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VI International Conference on Ultrafast Optical Science “UltrafastLight-2022”, is the broadscope, annual international symposium dedicated to the most important aspects of ultrafast
phenomena in dierent elds of natural sciences and engineering.
This year the Conference will commemorate the Centennial anniversary of our colleague
Nikolai Basov (born December 14, 1922), outstanding Soviet and Russian physicist and Nobel
prize Winner. Working all his scientic life at P. N. Lebedev Physical Institute, Nikolai
Gennadievich Basov played important role in the development of world laser physics, as one
of the quantum electronics founders and the former LPI director. Most of the topics that are
covered by our Conference have beneted from his genius.

The Conference topics:
1. Extreme light
2. Ultrafast phenomena in ionized gases, semiconductors and metals
3. Ultrafast macro- and nanoscale phenomena in condensed matter
4. Femtosecond nonlinear optics, lamentation, high-eld THz generation,
high eld THz generation
5. Frequency combs in spectroscopy and optical clocks
6. Physics and technology of ultrafast lasers and ultrashort laser pulses
7. Ultrafast laser technologies and structured light in micro-optics and nanophotonics
8. Ultrafast laser technologies in biomedicine
Website: www.ultrafastlight.ru
E-mail: ultrafastlight@lebedev.ru
ultrafastlight@gmail.com
Chair –
Nikolay Kolachevsky (Lebedev Physical Institute),
Vice-chair – Andrey Ionin (Lebedev Physical Institute),
Vice-chair – Sergey Kudryashov (Lebedev Physical Institute)
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Section 1: Extreme light
Section Chair:
Andrei Savel’ev, e-mail: abst@physics.msu.ru
(Moscow State University, Russia)
Program committee:
Igor Andriyash
(École Polytechnique, France)
Valery Bychenkov
(Lebedev Physical Institute)
Sergei Pikuz
(Joint Institute for High Temperatures, Russia)

Scope
Laser particle acceleration
Secondary electromagnetic processes
Nuclear photonics
Extreme ﬁeld physics
Ultra-high intensity facilities
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Diagnostics of half-cycle unipolar THz EM pulses of transition
radiation by interaction with an electron bunch
D. A. Aleksandrov1 and S. G. Bochkarev1,2
1

P. N. Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia
Dukhov Research Institute of Automatics (VNIIA), Moscow, Russia
e-mail: bochkarevsg@lebedev.ru
2

Obtaining quasi-unipolar pulses in the terahertz range is one of the key problems of both
fundamental and applied importance. The use of quasi-unipolar half-cycle terahertz pulses
with an electric ﬁeld strength of about 10 MV/cm, which corresponds to the Coulomb force of
attraction between an electron and a nucleus, makes it possible to manipulate adsorbed atoms
and molecules, initiating their coherent motion [1]. Using such pulses with a ﬁeld strength
comparable to the strength of the intermolecular ﬁeld and with a duration comparable to the
period of molecular vibrations, it is possible to orient the nuclei in the desired direction by
changing the polarization of the terahertz pulse. This has been suggested as a path towards
eﬃcient reaction control at surfaces [2].
As applied to the problem of generation of ultra-wide-band terahertz pulses, an electron
emission process considered, which is associated with transition radiation arising when crossing a relativistic electron bunch accelerated by a laser as a result of irradiating a thin foil
with a femtosecond laser pulse. With the help of analytical solution of Maxwell’s equations
for electromagnetic radiation in the near zone for a plasma target bordering vacuum, which
describes the excitation of a unique ﬁeld structure - a unipolar (half-cycle) terahertz pulse [3]
we studied pondermotive scattering of free electrons.
To date, approaches have not yet been developed for monitoring the degree of unipolarity
of EM pulses. The diagnostics of unipolarity has not yet been worked out. It is necessary to
develop both theoretical methods for diagnosing unipolarity and special detectors capable of
registering a nonzero value of the e-integral [4].
The possibility of diagnosing a half-cycle pulse by the pondermotive scattering characteristics of the probing electron bunch has been studied and it has been shown that the
unidirectional nature of the action on charged particles in the case of a unipolar pulse, in
principle, makes it possible to identify an EM unipolar pulse.
We thank Dr. A.V. Brantov and Prof. V.Yu. Bychenkov for discussions. This work was
supported by RFBR and ROSATOM, grant # 20-21-00023.
references
[1] P. Salén, M. Basini, S. Bonetti et al., Physics Reports 1, 836 (2019).
[2] H. Ogasawara, A. Nilsson, D. Nordlund, “Ultrafast coherent control and characterization
of surface reactions using FELs”, in: Proceedings of the 27th Free Electron Lasers, Palo Alto,
CA, USA, TUPP054 (2005).
[3] A. S. Kuratov, A. V. Brantov, V. F. Kovalev, V. Yu. Bychenkov, Phys. Rev E, 106, 035201
(2022) (2022).
[4] R. M. Arkhipov, M. V. Arkhipov, N. N. Rosanov, Quantum Electron. 50, 801 (2020).
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Generation of sub atto-second scale hard X-ray pulses by Peta-Watt
lasers
A. A. Andreev1,2 , Zs. Lecz2 and K. Yu. Platonov3
1

St. Petersburg State University, St. Petersburg, Russia;
ELI-ALPS, Szeged, Hungary;
3 St. Petersburg State Technical University, St. Petersburg, Russia
e-mail: alexanderandreev72@yahoo.com
2

