thus, in this work, we recorded the spectra of spontaneous and stimulated
Raman scattering of diamond microparticles with sizes of 250-300 µm. As a
result, the diamond fundamental F2g mode ν=1331 cm−1 was detected in the
spectra of spontaneous RS. When SRS is excited by a pulsed ultrashort laser
several Stokes lines with frequency shifts of ν=1331 cm−1 are detected.

This work was supported by RFBR grants (18-02-00181 and 18-32-00259
mol_a) and Russian Science Foundation (grant No. 19-79-30086).
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Generation of two photons bound states under resonance excitation
of Raman active media by ultrashort laser pulses

V. S. Gorelik1,2
1 Bauman Moscow State Technical University, Moscow, Russia;
2 P. N. Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia
e-mail: gorelik@sci.lebedev.ru

The appearance of intense ultrashort laser pulses opened the opportunity
to observe the different nonlinear phenomena: Parametric Light Processes [1-
4], Second Harmonic Generation, Stimulated Raman Scattering and others. In
this work, the two-photons bound states (boundtons) [5-7] appearance is pre-
dicted under resonance excitation of Raman active dielectric media by ultrashort
laser pulses. The frequencies ωb of the waves, corresponding to boundtons are
ωb ' 2ω0, where ω0 is the exciting line frequency. The most possibility of
boundtons generation in media is predicted when the strong photon-phonon in-
teraction takes place and the frequency of exciting laser emission is close to the
absorbance edge of dielectrics. In this case the group velocity of the exciting
emission in media is close to zero and a probability of two photon bounding
sharply increases. The another preferable condition of boundtons appearance is
the Resonance Fermi presence. In this case, the exciton state with energy and
type of the symmetry, close to the boundton, exists in dielectrics. Boundtons
in media may destruct with generating of biphotons (entangled photon states)
and gravitons, emitted into vacuum. Simultaneously, as a result of destruc-
tion of boundtons in dielectrics, paraphotons and axions [8] may be emitted
from the media into vacuum. For discovering of paraphotons, axions or high
frequency gravitational waves we propose biphoton detection and also “Light
shining through wall experiment”, when the same media, in which boundtons
were excited, is used for registration of the secondary emission. The experimen-
tal results of nonlinear phenomena observing in various dielectric media (ZnO,
Ba(NO3)2, Pb(NO3)2 NaBrO3, KNO3, NaUO2(CH3COO)3, antracene, POPOP,
PPO), excited by short and ultrashort laser pulses, are presented.

This work was supported by Russian Science Foundation, grant 19-12-00242.
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The analysis of the molecular composition and structure of water molecules
was effectively carried out using various optical methods, in particular infrared
absorption spectroscopy [1] and Raman scattering [2]. The use of stimulated
Raman scattering (SRS) methods opens up new possibilities for studying non-
linear processes in heavy and light water. To excite multi-frequency anti-Stokes
SRS in water, we used a YAG: Nd3+ pulse-periodic laser, generating ultrashort
(60 ps) pulses with a wavelength λ = 1064 nm. Four equidistant anti-Stokes
satellites are observed in the Raman spectra of light water with a frequency
shift 3024 cm−1. Moreover, for the Raman components of higher orders, ad-
ditional intensity peaks are found near the fundamental lines (Fig. 1a). The
Raman spectrum of heavy water consists of five anti-Stokes peaks (Fig. 1b)
with a frequency shift 2200 cm−1, the half-width of which increases significantly
when moving into the short-wavelength region of the spectrum. According to the
laws of conservation of energy and momentum for four-photon processes, each
anti-Stokes component corresponds to a Stokes satellite in the infrared region of
the spectrum. The anti-Stokes multi-frequency Raman lines in light and heavy
water correspond to the fundamental internal fully symmetric mode of a water
molecule.

This work was supported by Russian Science Foundation, grant 19-12-00242.

Figure 1: Figure. 1. Normalized spectra of anti-Stokes multifrequency SRS in light (left)
and heavy (right) water.
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Coherent beam combining (CBC) is a promising route for increasing peak and
average power of laser systems. It is especially attractive for fiber laser systems
(including ultrafast fiber systems) since they may be scaled to an extremely
large number of channels. Apart from the problem of beam phasing, which
can be solved by well-developed active feedback techniques, an efficient optical
scheme is required to combine many emitters into one coherent beam. There are
different concepts of CBC, but no methods have been demonstrated by now that
would provide high combining efficiency, and at the same time would be easily
scalable for a large number of channels and support large spectral bandwidth
and ultrashort pulse duration [1].

The tiled aperture approach is the most promising one for scaling to large
number of channels. In this scheme many parallel beams (beamlets) are arranged
side by side and a combined beam is formed in the far field. However, for non
flat-top beamlets there are fundamental limitations on the combining efficiency.
Theoretical estimates show that efficiency at the level only of 50–70% can be
achieved, while in experiments only lower values below 60% were reported so
far [2].