It is well known that radiation with ultra-short pulses is required for the time-resolved
monitoring of fast processes with for example, pump-probe technique. The atto-second time
scale resolution has been already achieved by using EUV radiation to track simple electron
dynamic in atom, but inner-shell dynamic controlled by hard X-ray was not well developed
yet. Typical energies of nuclear single-particle transitions are of the order of few MeV with
(sub)femto-second decay lifetime, but the energies of the collective nuclear excitations range
from tens of keV and the disintegration time of compound nuclei during nuclear reactions
begins from hundred zepto-seconds. In particularly, there are some nuclear phenomena, for
which the investigation of the time resolved dynamics requires short photon pulses, such as,
resonance internal conversion (atto-second timescale) and compound nuclei evolution (zeptosecond timescale). This sets, in our research, the scale for the required photon energy and
pulse duration.
Atto-second pulses can be produced at an interaction of intense laser radiation with solid
and gas targets. Coherent synchrotron radiation (CSE) (see for example [1]) of electron
bunches in a skin-layer of laser plasma is responsible for a spectrum of the reﬂected from
plasma radiation and is coherently on number of fast electron, that does it by one of the main
channel of a secondary radiation. In the present report it is considered CSE for a case of thin
(from few nanometers thickness) targets, near to a transparency threshold. We determined
the laser target parameters, which provide the maximal (∼ 10%) conversion eﬃciency of short
relativistic intense laser pulse in sequence of several coherent atto-pulses (0.6 as) and deﬁned
the possibility of its increase by means of the several consistently located targets [2]. In this
report, we also investigate the feasibility of generating multi-KeV photon pulses of several
hundred zepto-seconds (sb-as) duration via all-optical setup, where PW laser produces multi
GeV electron bunches, which create hard X-ray ultrashort pulses in propagation through
undulator/wiggler. We found the interaction regime when eﬀective production of ultrashort
(zs) hard X-ray pulses is possible, even though using a much longer driving laser pulse and
electron bunch, with help of analytical modelling and numerical simulations by EPOCH and
PUFFIN codes.
references
[1] A. A. Andreev, Zs. Lecz, S. K. Mishra, Relativistic laser plasma atto-physics, Chapter in
the book Progress in Photon Science, Springer Ser. Chem. Physics (2019).
[2] A. A. Andreev, K. Yu. Platonov, Optics and Spectroscopy 130, 943 (2022).
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Laser-generated bright sources of ultrarelativistic particles and
γ-rays for interdisciplinary research
N. E. Andreev1,2
1

Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia
Moscow Institute of Physics and Technology (State University), Dolgoprudny Moscow region,
Russia
e-mail: nikolay.e.andreev@gmail.com
2

Laser sources of high energy particles and hard radiation has wide applications in creating and diagnostics of extreme states of matter [1]. PW-class laser systems that can deliver
picosecond pulses focused to ultrarelativistic intensities are good candidates for eﬃcient generation of high-current ultrarelativistic electron beams in long-scale plasmas with near-critical
density [2]. An eﬀective concept of generating γ and neutron beams based on enhanced production of direct laser-accelerated electrons in relativistic laser interactions with long-scale
near critical density plasma at 1019 W/cm2 intensity is discussed. More than 1.4 percent
laser-to-gamma conversion eﬃciency above 10 MeV and 0.05 percent laser-to-neutron conversion eﬃciency were recorded, already at moderate relativistic laser intensities and ps pulse
duration.
The scaling lows of laser-generated electron bunch parameters on the laser intensity and
plasma density are obtained and analysed for sub-picosecond and femtosecond laser pulses in
view of current and future experiments [3, 4].
The developed approach promises a strong boost of the diagnostic potential of existing
kJ PW laser systems used for Inertial Conﬁnement Fusion (ICF) research and can be used
to increase the eﬃciency of a wide class of laser-driven secondary sources, such as betatron
sources, bremsstrahlung, proton and neutron sources for various applications.
references
[1] M. M. Günther, O. N. Rosmej, P. Tavana et al., Nat Commun. 13, 170 (2022).
[2] O. N. Rosmej et al., Plasma Phys. Control. Fusion 62, 115024 (2020).
[3] O. N. Rosmej et al., Matter Radiat. Extremes 6, 048401 (2021).
[4] N. E. Andreev, V. S. Popov, O. N. Rosmej et al., Quantum Electronics 51 (11), 1019—
1025 (2021)
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Attosecond pulse ampliﬁcation by IR-ﬁeld-dressed collisional
plasma-based X-ray lasers: the prospects and limitations
V. A. Antonov1 , I. R. Khairulin1 , M. Yu. Ryabikin1 and O. Kocharovskaya2
1

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

Recently, we have shown the possibility to amplify an attosecond pulse train, produced via
the high harmonic generation (HHG) of an infrared (IR) laser ﬁeld, in hydrogen-like active
medium of a recombination plasma-based X-ray laser, dressed by a replica of the IR ﬁeld of a
fundamental frequency [1]. Under the action of the IR ﬁeld the energies of the two out of four
degenerate upper lasing states of hydrogen-like ions oscillate in time and space following the
IR ﬁeld strength due to the linear Stark eﬀect. This results in sub-IR-ﬁeld-cycle modulation of
the frequencies of the two inverted transitions of the active medium and redistribution of the
gain at these transitions to a set of the induced gain lines, separated from the time-averaged
frequency of the resonance by multiples of the frequency of the IR ﬁeld. If the same IR ﬁeld is
used for the HHG and the modulation of the active medium, this allows for joint ampliﬁcation
of a set of high-order harmonics (HHs), linearly polarized along the polarization direction of
the IR ﬁeld, which form an attosecond pulse train.
In the present contribution we generalize this approach to Ne- and Ni-like collisional
plasma-based X-ray lasers, which are the most common and robust type of plasma-based X-ray
lasers. In the Ne/Ni-like active medium a linearly polarized IR ﬁeld induces quadratic (rather
than linear) Stark shift of all the involved (rather than just of two upper) lasing energy levels,
so that the gain of the active medium is redistributed to the sidebands for both polarization
components of the resonant extreme ultraviolet radiation, parallel and perpendicular to the
polarization direction of the IR ﬁeld. This allows for the ampliﬁcation of a set of HHs with
arbitrary elliptical polarization with either maintenance of their polarization state, or an
increase in the harmonic ellipticity [2]. Also, due to the absence of transitions at which the
gain is not redistributed to the sidebands, the ampliﬁed spontaneous emission in Ne-/Ni-like
active media does not prevent from ampliﬁcation of weak HH signals. On the other hand,
Ne- and Ni-like active media require much higher IR ﬁeld intensities for their modulation,
while high free electron density in such active media results in strong plasma dispersion at
the frequencies of HHs, which might aﬀect the shape of the ampliﬁed attosecond pulses. In
the present talk we discuss these eﬀects using Ti12+ Ne-like ions as an example.
V.A.A., I.R.Kh. and M.Yu.R. acknowledge support by the Russian Science Foundation
(grant No. 22-12-00389); O.K. appreciates support by the National Science Foundation (grant
No. PHY-2012194).
references
[1] V. A. Antonov, K. Ch. Han, T. . Akhmedzhanov, M. Scully, O. Kocharovskaya, Phys.
Rev. Lett. 123, 243903 (2019).
[2] I. R. Khairulin, V. A. Antonov, M. Yu. Ryabikin, M. A. Berrill, V. N. Shlyaptsev,
J. J. Rocca, O. Kocharovskaya, Scientiﬁc Reports 12, 6204 (2022).
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On the anomalous acceleration of electrons from the
microheterogeneous targets in the electromagnetic ﬁeld of the
powerful laser pulse
N. G. Borisenko, A. M. Chekmarev, S. M. Tolokonnikov and G. V. Sklizkov
P. N. Lebedev Physical Institute, Moscow, Russia
e-mail: borisenkong@lebedev.ru

Microheterogeneous targets are complicated in manufacturing and diﬃcult in characterization, nevertheless they are popular for numerous applications [1-3], including laser-based
sources of particles and rays.
The experiments on aerogel irradiation with Nd-glass laser PICO (LPI) are reported. Pulse
parameters: 1.06 µm wavelength, 4ns pulse duration (2ns halfwidth), energy 2–20 J, contrast
10−5 . The setup uses alignment lasers, calorimeters KDS and Ophir, CCD cameras, 2-beam
oscilloscope Tektronix 500 MHz, fast diods (0.4 ns) LFD-2. The use of cable delay lines
allows one to increase the number of electrical signals. Delays of electrons-laser and laser-Xray signals were measured. When measuring X-rays, an uncalibrated open photodiode LFD-2
was used covered with beryllium foil (0.1 mm). To measure the charges from the target,
low-inductance dividers were made.
Diagnostic complex allowed measurements of energy balance, delays between electronslaser and between laser-X-rays signals, absolute charge escaped at various cutoﬀs’, and absolute number of electrons. Aerogels proved appropriate for stochastic phase shifts eﬀective for
accelerating electrons to higher energies [4] – anomalous acceleration compared to straightforward one. Max Ecutoﬀ ∼ 50 keV at 5e13 W/cm2 . Elas ∼ 20 J. Number of electrons ∼ 1e11/pulse
with the energy higher than 50 keV, resulting in charge ∼ 10 nC are reported.
Aerogel’s eﬀect is in slower plasma escape from near-critical-density layer under laser pulse
illumination of nanosecond duration. Common for accelerating mechanisms the distance and
time should both be enough to gain energy. Solid components of the aerogel result in the
stochastic-acceleration distance and time several-fold less, when compared to long-scale near
critical plasma necessary for the direct laser acceleration [4,5].
So formed laser plasma is good as pre-plasma for laser driven sources of high-energy
particles and rays by further ultra relativistic sub-picosecond laser pulse.
references
[1] A. M. Khalenkov, N. G. Borisenko, V. N. Kondrashov, Yu. A. Merkuliev, J. Limpouch,
V. G. Pimenov, Laser Part Beams 24, 283–290 (2006).
[2] A. S. Orekhov, A. A. Akunets, L. A. Borisenko, N. G. Borisenko, A. I. Gromov, Yu. A. Merkuliev, V. G. Pimenov, E. E. Sheveleva, V. G. Vasiliev, J of Physics: Conference Series 688
(1), 012080 (2016).
[3] N. G. Borisenko et al., J of Phys: Conf .Series. 1692, 012026 (2020).
[4] L. A. Borisenko, N. G. Borisenko, Yu. A. Mikhailov, A. S. Orekhov, G. V. Sklizkov,
A. M. Chekmarev, Quantum Electronics 47 (10), 915–921 (2017).
[5] O. N. Rosmej et al., New J. Phys. 21, 043044 (2019).
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Comparative experiments on the irradiation on the solids and the
low-density nanostructured targets with a powerful laser pulse
N. G. Borisenko, A. A. Akunets, A. A. Gromov, I. R. Kuvshinov, A. V. Pastukhov,
A. Fronya, I. V. Mordvintsev, V. N. Puzyrev, A. A. Rupasov and A. T. Sahakyan
P. N. Lebedev Physical Institute, Moscow, Russia
e-mail: borisenkong@lebedev.ru