We propose a modification to the tiled aperture approach that pushes combin-
ing efficiency close to 100% even for bell-shaped (e. g., Gaussian) beams with low
aperture fill-factor. The scheme relies on changing the beam phasing paradigm
from the commonly used in-phase pattern (where the phases of all channels are
the same) to the out-of-phase pattern (interleaved 0/π phases in the neighboring
channels). Such a pattern results in the formation of two (in one-dimensional
arrangement) or four (in two dimensions) beams in the far field. These beams
can be further combined by ordinary beamsplitters due to equal amplitudes and
mirror symmetry. The major difference from the in-phase pattern is that the
higher-order lobes contain much lower energy since they are shifted further away
from the center and their amplitudes drop down quickly, leading to significant
efficiency improvement.

In a proof-of-concept experiment with one-dimensional 9-channel fiber array
we achieved 89% of the power in the main combined beam using the out-of-phase
pattern. In numerical modeling we found optimal conditions leading to 98%
efficiency for unlimited number of channels and arbitrary small initial aperture
fill factors. The scheme is highly tolerable to the effect of sub-aperture clipping
and suitable for combining ultrashort pulses.
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Femtosecond lasers based on the chirped-pulse amplification (CPA) technique
[1] have become a powerful tool in modern science and industry. In any CPA
laser, dispersion management is a crucial factor determining the quality of the
output pulse [2]. Uncompensated residual spectral phase can significantly deteri-
orate the pulse shape, reduce the peak intensity, and degrade the pulse contrast.

The dominant role in dispersion management in CPA systems belongs to
stretchers and compressors [3]. Design requirements for stretchers and compres-
sors can be substantially different depending on the application of the laser.
Industrial lasers use robust designs optimized for low cost of manufacture, ease
of service and overall reliability. Many scientific systems are designed to achieve
outstanding goals, e.g. ultrahigh peak intensities or extremely short pulse du-
rations. Such lasers employ highly-customized solutions, some of which require
advanced auxiliary equipment and a team of PhD-level professionals to operate
and maintain the device.

Despite having the mutual goal of achieving high-fidelity pulse reconstruction
at the system’s output, stretchers and compressors differ greatly in their perfor-
mance specifications. Compressors are designed to withstand high energy pulses,
have high throughput, and preserve beam quality without introducing angular
chirp. Stretchers are operated with low-energy seed pulses and can have rather
complicated schematics with more degrees of freedom. This allows their designs
to be focused on tuning high-order dispersion terms to obtain transform-limited
pulses at the recompression stage.

In this report, various aspects of dispersion control in CPA systems are dis-
cussed, including sources of dispersion, tools, optimization strategies and crite-
ria. An overview of methods for the analysis of free-space dispersive subsystems
is presented. Advantages of aberration-free and aberrated stretcher designs are
discussed. Finally, a few of the current intriguing solutions and advanced tech-
niques are provided.

This research was supported by the Russian Foundation for Basic Research
(RFBR) (18-29-20019).
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Femtosecond chirped-pulse amplification (CPA) systems face severe stability
problems originating from the performance of their components. Crucial fac-
tors deteriorating the stability of a CPA system are fluctuations of the energy,
beam-pointing stability and timing jitter of the pump laser. Frequency-doubled
Q-switched neodymium lasers are widely used as pump sources for both regener-
ative and multipass Ti:Sapphire amplifiers. Cr:Forsterite amplifiers are usually
pumped with fundamental-frequency neodymium lasers. Typical beam-pointing
stability of commercially available Nd pump lasers is ±25-50 µrad, while typical
energy stability is around 0.3-1% (r.m.s.) for diode-pumped lasers and 1-3% for
lamp-pumped lasers. Another stability problem associated with lamp-pumped
lasers is that their output intensity distribution in the beam cross-section can
notably vary from shot to shot. Despite poor stability, lamp-pumped lasers are
widely used as pump sources for amplifiers with low pulse repetition rates (1-20
Hz) due to their low cost and high energy as compared to the diode-pumped
lasers.

Figure 1: (a) Depletion of the stored energy in the active medium with Brewster geometry.
(b) Simulated oscilloscope trace of an intracavity build-up signal of a Ti:Sapphire regenerative
amplifier. (c) Extracted energy as a function of the number of cavity round-trips. Error bars
display the energy stability (STD) at each round-trip.

A numerical model of a regenerative amplifier pumped by an unstable pump
laser with fluctuating beam and energy has been developed. The model takes
into account spatial distribution of the pump energy across the active medium
and its fluctuations from shot to shot. Using spatially-dependent Frantz-Nodvik
equation [1], we can calculate amplification of the laser pulse at each consecutive
pass through the active medium and thus obtain the entire intracavity build-
up signal. Using this model, we analyze the influence of the input parameters
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(number of cavity round-trips, cavity losses, seed energy, diameters of the pump
beam and the cavity mode, etc.) and their fluctuations on the extracted laser
energy, accumulated B-integral, and their statistics.

This research was supported by the Russian Foundation for Basic Research
(RFBR) (20-52-00036).
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Nowadays, the creation of multyterawatt and petawatt laser systems is based
on solid-state titanium-sapphire or parametric amplifiers using CPA technology.
In this technology, a low-energy femtosecond pulse is extended to a subnanosec-
ond duration then it is amplified in high-power amplifiers and compressed to its
original duration in a diffraction grating compressor. All these laser systems op-
erate in the infrared (IR) spectrum region (0.8–0.9 µm). The expansion of their
spectral range makes it possible to find new application and, in case of wave-
length shortening, to improve the interaction efficiency of high-power radiation
with matter.