Here we concentrate on the examples of low-density target performance in laser experiments, requests for the further target prospects and modiﬁcations. The today’s search for
overall optimization on the way to ignition may deserve a new glance to some earlier proposals,
so we mention them as an environment to the main described laser experiments on KANAL 2
(LPI) chosen for the comparative experiments on solids and structures laser irradiation [1,2].
NIF era is characterized by the highest standards of laser experiments, 2021 demonstrated
the scientiﬁc breakeven and converted 1.6 MJ of laser energy into 1.3 MJ of the thermonuclear
particles’ yield. At the same time, serious questions remain for the additional studies of targets
and their behavior when transformed into plasma, especially those with volumetric structures
and low-density targets of diﬀerent kind [3-5].
references
[1] A. T. Sahakyan, A. N. Starodub, V. N. Puzyrev, T. T. Kondratenko, “Nanosecond Nd:glass
Laser with Variable Radiation Coherence of “Kanal-2” Facility”, 2022 International Conference Laser Optics (ICLO), 1 (2022), doi: 10.1109/ICLO54117.2022.9840122.
[2] A. A. Fronya, V. N. Puzyrev, A. T. Sahakyan, A. N. Starodub, “Spectral photometry based
on digital CCD-camera image”, The 6-th International Symposium and Schools for Young Scientists on Physics, Engineering and Technologies for Biomedicine “Physics, engineering and
technologies for biomedicine” (Moscow), 133–134 (2021).
[3] V. S. Belyaev, A. P. Matafonov, S. N. Andreev, V. P. Tarakanov, V. P. Krainov, V. S. Lisitsa,
A. Yu. Kedrov, B. V. Zagreev, A. S. Rusetskii, N. G. Borisenko, A. I. Gromov, A. V. Lobanov,
Physics of Atomic Nuclei 85 (1), 31–41 (2022).
[4] K. A. Ivanov, I. M. Mordvintsev Y. V. Kargina, S. A. Shulyapov, I. N. Tsymbalov,
R. V. Volkov, V. Y. Timoshenko, I. V. Bozhev, A. B. Savel’ev, Quantum Electronics 51
(6), 536–543 (2021).
[5] M. Salvadori, G. Di Giorgio, M. Cipriani, M. Scisciò, C. Verona, P. L. Andreoli, G. Cristofari, R. De Angelis, M. Pillon, N. E. Andreev, P. Antici, N. G. Borisenko, D. Giulietti, M.
Migliorati, O. Rosmej, S. Zähter, F. Consoli, High Power Laser Science and Engineering 10,
e6 (2022), doi: 10.1017/hpl.2021.59.
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Laser acceleration of electrons and ions for the production of
medical isotopes and neutrons
A. V. Brantov1,2 , S. G. Bochkarev1,2 , O. E. Vais1,2 , M. G. Lobok1,2 and V. Yu. Bychenkov1,2
1

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

Laser-driven accelerators of charged particles are widely regarded as an alternative method
for producing medical radioisotopes and neutrons. This report presents the results of a study
of the production of medical short-lived radionuclides, as well as neutrons, based on the
optimization of the eﬃciency of laser acceleration of electrons and ions in the end-to-end PIC
– Geant4 numerical simulation.
It is shown that irradiation of an ultrathin foil with 3 J 30 fs laser pulse makes it possible to
obtain proton beams with a charge of 30 nC and an average energy of 3 MeV with a conversion
eﬃciency of 4% [1]. To use these protons to obtain a medical dose of radionuclides used in
positron emission diagnostics, a laser pulse repetition rate of 100 Hz is required. In the case of
using low-density targets and ion acceleration in the transverse (radial) direction, the use of a
laser is required signiﬁcantly higher energy (up to 500 J) and picosecond pulses, which makes
it possible to increase the conversion of laser energy into ion energy up to 10%. To obtain a
therapeutic dose of radionuclides, the frequency of repetition of such laser pulses should be
at the level of (1–10) Hz. The scheme for neutron production by irradiating a lithium target
with laser triggered protons or deuterons is very promising and makes it possible to obtain
more than 108 neutrons in one shot of a 3-J laser pulse [1].
A bunch of high-energy electrons generated by a short laser pulse (30 fs 4 J laser) propagating in a relativistic self-trapping regime in a near-critical plasma is well suited for the
production of medical isotopes and neutrons through photonuclear reactions [2]. A repetition
rate of 10 Hz is suﬃcient to obtain therapeutic amounts of several standard medical radionuclides (111 In, 123 I, 103 Pd, 62 Cu, 64 Cu). This 135 TW laser pulse can generate 108 neutrons per
shot in a photonuclear reaction from a tantalum converter.
This work was supported by RFBR and ROSATOM, grant # 20-21-00023.
references
[1] A. V. Brantov, S. G. Bochkarev, O. E. Vais, V. G. Lobok, V. Yu. Bychenkov, “Source
of medical isotopes and neutrons based on laser-accelerated ions”, Plasma Phys. Rep., to be
published (2022).
[2] M. G. Lobok, A. V. Brantov, V. Yu. Bychenkov, Plasma Phys. Control. Fusion 64, 054002
(2022).
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Reconstruction of focal proﬁles of intense laser pulses via Neural
Network-based analysis of angular-energy distributions of
accelerated protons
N. D. Bukharskii1 , O. E. Vais2,3 , Ph. A. Korneev1,2 and V. Yu. Bychenkov2,3
1

National Research Nuclear University MEPhI, Moscow, Russia;
P. N. Lebedev Physical Institute, Moscow, Russia;
3 Center for Fundamental and Applied Research, Dukhov Research Institute of Automatics
(VNIIA), Moscow, Russia
e-mail: n.bukharskii@gmail.com
2

Advancement of high-power laser systems exceeding the petawatt level of laser beam
power requires development of contemporary diagnostics that would allow characterizing the
distribution of intensity in the focal spot region without the need of decreasing the laser power.
Established techniques such as [1-3] generally enable estimating the peak laser intensity at
the focal spot, but not its spatial and temporal proﬁles, which may also play a important
role in the studied phenomenon. These proﬁles, however, can in principle be retrieved via
diagnostics based on direct acceleration of both protons and electrons [4-6], as angular-energy
parameters of accelerated particles are deﬁned by parameters of the laser pulse. Nevertheless,
the relation between the properties of particle distributions and laser intensity proﬁles may
be nontrivial, especially considering numerous diﬀerent shapes that the latter may have in
the focal volume.
In this work a novel approach based on the use of an Artiﬁcial Neural Network (ANN) with
convolutional architecture is employed to reconstruct axially-symmetric focal distributions
with diﬀerent shapes, characteristic widths and maximum intensities from the angular-energy
distributions of protons. The training and testing data are obtained in a set of numerical
simulations performed with the technique detailed in [5], and the ANN is trained to model
intensity distribution in the focal plane given an input angular-energy particle distribution.
As the conducted analysis shows, the trained ANN acquires the ability to perform complete
reconstruction of the intensity proﬁle with the errors for the characteristic parameters such
as the beam diameter and the maximum intensity not exceeding ≈ 6 − 7 %. The proposed
method opens path to the development and implementation of contemporary diagnostics of
focal distribution of intense laser pulses by direct acceleration of charged particles from the
focal spot region.
This work was supported by RFBR and ROSATOM (grant #20-21-00023). O.E. Vais acknowledges Foundation for the Advancement of Theoretical Physics and Mathematics (“BASIS”) for the ﬁnancial support. The work was in part supported by the project # FSWU-20200035 (Ministry of Science and Higher Education of the Russian Federation). We acknowledge
resources of NRNU MEPhI High-Performance Computing Centre.
references
[1] M. F. Ciappina, S. V. Popruzhenko, S. V. Bulanov et al., Physical Review A 99 (4),
043405 (2019).
[2] W. Yan, C. Fruhling, G. Golovin et al., Nature Photonics 11, 514–520 (2017).
[3] C. Z. He, A. Longman, J. A. Perez-Hernandez et al., Optics Express 27 (21), 30020–
30030 (2019).
[4] O. E. Vais, V. Yu. Bychenkov, Applied Physics B 124, 211 (2018).
[5] O. E. Vais, A. G. R. Thomas, A. M. Maksimchuk, K. Krushelnick, V. Yu. Bychenkov, New
Journal of Physics 22, 023003 (2020).
[6] O. E. Vais, V. Yu. Bychenkov, Plasma Physics and Controlled Fusion 63, 014002 (2021).
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Commissioning of Apollon facility short focal length area
at 1 PW level
K. F. Burdonov1 , A. Fazzini2 , V. Lelasseaux2 , T. Ceccotti3 , E. Filippov1 ,
P. Forestier-Colleoni3 , L. Lancia2 , A. Leblanc4 , F. Perez2 , S. A. Pikuz1 , F. Quere3
and J. Fuchs2
1 Joint

Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia;
Laboratoire pour l’Utilisation des Lasers Intenses, Palaiseau, France;
3 Commissariat à l’Energie Atomique, Saclay, France;
4 Laboratoire d’Optique Appliquée„ Palaiseau, France
e-mail: kfb.iap@gmail.com
2

We present the results of the commissioning of the “short focal length” area, which was
performed with the ﬁrst available laser beam of the Apollon laser facility (Saclay, France), i.e.
using the F2 beam at a nominal power of one petawatt [1]. This beam delivered laser pulses
of 10 J average on-target energy with pulse durations of 25 fs.
A range of diagnostics was in place in order to qualify the performance of the facility at
this level of laser power.
An imager, working in X-ray range, of the zone heated by the laser on the target demonstrated a good focusing of the laser at full power, with a heated spot of 4.5 µm in diameter,
corresponding to the laser spot aligned at low ﬂux.
Solid targets as thin as 2 µm in thickness were irradiated by intense laser pulse without damaging them by the pedestal preceding the main pulse, which corresponds to a good
temporal contrast characteristics.
Emissions of electrons, ions and high energy electromagnetic radiation were recorded,
showing good laser-target coupling and an overall performance that is very consistent with
what have been reported by similar international facilities.
This commissioning will be followed in 2022 by a further stage at the multi-petawatt level.
references
[1] K. Burdonov et al., Matter and Radiation at Extremes 6, 064402 (2021).

12

Poster

Modiﬁcation of optical spectra in the process of X-ray generation by
laser pulses
M. V. Chaschin, P. A. Scheglov, A. A. Garmatina and M. M. Nazarov
NRC “Kurchatov Institute”, Moscow, Russia
e-mail: chamike12@gmail.com

Generation of secondary types of radiation using laser pulses is an actual problem. To obtain the highest eﬃciency of X-ray and terahertz radiation generation, a series of experiments
was conducted at the National Research Center “Kurchatov Institute” on a multi-terawatt
laser complex (800 nm, 30 fs), the dependence of the output signal on various experimental
parameters (intensity, pulse duration) was studied.
The source of X-ray [1] and terahertz [2] radiation was plasma formed on the surface of
a continuously renewed copper tape of various thicknesses (10, 20, 50, and 100 µm) at an
oblique (45 deg.) incidence of a laser beam on it.
At the same time, the optical spectra reﬂected from the surface of the copper foil were
recorded, the modiﬁcation (Fig. 1 (a)) of which allows obtaining more detailed information
about the processes occurring in the plasma. The process of generation of the second optical
harmonic is determined by the temperature of hot plasma electrons, as well as the generation
of X-rays, which is demonstrated on the graph (Fig. 1 (c)). The three halves harmonic
[4] is associated with the process of two-plasmon decay and manifests itself with increasing
intensity.