In this report, the focus will be on high powerful laser systems operating in the
visible spectrum. The methods currently known for producing multi-terawatt
laser pulses will be described, as well as the laser systems and the resulting
radiation parameters. It will be noted that the method of converting high-power
laser pulses of IR radiation in the visible range does not allow forming a high-
quality beam. And only the method of direct amplification of visible spectrum
laser pulse in booster amplifier makes it possible to obtain high-quality laser
radiation.

The reported study was funded by RSF (grant No. 18-19-00009).
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On uncertainty principle in laser pulse shaping

K. B. Yushkov1, V. Ya. Molchanov1 and E. A. Khazanov2

1 National University of Science and Technology MISIS, Moscow, Russia;
2 Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia
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The uncertainty principle is among the fundamental relations of information
theory and signal processing. In classical Gabor’s formulation, it restricts the
minimum time-bandwidth product of a communication system [1].

We discuss implementation of this principle for ultrashort laser pulse shaping
analyzed from the information-theory point of view. It is demonstrated that the
product of time-domain resolution and modulation contrast can be maximized
for a laser pulse shaper of generic architecture. The optimal shaper bandwidth
is found to be twofold laser pulse spectrum. The results are applied to acousto-
optic dispersion delay lines and spatial-light-modulator-based pulse shapers [2,3].
Experimental validation is performed with a high-definition acousto-optic dis-
persive delay line.

The research was supported by the Russian Foundation for Basic Research
(Project 18-07-00672).
references
[1] D. Gabor. J. Inst. Electr. Eng. P. III: Radio Commun. Engrg. 93 (26), 429
(1946).
[2] V. Ya. Molchanov et al., Appl. Opt. 48 (7), C118 (2009).
[3] S. Yu. Mironov et al., Phys. Usp. 60 (10), 1039 (2017).
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Picosecond high peak and average power lasers and pulse-burst
laser systems

V. G. Arakcheev, V. B. Morozov, A. N. Olenin, V. G. Tunkin
and D. V. Yakovlev

International Laser Center and Physics Faculty of M. V. Lomonosov Moscow State University,
Moscow, Russia
e-mail: morozov@phys.msu.ru

High peak power picosecond lasers are widely used in a variety of scientific,
technological and medical applications such as time-resolved and time-domain
nonlinear laser spectroscopy, coherent anti-Stokes Raman microscopy and two-
photon bioimaging, laser ablation and micromachining, photo-guns equipping in
electron accelerator injectors, precise satellite and lunar laser ranging, aesthetic
cosmetology and dermatology, clinical surgery etc. Then, practical and reliable,
highly stable and compact picoseconds laser schemes providing single pulse en-
ergy of mJ and multi-mJ level operating at different repetition rates, typically
within kHz, are required to develop. Key modern approaches are briefly ob-
served.

We develop advanced schemes of highly effective picosecond pulsed-periodic
diode-pumped lasers of high peak and average power based on Nd-doped crys-
tals. The schemes comprise active-passive mode-locked and negative feedback
controlled master oscillators combined with regenerative and linear amplifiers.
Problems of effective power scaling, generated mode structure analysis and en-
hancement, fast electro-optical operation control and Pockels cell crystals sta-
bility are discussed in the present paper.

We realized approach to generation of high-peak-power picoseconds pulse
bursts based on use of master laser and electro-optically controlled regenerative
amplifier with partial radiation output. Regenerative amplifier allows to obtain
submillijole level energy picoseconds pulse trains with profiled envelope shapes
which can be further enhanced in output amplifier stage. The envelope profile
can be specially shaped to compensate amplification decrease from the beginning
to the end of the train that allows operation at near saturation regime and most
effective use of pump power.
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The new design of frontend laser for high intensity parametrically
pumped laser systems

I. B. Mukhin, A. A. Soloviev, M. R. Volkov and E. A. Khazanov

Institute of Applied Physics RAS, Nizhny Novgorod, Russia
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Further scaling of high intensity OPCPA based femtosecond lasers and their
appications, require a significant increase in stability, the possibility of flexible
control of both the amplified fs pulse and the pump pulse, high-precision syn-
chronization with other experimental setups. This work presents the new design
of a frontend system for a Pearl PW laser [1].

The new frontend laser is based on the approaches partially presented in [2].
The femtosecond fiber laser with 65 MHz pulse repetition rate with and its high
precision tuning by PZT is used as a seed source, that will allow synchronizing
Pearl laser system with other setups. This seed signal is divided into the fem-
tosecond channel and the pump channel, which provides optical synchronization
between them. In the femtosecond channel, the pulse energy is amplified up
to mJ level with 250 fs pulse duration at 1kHz repetition rate. Further, these
pulses, using approaches of white-light generation and parametric convertions
[2], are transformed into ∼20 femtosecond pulses and an energy of more than
20 µJ. Due to the flexibility of parametric convertions, both the central wave-
length (750-950 nm) and the pulse spectrum width (30-150 nm) can vary within
wide range. Pulse-to-pulse stability is near 1% rms. This signal will be used
as a seed in a Pearl system, which will significantly reduce the amplified pulse
duration and increase its contrast due to the DFG stage in the new frontend.
The radiation of the pump channel is stretched by the Bragg grating up to 1 ns
in the 1 nm spectral range and is amplified up to 1 mJ with the pulse-to-pulse
stability near 0.5%. This signal will be amplified in Nd:glass pump laser of the
Pearl system. The presence of the spectral-temporal distribution allows using
the spectral methods of temporal profiling [3]. The pulse temporal profiling of
U-shaped laser pulse with an adjustable modulation depth has been elaborated
to compensate the pulse rolling effect (one of the important limitations of high-
energy pump lasers). Note that the use of a chirped pulse for amplification in
a pump laser can potentially be used to compress it in the ps range, which also
greatly expands the applications of Pearl system.

The developed frontend laser will significantly improve the Pearl system per-
formance and expand its application possibilities. Moreover, the flexible design
of the frontend laser will allow it’s using as a seed for other femtosecond laser
systems, based on the both OPCPA and CPA approaches.

The work was supported by the Ministry of Education and Science of Rus-
sia, contract № 075-15-2019-1371 (RFMEFI60718X0201) and with RFBR grant
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№ 19-02-00631.
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[3] S. Y. Mironov et al., Laser Phys. Lett. 13, 55003 (2016).
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High power diode pumped solid-state femtosecond laser systems
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Ultrafast laser systems generating optical pulses shorter than 100 femtosec-
onds in duration are important tools both in science and technology. Their appli-
cations include chemically-selective microspectroscopy, metrology, time-resolved
diagnostics of various physical processes, generation of coherent pulses from THz
to X-rays, industrial and medical applications based on high precision processing
of materials and biological tissues. In the family of ultrafast lasers, Ti:sapphire
systems remain indispensable due to their extremely broad gain spectrum which
provides tunability over more than 300 nm in near-IR as well as capability to
generate pulses as short as 5 fs directly from the laser.

Spectral properties of Ti:sapphire determine a linearly polarized laser with
wavelength near 500 nm as its pump source. Since femtosecond operation of
Ti:sapphire lasers is based on Kerr lens modelocking (KLM) and longitudinal
pumping [1], the focusing properties of the pump beam are important both for
laser efficiency and for robustness of its femtosecond operation [2, 3]. Exter-
nal lasers commonly used to pump Ti:sapphire systems earlier resulted in high
costs and complexity of such systems. The situation changed with the advent
of compact and inexpensive blue-green laser diodes [4]. Output intensity of
these lasers is currently approaching 3W at > 20% energetic efficiency opening
a possibility to build a compact and efficient diode pumped solid state (DPSS)
femtosecond laser. Recently passive KLM operation of Ti:sapphire laser has
been demonstrated employing single diode pumping schemes [5, 6] However,
further development of high power DPSS Ti:sapphire laser systems requires so-
lutions to upscale average pump beam power while preserving its polarisation
and focusability.

This talk reviews experiments with a femtosecond DPSS laser built from a
commercial set of components “TiF-Kit-20” (OOO “Avesta-Project”) and pumped
by multi-diode laser modules [7]. The beam combining scheme preserves polar-
izations and focusing properties of individual laser diodes beams. This femtosec-
ond laser generated ≈ 30 fs pulses at >100–300 mW average power. Possibilities
to implement diode pump of other laser media are discussed. A numerical model
of a DPSS KLM laser is used to optimize the laser and to generalize earlier re-
sults [2] to include pump beam astigmatism and its focusing properties along
with non-linear Kerr lensing in the gain medium. These results open possibil-
ities to replace existing Ti:sapphire pump laser sources with new compact and
efficient solutions based on laser diodes and to develop compact and efficient
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DPSS femtosecond lasers for applications in science, industry and medicine in
the future.
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Nonlinear-optical conversion and light absorption effects in
KTP-family Pockels cells employed in picosecond lasers

V. B. Morozov1, A. N. Olenin1, V. A. Rusov2, V. G. Tunkin1

and D. V. Yakovlev1

1 International Laser Center and Faculty of Physics of M. V. Lomonosov Moscow State University,
Moscow, Russia;
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e-mail: andrei_olenin@mail.ru

Practical and reliable, highly stable, compact and easy maintaining laser
sources generating picosecond pulses of mJ and multi-mJ energy levels at repe-
tition rates within kHz are subjects of multiple requests nowadays.

Key elements underlying high-speed schemes of picosecond pulses gating and
beams redirecting are electro-optical modulators (EOMs), i.e. Pockels cell (PC)
plus polarizer that are utilized for operational control of generation since the
early laser era.

Demands for better energy and temporal stability, effective shortening of
picosecond pulses seed and it further amplifying are stimulating development
of electro-optically governed combined schemes based on active-passive mode-
locking, cavity Q-factor control, negative feedback (NFB), switching and dump-
ing cavities.