Figure 1: (a) Modiﬁcation of optical spectra; (b) alignment of the SHG and RI process;
(c) matching of second harmonic generation, X-ray and THz radiation.
Obtained results demonstrate diﬀerent dependences of the second-harmonic and three
halves harmonic signals on the pump energy and laser pulse duration (Fig. 1 (b)). Their
synchronous measurement allows to estimate the intensity on the target and the spatialtemporal characteristics of the plasma more accurately. Normalization on harmonic signals
will also allow to reduce the noise in the X-ray signal.
The work is supported by RFBR grants 20-21-00140 and 19-29-12037 mk.
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[2] G. Liao, Y. Li, Physics of Plasmas 23 (1), 013104 (2016).
[3] P. Singh, A. Adak, Physics of Plasmas 27 (8), 083105 (2020).
[4] L. Veisz, L. Theobald, Physics of Plasmas, 9 (8), 3197–3200 (2002).
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Characterizing of X-ray source with variable parameters for
application in radiography measurements of short-lived
hydrodynamic phenomena
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In this work, we investigated qualitative and quantitative aspects of radiographic methods for studying the low-contrast plasma objects which are typically opaque for the visible
emission. To create a bright source of radiographic backlighter, we used a laser beam with
energy on the target about 50 J and duration of 1 ps. This duration is caused by requirements
in typical HEDP experiments, for example, on ICF [1] or laboratory astrophysics [2,3]. Laser
emission was then focused to an Ag wire (25 µm) or foil in diﬀerent geometries of the experiment. Application of mass-limited target allowed us to decrease the spatial size of backlighter
and to increase the spatial resolution in a point-projection scheme. As a diagnostic tool, Focusing Spectrometer with a Spatial Resolution, or FSSR, and a LCS spectrometer (both are
based on the alpha-quartz crystal with 2d = 6.666 A, but aligned for a diﬀerent wavelength
range) were used to ﬁgure out the x-ray contribution from diﬀerent parts of spectrum to the
radiographic image. Measurements of the spatial resolution and contrast were simultaneously
done using set of golden grids up to 1000 lpi. Such parameters as a target type, laser incidence
angle as well as a focal distance were varied. Dependences of output image parameters on
parameters of the radiographic setup were found. The optimum of the signal ﬁltration was
obtained.
references
[1] S. Fujioka et al., Review of Scientiﬁc Instruments 81, 10E529 (2010).
[2] B. Albertazzi et al., High Power Laser Science and Engineering, 6, UNSP e43 (2018).
[3] P. Mabey et al., Scientiﬁc Reports 9, 8157 (2019).
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Optimization of laser-plasma γ-rays source based on 100 TW
femtosecond laser for radiography applications
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Laser-plasma electron accelerators are attractive sources of bremsstrahlung radiation (BR)
for future radiography applications because of unique set of their intrinsic characteristics:
high energy of emitting photons (tens of MeV), short pulse duration (∼ps), small radiation
emitting area (hundreds of µm). Femtosecond lasers have prospects for applications in pulse
radiography of moderate size objects (tens of mm), as for imaging of stationary objects by
use of pulse-periodic radiation regime (∼10 Hz).
100 TW femtosecond laser based γ-rays source parameters measurement and optimization
experiments has implemented for pulsed radiography purposes. BR bursts were generated by
interaction of high intensity (up to 5·1019 W/cm2 ) laser pulses with planar 500 µm thickness
W target. The spectrum of generated BR (Eph > 0.5 MeV) was measured. The measured
size of radiation emitting area 300 µm. BR yield was optimized by varying ASE (ampliﬁed
spontaneous emission) prepulse contrast, and by altering laser focusing conditions on target.
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Coherent Transition Radiation in the THz range generated in 1 TW
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Properties of THz radiation generated in the interaction of 1 TW laser pulse with a preplasma, formed by an additional laser pulse interacting with the ﬁlm target were measured [1].
It was established that its generation mechanism is coherent transition radiation (CTR) of
accelerated electrons transversing the back plasma cloud-vacuum boundary (see Fig.1). This
conclusion is supported by numerical calculations of CTR radiation generated by electrons
with experimentally measured parameters (energies, divergence, etc.) [2]. It was found that
the angular distribution of THz radiation varies greatly with the change of delay Δt f s−ns
between peaks of the main pulse and the prepulse, i.e. strongly depends on electrons’ acceleration regime. THz radiation spectrum depends mainly on the transverse size of the
plasma, which in theory allows it to be used as a diagnostic. Here, an obtained estimate
of Rpl = 500µm agrees well with hydrodynamic modeling. Experimentally observed THz
radiation energy in the frequency range of 1–5 THz reaches 0.1 mJ, which corresponds to
0.2% conversion eﬃciency. We believe that additional investigation into optimal preplasma
properties may increase conversion eﬃciency even further.