Crystals of KTP-family (KTP and RTP) meet basic requirements for ad-
vanced electro-optical materials and are characterized by a unique combination
of physical parameters that are needed for high EOM performance: low absorp-
tivity at the laser wavelength, high damage threshold, low piezoelectric coupling
of electric field to acoustics and relatively large electro-optical coefficients. In
fact, they outperform most of other crystals by combination of its characteristics.

PCs based on KTP/RTP are assembled as a rule by the thermal compen-
sated scheme with two equal lengths crystals. There are two variants of PC
assembling that characterized by largest electro-optical coefficients values with
corresponding light propagation along X (X-cut) or Y (Y-cut) axes.

High-peak power picosecond pulses propagation through PCs based on KTP/RTP
crystals may be accompanied by noticeable nonlinear conversion to second (SH)
and third harmonics (TH) despite the lack of synchronism conditions. TH for
Nd:YAG fundamental is out of KTP/RTP crystals transparency ranges then
its conversion efficiencies may be rather high due to resonance vicinity. Since
KTP/RTP crystals effectively absorb TH radiation this may cause additional
heat loading. When influence was increasing on EOMs due to repetition rate
growing it leaded to unwanted depolarization, disturbance of the operating mode
and also to crystal degradation.
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SH and TH conversions efficiencies for KTP and RTP crystals were estimated
based on literature data and were compared with measured ones. Generation
efficiencies of SH and TH in PCs based on KTP and RTP crystals was evaluated
using output of an independent supplementary Nd:YAG picosecond laser as a
pump. Figure 1 shows the complex picture of SH and TH intensities distributions
that was observed in the case of Y-cut RTP PC using. The minimal conversion
efficiencies to SH and TH were obtained for PC based on Y-cut KTP. Results
details will be discussed.

Y-cut KTP PC was successfully used in pulsed-periodic picosecond Nd:YAG
laser. Oscillator - regenerative amplifier scheme based on common end-diode-
pumped Nd:YAG crystal generates pulses with energy up to 1.2 mJ, duration of
25 ps at repetition rate up to 100 Hz.

Figure 1: Harmonics intensity distributions at the distance of 15 cm behind Y-cut RTP PC
(a) fundamental radiation; (b) SHG; (c) THG. Dotted line shows PC’s aperture location.
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Dye lasing in a slurry-like medium with the properties of a
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The Christiansen filter (CF) — a known device for the spectral selection of
radiation. The “classical” CF is a cuvette with a dense slurry-like mixture of glass
or crystal particles in an immersion liquid, which has a maximum transmission
in that part of the spectrum where the refractive indices of particles and liquid
coincide. In addition to many publications on CFs for spectral selection, CF-
like mixtures of particles of solid-state laser materials and liquids were studied
as laser active media. Such compositions attract attention because allow the
removal of heat generated in the laser by the mixture circulation. To create a CF-
like laser medium, one can use also non-doped solid-state particles and transfer
the function of gain to the liquid. In the present work the slurry laser on a dense
mixture of LiF crystal particles and an immersion liquid with pyrromethene 567
(PM567) dye dissolved in it is reported.

Figure 1: a) Schematic of the slurry laser; b) photograph of a slurry laser beam imprint.

The rectangular quartz (2 mm gap) cuvette with LiF microparticles (70 −
140µm) in an ethanol/toluene immersion mixture with PM567 was installed in
a 2 plane mirrors resonator of ≈ 2.5 cm length, fig. 1a. The cuvette was pumped
by single 25 ns pulses of the 2-nd harmonic of the Nd:YAG laser through the
mirror with ≈ 99% reflection (λ = 545 − 625 nm) and ≈ 85% transmission of
pump radiation. The pump intensity reached 100 MW/cm2. The output mirror
reflection was 64% (λ = 530− 650 nm) . This slurry laser emitted 20 ns pulses
with energy of up to 0.7 mJ tunable in the wavelength range of λ = 545−570 nm.
The spectrum consisted of a group of narrow lines with a total width of up to
5 nm. The slurry laser efficiency was ≈ 5% and only near twice as less than
that of the particle-free PM567 dye laser. A laser beam profile at a distance of
190 cm is shown in fig. 1b. The beam consisted of a bell-shaped near-axis core
with a divergence of ≈ 6 mrad, containing up to 80% of the energy, and several
concentric rings with a divergence over 10−2 rad. The angular coordinates of the
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rings corresponded to the directions for the maximum transmittance of radiation
by the Fabry-Perot interferometer formed by 2 parallel resonator mirrors. The
experiments performed allow us to state that the dye lasing was demonstrated at
first in a dense disordered mixture of solid-state particles and a liquid similar to
the optical medium of the Christiansen filter. The laser output was formed due
to amplification of the dye radiation in the liquid component of the slurry under
conditions of incomplete immersion and small-angle scattering in the medium.
Possible applications of the slurry laser are discussed.
This work was supported by the Russian Foundation for Basic Research
(Grant No. 18-02-00285 and Grant No. 19-02-00344).
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One of the effective methods for converting laser radiation into the long-
wave or short-wave spectral range is stimulated Raman scattering (SRS). The
stimulation of SRS by powerful radiation from a pulse periodic laser in nonlinear
optical crystals (Ba(NO3)2 [1], BaF2 [2]) can lead to the generation of a large
number of equidistant Raman satellites in a wide spectral range. In this work, we
recorded the multi-frequency SRS spectra of a polycrystalline sodium bromate
powder (see Fig. 1) upon excitation of scattered radiation by a second harmonic
YAG:Nd3+ pulsed periodic laser with a generation wavelength λ = 532 nm. The
multi-frequency Raman spectrum was characterized by five Stokes and five anti-
Stokes fundamental lines of a sodium bromate crystal with an average frequency
shift between spectral components of ν = 790 cm−1. In this case, the frequency
shift of the Stokes components exceeded the frequency shift between the anti-
Stokes components of the Raman scattering.