Figure 1: Dependences of the THz radiation energy and LANEX screen signal on the delay between the main pulse and the prepulse Δtf s−ns . The target becomes transparent at
Δtf s−ns = 1ns. The inset shows a typical electron beam spatial proﬁle in the Δt f s−ns range
from -4 to 0 ns. Reproduced from [1].
references
[1] D. Gorlova et al., Laser Phys. Lett. 19, 075401 (2022).
[2] I. Tsymbalov et al., Plasma Phys. Control. Fusion 63, 022001 (2021).
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Micro-scale fusion neutrons from moderate relativistic
laser-irradiated sub-micron heavy water droplets
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Modern research shows that the use of various micro- and nano-structured targets in laserplasma radiation can signiﬁcantly increase the yield of ion electrons, secondary electromagnetic radiation, and D-D thermonuclear neutrons [1]. One of such targets is a micro-droplet
(micro-cluster) medium. The absorption of laser energy in cluster plasmas is eﬃcient due to
good transparency of cluster gas and high average density of particles.
In this work, which is a continuation of work [2], using the MANDOR code, 3D PIC
simulation of the interaction of femtosecond relativistically intense laser (I L = 2×1018 W/cm2 ,
τ = 30 fs, EL = 1 J) with sub-micron cluster plasma (D2 O) was performed. To apply the
results on the energy distributions of produced deuterons and neutrons for the most practically
interesting large interaction volume a special algorithm was proposed when considering a small
domain of the entire volume and its partitioning into successive zones along laser propagation
direction.
The parameters of the cluster target, such as diameter and average plasma, density were
optimized. The study showed that the conversion of laser radiation energy into the energy of
fast deuterons (with energies above 100 keV) in the optimal case reaches 9%, and the number
of such deuterons exceeds 1012 with a heavy water cluster diameter d = 0.15λ and an average
deuteron density of 1019 cm−3 , where λ = 1 is wavelength of laser pulse. The neutron yield was
calculated using the GEANT4 code and estimated with overlap integral. Both methods show
similar yield of thermonuclear DD neutrons. It reaches the level of ∼ 10 6 neutrons/(pulse·sr).
Such yield is at the level of known record yield proposed from the interaction of fs laser pulses
with nano/micro-structured media [1], which are much more diﬃcult for practical application.
This work was supported by RFBR and ROSATOM, grant # 20-21-00023.
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[2] D. A. Gozhev, S. G. Bochkarev, V. Yu. Bychenkov, JETP Letters 114, 200 (2021).
[3] D. A. Gozhev, S. G. Bochkarev, A. V. Brantov, V. Yu. Bychenkov, Bulletin of the Lebedev
Physics Institute 49 (2), 42 (2022).
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Repetitive generation of nC/Joule relativistic electron bunch using
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In this work we discuss the experimental aspects of routine generation of low divergent
high energy electron bunch suitable for table-top applications (radiography, nuclear photonics,
compact neutron source) using only 1 TW (50 fs, 50 mJ, >1018 W/cm2 ) laser pulse, propagating through near critical thin plasma layer.
Recently we numerically demonstrated, that high quality electron beam may be generated
at the interaction of a laser pulse with a peak intensity 3 − 5 × 1018 W/cm2 with a plasma
slab with under-critical (0.1–0.2 ncr ) layer with a thickness of a few microns and a subsequent
low density area. Parametric plasma waves and ionization in the denser region of plasma
provide eﬃcient electron injection into the relativistic plasma channel, formed in the low
density cloud, where the ﬁnal acceleration stage occurs due to complex interplay between
Direct Laser Acceleration of Wakeﬁeld Acceleration mechanisms. Electrons reach multi-MeV
energy level with a charge around nC/J.
Experimentally the optimal plasma parameters could be formed with the use of thin
PMMA ﬁlm and gas targets, preliminary aﬀected by intense nanosecond pulse. The latter
provide ablation and perforation of ﬁlm several nanoseconds before the arrival of femtosecond
pulse. In the case of gas target (up to 5 atm. of Argon) the breakdown gives rise to shock
wave. In both case the thin layer with under-critical density region and extended low density
slab if formed, where the proposed acceleration mechanism become feasible, resulting in the
stable generation of electron bunch. Using photonuclear diagnostics, the ultimate charge up
to a few nC/Joule was measured for the bunch. The divergence was on the level of 0.1 rad
and less.
The proposed targets allow continuous operation at high repetition rate. In combination
with non-demanding laser system our approach may be used for construction of stable high
average power source for varied applications. The work was done under the support of Russian
Science Foundation grant #21-79-10207.
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Pointing of laser-accelerated electron beam in plasma with radial
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In this work we demonstrate the control of the emission direction of the high energy
electron beam, accelerated during relativistically intense laser interaction with under-critical
plasma slab. The particles beam deﬂection is achieved because of the refraction of the driver
femtosecond laser pulse under propagation through plasma with radial density distribution.
In our experiments the plasma with radial and axial non-uniform density distribution is
formed after interaction of intense (>1012 W/cm2 ) nanosecond pulse with 15 microns thick
plastic tape. Heating and ablation lead to tape boring with the formation of a plasma cloud
with a bell-shaped electron density along the pulse axis, and also with a radial dependence of
the concentration on the axis. The propagation of the femtosecond pulse with peak intensity
up to 5 × 1018 W/cm2 through the plasma cloud leads to bunched acceleration of electrons via
mechanism of Direct Laser Acceleration in the plasma channel. When the driver pulse has
slight deviation (within 10 microns) relative to the plasma symmetry axis the refraction bends
the optical axis and the direction of emitted electron beam, providing angular deﬂection up
to 10 degrees and preserving the low beam divergence.
The experimental data is supported by numerical simulations, which show that the spectral
characteristics of the electron bunch are maintained within the observed deﬂection angles. The
approach can be used for schemes of multistage electron acceleration in a sequence of laser
accelerators. The in-situ control of beam directionality is promising for the task of scanning
applications. The work was done under the support of Russian Science Foundation grant
#21-79-10207.
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Transformation of a linearly polarized high harmonic radiation into
a circularly polarized radiation in neon-like X-ray laser modulated
by an IR ﬁeld
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Sub-femtosecond pulses of extreme ultraviolet / X-ray radiation formed by high-order
harmonics of an optical laser ﬁeld have enabled for the ﬁrst time an experimental study
of ultrafast electronic processes in atoms, molecules, and solids on their intrinsic time scales.
However, the energy of high harmonics, especially with a circular polarization, is typically low,
which limits their application for studies of the chiral and magnetic media. This motivates a
search for the ways to amplify them.
In recent work [1] we have shown that ampliﬁcation of the radiation of a set of harmonics with an arbitrary elliptical (including circular) polarization is possible in a neon-like (for
example, Ti12+ ) active medium of a plasma-based X-ray laser modulated by the linearly polarized IR ﬁeld of a fundamental frequency. Under the action of the laser ﬁeld due to the
sub-laser-cycle modulation of the energies of states at the inverted transition, the gain of a
neon-like medium is redistributed at combination frequencies, separated from each other by
twice fundamental frequency, for both polarization components of high harmonic radiation
– parallel and perpendicular to the polarization axis of the laser ﬁeld. At a certain intensity and wavelength of the modulating ﬁeld the induced gain lines for diﬀerent polarization