This work was supported by Russian Science Foundation, grant 19-12-00242.

Figure 1: Figure. 1. Normalized spectrum of multi-frequency stimulated Raman scattering
in sodium bromate crystals.

references
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A. Yu. Pyatyshev, Quantum Electronics 49 (3), 231 (2019).
[2] A. A. Kaminskii, H. Rhee, H. J. Eichler, L. Bohat’y, P. Becker, K. Takaichi,
Laser Phys. Lett. 5 (4), 304 (2008).
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end-diode-pumped Nd:YAG crystals
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High peak- and average power picosecond lasers based on Nd:YAG crys-
tals are used in a number of scientific and applied tasks, such as spectroscopy,
pump-probe experiments, parametric amplifier pumping, ablation, photoinjector
pumping, laser ranging (artificial satellites, the Moon), laser medicine, cosmetol-
ogy, etc [1]. Easily implemented end diode pumping provides, in some pumping
power limits, high energy efficiency and high beam quality due to optimal over-
lapping of lowest resonator mode with pumped region. At the same time, end
pumping is accompanied by non-homogeneous temperature distribution inside
laser crystal that brings to aberrational thermal lens formation. Aberrational
thermal lens in laser resonator or in amplifier may cause growing energy losses
and beam quality degradation under pump power increase. Since aberrational
part of thermal lens could not be eliminated by conventional optics, then know-
ing its specific form is ought to be recognized for possible further compensation.

To reconstruct thermal lens profile, we primarily measured intensity profiles
of He-Ne laser probe beam passing through end diode pumped Nd:YAG crystal.
Beam structure before and after thermal lens was evaluated in terms of em-
bedded Laguerre-Gaussian beams superposition [2]. Simulations of probe beam
propagation are fulfilled to fit measured profiles by calculated ones at varia-
tion of aberration thermal lens shape. Accuracy of aberrational thermal lens
reconstruction is discussed.
references
[1] N. G. Mikheev et al., “Progress in Photon Science”, Springer Series in Chem-
ical Physics 119, Chapter 4, p.63–87 (2019).
[2] E. G. Abramochkin, V. G. Volostnikov, “Modern optics of Gaussian beams”,
FIZMATLIT (2010).
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The creation of a mid-IR (3–7 µm) femtosecond sources is of great interest
for solving numerous scientific and applied problems, such as the generation
of a broadband supercontinuum, spectroscopy and multispectral tissue imag-
ing, since a large number of molecules undergo strong characteristic vibrational
transitions in this domain [1,2,3].

The paper considers the possibility of creating a hybrid source of femtosecond
mid-IR (3-7 µm) radiation at a high repetition rate (20 kHz - 1 MHz). Such
a system consists of a difference frequency generation unit between two fem-
tosecond oscillators of the near-IR range with subsequent amplification in active
media based on chalcogenide Fe:ZnSe crystal.

Pulses with an output power of the order of 1 mW in the wavelength range
of 4 - 5 µm was experimentally obtained during the difference frequency mixing
between tunable Ti:sapphire (800-860 nm, 200-330 mW, 50 fs, 71.8 MHz) and
Yb oscillators (1032 nm, 7 W, 150 fs, 71.8 MHz) in a 4-mm-long LGS crystal.
The spectral bandwidth of the generated pulses was up to 270 nm (at a central
wavelength of 3980 nm). According to our simulations further increase of the
output power can be achieved using a 0.5-mm-long PPLN crystal, which sup-
ports generation of 50-fs pulses with 14 mW average power around 4 µm. The
amplification properties of a Fe:ZnSe crystal pumped by a continuous wave 3-µm
Er:ZBLAN laser were experimentally studied. Amplification of 2.5 was obtained
under cryogenic cooling of the crystal up to 77 K at a 71.8 MHz repetition rate,
which corresponds to a gain of 1.06 cm−1. Based on the obtained results, evolu-
tion of the gain in a multi-pass amplifier was calculated using the Frantz-Nodvik
model [4] for low (15 - 20 kHz) and high (1 - 71.8 MHz) repetition rate cases
(compared to inverse upper-state lifetime of 57 µs [5]) to figure out the influence
of the seed repetition rate on the maximum achievable output average and peak
powers. Our findings open new perspectives for the development of compact and
efficient mid-IR sources for time-resolved experiments, as well as, for generation
of a broadband supercontinuum.

This work has been supported by Russian Foundation for Basic Research
(RFBR) N 18-32-20016.
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Towards efficient 10-mJ class mid-IR optical parametric amplifier
pumped by Ti:sapphire laser
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Single cycle terahertz (THz) pulses of high field strength have attracted large
attention since they allow for exploring electronic subsystem dynamics far from
equilibrium, ultrafast magnetisation, imaging and others. Efficient generation
of intense THz transients at a hundred MV/m field strength under optical rec-
tification of the optical pump has appeared only recently with advent of organic
crystal [1]. These crystals (such as DAST, DSTMS and OH1) provide high non-
linearity and transparency for both optical pump and THz field. However, dis-
persion properties of these materials requires near-IR (1.2 - 1.5 µm) pump. On
the other hand, efficiency of the plasma based sources was also greatly increased
with near- and mid-IR sources [2], while the optimal wavelength for two-color
filamentation-induced THz sources was predicted around 3.2 µm [3]. Therefore,
in this paper we consider wavelength conversion of terawatt Ti:sapphire laser
system available in M. V. Lomonosov Moscow State University into infrared
spectral region of 1.3 - 2.2 µm via optical parametric amplification.

For the development of high energy efficient optical parametric amplifier
(OPA) nonlinear properties of the available transparent crystals were analyzed
(BBO, BiBO, YCOB). Parametric process was simulated using SNLO package
[4], which took into account diffraction, dispersion and group velocity walk-off
and was performed for 800-nm, 50-fs, 90-mJ pump radiation. We have found
that despite of higher nonlinearity of the type I phase matching in BBO and
BiBO crystal, higher efficiency is reached with type II crystals since no para-
sitic processes (such as signal/idler second harmonic) are presented. In three
stage configuration conversion efficiency around 24% in two waves (in total) has
been achieved with more than 8 mJ in idler wave around 2 µm. Even higher
conversion efficiency of 31% may be reached using BiBO crystal, which besides
favourable dispersion provides higher nonlinearity (2 pm/V) compared to BBO
crystal (1.55 pm/V) for type II phase matching. One may expect up to 11 mJ
in idler wave with this crystal. Finally, low nonlinearity of YCOB crystal (1.1
pm/V) prevents efficient frequency conversion. The developed concept will be
also compared to double chirped OPA [5].

This work has been supported by Russian Science Foundation Project No.
20-19-00148.
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We have observed for the first time stimulated Raman scattering in microcrys-
talline powder of barium nitrate under excitation by ultrashort (60 ps) pulses of
a YAG:Nd3+ laser operated at the wavelength of 532 nm [1]. The experimental
setup was similar to the one used in [2,3]. First and second Stokes components
with the frequency shift of 1047 cm−1 were observed in the stimulated Raman
scattering spectrum of the powder. The comparison of the corresponding spectra
of spontaneous and stimulated Raman scattering in a Ba(NO3)2 single crystal
and powder is presented in Figure 1. The studies performed open the possibility
for creating frequency comb lasers in wide spectral region (from IR to UV) based
on stimulated Raman scattering in microcrystalline powders.

This work was supported by Russian Science Foundation, grant 19-12-00242.

Figure 1: Stimulated Raman scattering spectra in a barium nitrate microcrystalline powder
(left) and single crystal (right) under excitation by a picosecond YAG:Nd3+ laser at the
wavelength of 532 nm in the forward scattering geometry. Curves 1 and 2 correspond to
different pumping intensities.
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Time resolved spectroscopy is concerned with the generation, amplification,
manipulation, and applications of short laser pulses. Extreme ultraviolet (XUV)
light pulses with duration below 130 attosecond can be produced in tabletop
experiments [1].

The attosecond pulse trains are generated based on high-order harmonic gen-
eration using Ti:Sa femtosecond technology. The isolation of a single pulse is
achieved exploiting various gating technique e.g. amplitude gating and few-
optical-cycle driving pulses with stabilized carrier envelope phase. Such short
pulses allow us to investigate electronic dynamics in gases and solids via photo-
electron spectroscopy.

In this report I will present the experimental setup for time resolved photo-
electon spectroscopy in attosecond range as used at the University of Bielefeld.
references
[1] G. Sansone et al., Science 314 (5798), 443–446 (2006).
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Ultrashort laser pulse shaping and tailoring is an essential part of numerous
light-matter interaction experiments. Acousto-optic pulse shaping is a direct
time-domain technique relying on synthesis of arbitrary complex-valued trans-
mission of ultrasonic Bragg gratings [1]. A common approach driven by sim-
plicity of signal generation is to represent the spectrum as a periodic frequency
grid [2]. However, constructive intrapulse interference between the teeth of a
periodic grid gives rise to satellite pulses that reduce contrast and usable group
delay range.

We propose an aperiodic frequency grid to suppress undesired intrapulse in-
terference and minimize the satellite pulses [3]. The first step of aperiodic fre-
quency grid generation is optimization of the tooth width distribution. This
optimization provides minimum satellite amplitude in average. The second step
of the grid generation is stochastic permutation of the grid. This step eliminates
spikes in the pulse pedestal that may occasionally appear in a random aperiodic
frequency grid.

The new pulse shaping technique was demonstrated experimentally with a
high-definition acousto-optic dispersive delay line designed and fabricated in-
house. Autocorrelation traces in Fig. 1 were obtained for a wavelength-domain
grating with the duty cycle of 2. The case in Fig. 1a corresponded to a periodic
grating with all comb tooth width equal.The total number of teeth was 175
covering the bandwidth of 150 nm centered at 795 nm. The peaks with the
period of 1.2 ps are the satellite pulses. The case in Fig. 1b was obtained with a
stochastic grating having 405 teeth with the width randomly varying from 0.24
to 0.96 nm with the increment of 0.04 nm. The satellites suppression by an order
of magnitude is demonstrated compared to the regular wavelength grid.

The research was supported by the Russian Foundation for Basic Research
(Project 18-29-20019).
references
[1] V. Ya. Molchanov, K. B. Yushkov, Optics Express 22 (13), 156686 (2014).
[2] K. B. Yushkov et al., Physical Review A 96 (4), 043866 (2017).
[3] K. B. Yushkov, V.Ya. Molchanov, IEEE Journal of Selected Topics in Quan-
tum Electronics 26 (5), 8700108 (2020).
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Figure 1: Experimental autocorrelation traces of a sub-15-fs pulse: (a) the satellites are pro-
duced by a periodic frequency grid; (b) the satellites are suppressed by a stochastic frequency
grid. Insets: schematic grid transmission vs. sampling point index.
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High-power mid-IR ultrafast lasers are in demand in many fields of science
and technology including high harmonics and attosecond pulses generation, fil-
amentation in air and remote sensing. New laser media based on transition-
metal-doped II-IV chalcogenides made it possible to develop powerful, efficient
and compact broadband mid-IR sources [1]. Recently, significant advances have
been achieved in ultrafast laser systems development based on Fe:ZnSe operating
at a central wavelength of about 4.3 µm [2], [3].

We report numerical simulation of the formation and propagation of ultra-
short laser pulses in the Fe:ZnSe laser cavity in the mid-IR range. This laser
medium has some unique properties which affect the formation of a soliton in a
laser cavity. They are high nonlinearity, long lifetime under cryogenic cooling,
high gain saturation energy. The nonlinear equation of pulse envelope dynamics
is solved with the split-step method. Passive mode locking is based on saturable
absorption in graphene. For cavity dispersion management, the dielectric plate
(CaF2) with an anomalous group velocity dispersion at the generation wave-
lengths is used. The dynamics of the generation at steady-state is considered. It
is found that the minimum pulse duration is achieved by overcompensating the
net GDD at −780 fs2. The simulation states that the use of a larger anomalous
dispersion leads to larger pulse energy but also to a larger pulse duration, which
is consistent with the Soliton area theorem. The possibility of pulse generation
with the energy from 14 nJ to 43 nJ and duration from 90 fs to 65 fs is shown.

This work has been supported by Russian Foundation for Basic Research
(RFBR) № 18-32-20016.
references
[1] S. B. Mirov et al., IEEE Journal of Selected Topics in Quantum Electronics
24 (5), 1–29 (2018).
[2] E. Migal, A. Pushkin, B. Bravy, V. Gordienko, N. Minaev, A. Sirotkin, F.
Potemkin, Opt. Lett. 44 (10), 2550–2553 (2019).
[3] A. V. Pushkin, E. A. Migal, S. Tokita, Y. V. Korostelin, F. V. Potemkin,
Opt. Lett. 45 (3), 738–741(2020).
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Ultrashort pulses laser sources find different applications in many scientific
and technology fields. These sources can be used as part of supercontinuum
[1] or terahertz [2] sources, microscopy setups [3] and etc. Current field of the
special interest is generation of sub-gigahertz ultrashort pulse trains. In our
work, to obtain ultrashort pulses with a high repetition rate, we used a linear
cavity based on composite Er-doped fiber. The scheme is shown in Fig. 1(a).
Mode-locking regime was realized by adding to the scheme 3 layers of aerosol-
synthesized single-walled carbon nanotubes SWCNTs [4]. A stable pulsed oscil-
lation mode with a repetition rate of 150 MHz was observed. The pulse duration
was 0.5 ps. The average output power was 9.15 mW. The temporal and spectral
characteristics of the output radiation are shown in Fig. 1(b).

Figure 1: (a) Schematic of an Erbium fiber laser. SWCNT+M1 - Connected pigtails, between
which there is a Al-foil with SWCNTs. M2 - Connected pigtails with Al-foil. PC - polarization
controller. (b) The temporal and spectral output radiation characteristics.

references
[1] G. Sobon et al., Opt. Mater. Express 4, 7–15 (2014).
[2] A. Lohner et al., Applied Physics B 59 (2), 211–213 (1994).
[3] E. O. Potma et al., Opt. Lett. 27, 1168 (2002).
[4] A. Kaskela et al., Nano letters 10 (11), 4349–4355 (2010).
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