components are matched, which makes it possible to amplify elliptically/circularly polarized
high harmonics. In particular, we have shown the possibility of amplifying a set of elliptically
polarized high-order harmonics without a signiﬁcant change in their polarization, as well as
with an increase in the harmonic ellipticity.
In the present work we show the possibility of transforming a linearly polarized high
harmonic radiation into a circularly polarized radiation accompanied by its ampliﬁcation
during the propagation through an IR-ﬁeld-dressed neon-like active medium of a plasmabased X-ray laser. It is based on introducing the frequency shift between an incident ﬁeld
and the induced gain lines of diﬀerent polarization components leading to a π/2 phase shift
between the polarization components of an individual harmonic at the proper propagation
distance.
I.R.Kh. and V.A.A. acknowledge support by the Russian Science Foundation (grant No.
22-12-00389); O.K. appreciates support by the National Science Foundation (grant No. PHY2012194).
references
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J. J. Rocca, O. Kocharovskaya, Scientiﬁc Reports 12, 6204 (2022).
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Simulation of X-ray bremsstrahlung generation under vacuum
heating of solid target electrons
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The study of vacuum heating of electrons by the Brunel mechanism [1] is of fundamental
[2] and applied [3, 4] importance. In this paper, we consider a model [5, 6] that makes it
possible to recognize the mechanism of vacuum heating of electrons from the dependence of
the bremsstrahlung yield on the angle of incidence of a laser ﬁeld of nonrelativistic intensity
on a solid target (Fig. 1) and from the bremsstrahlung spectrum (Fig. 2).
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Figure 1: Dependence of the yield of X-ray bremsstrahlung with a photon energy of more than
22 keV on the angle of incidence of a laser pulse with a peak intensity of 6.65 × 10 17 W/cm2
and the wavelength of 0.4 µm.
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Figure 2: Dependence of the yield of X-ray bremsstrahlung on the ﬁlter cutoﬀ energies.
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Acceleration of electrons in relativistic laser pulse interaction
with a nanowire
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Acceleration of electrons in a relativistic laser pulse interaction with a nanowire is studied. When a high-intensity laser pulse propagates along a nanowire (longitudinal interaction
geometry), dense high-charge bunches of electrons are extracted out of the target and then
accelerated in the laser pulse ﬁeld [1]. For a relatively long laser pulse (tens or hundreds of
femtoseconds) with a smooth shape, nanowire electrons are displaced from the target by each
laser half cycle. In this case, the displaced electrons and the laser pulse propagate approximately in the same direction for a long time. Thus, the longitudinal geometry of interaction
allows to eﬀectively inject and accelerate the electrons by the relativistic laser pulse.
Due to interaction, the amplitude of the several ﬁrst laser pulse periods decreases in
the vicinity of the nanowire (about several laser wavelengths for the nanometer scale of the
nanowire transverse dimensions). Therefore, instead of initial gaussian transverse shape,
a double-top pulse can be formed. Also, during interaction, a high-power electromagnetic
spherical wave (cylindrical in 2D geometry) can be generated. The low-frequency part of
the generated radiation can have a unipolar shape with characteristics determined by the
laser and target parameters [1]. The total ﬁeld formed due to interference of the generated
radiation with the ﬁeld (transverse and longitudinal) of the laser pulse provides for higher
acceleration of the electrons and increase of their maximal energies with respect to the case
of a free electron acceleration by a plane electromagnetic wave.
Using numerical 2D simulations, characteristics of accelerated electrons are found for the
nanowire targets. It is shown that, depending on the laser and target parameters, the maximal
energy of electrons can be increased by more than twenty times in comparison with the energy
of the electrons accelerated by a plane wave with the same amplitude. Parameters of the
distribution in space for the accelerated electrons are determined, including the maximal
density of the bunches and the total charge of the electron jet. Also, the dependences of the
maximal electron energy on time of acceleration and diameter of the laser beam are evaluated.
This work was partially supported by the Russian Foundation for Basic Research project
19-52-45035-Ind-a.
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(2021).
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To ﬁnd the optimal plasma density proﬁles required for eﬀective acceleration of electrons,
a series of hydrodynamic calculations were carried out with using the FRONT code. A system
of two-temperature equations of hydrodynamics was solved with the calculation of thermal
conductivity according to Spitzer-Harm (with heat ﬂow limitation) and the calculation of ionization using the equilibrium model of Sakha ionization. The laser pulse proﬁle was Gaussian
with a maximum intensity from I = 108 W/cm2 to I = 1014 W/cm2 , the laser pulse duration
was from τ = 0.5 ns to τ = 5 ns. The targets consisted of aluminum or carbon.
In the course of calculations, it was found that at laser pulse intensities exceeding 10 10 W/cm2 ,
the density proﬁle of the plasma expanding towards the laser pulse is practically independent
of the target material due to rapid total ionization near the region absorption of laser radiation. Also, at given intensities, the density proﬁle of the expanded plasma does not depend on
the initial density proﬁle of the target. Shock waves appeared at intensities I > 10 11 W/cm2 .
At intensities I ∼ 1013 W/cm2 , there is a signiﬁcant increase in the target density, by a factor
of 2 in the peak region. In this case, the target is shifted inward by 40 microns in 10 ns.
Generally, the plasma expansion velocity was several times higher than the characteristic
speed of sound.For most of the considered cases, the expansion of the plasma occurred in
the adiabatic regime. Only at the maximum considered intensities of laser radiation did the
electron thermal conductivity equalize the temperature of the expanding corona, approaching
the regime of isothermal expansion.
The plasma density proﬁle can be approximated by exponential functions with two characteristic gradients. Although two characteristic gradients are not enough to accurately describe
the expansion of a dense plasma, this approximation seems to be the most practical, allowing
one to describe a plasma cloud in the region of absorption of laser radiation. The characteristic value of the gradient describing the plasma tail density proﬁle (the plasma density is
below 0.1–0.2 of the critical density) saturates (∼ 2 mm) at energy ﬂux densities ∼ 10 3 J/cm2 .
We also performed 2D cylindrical geometry calculations that modeled the 3D expansion
of the target.
This work was supported by RFBR and ROSATOM, grant # 20-21-00023.
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Enhancement of laser-driven proton acceleration and gamma-ray
production due to preplasma on the surface of solid targets
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Plasma created at irradiation of solid targets by ultra-intense laser pulses is considered
as a perspective source of X-rays, relativistic electrons, protons for diﬀerent applications like
radiography, diﬀractometry, cancer therapy and others. Eﬀorts of scientiﬁc community are
aimed at enhancement of laser-plasma sources (LPS) eﬃciency (increasing of particle energies
and their number, divergence reduction).
Extensive research is dedicated to optimization of laser targets: low density foams, targets
with micro-structures on the surface, ultra-thin targets, reduced-mass targets etc. But usually,
production of such sophisticated specimens is a highly labor-consuming task. So these targets
can’t be used for applications where operation at repetition rate is required.
More convenient way to enhance LPS eﬃciency is modiﬁcation of interaction region by
prepulses of diﬀerent duration and intensity [1-3], [4-7]. Here we present a simple method
based on positioning of the target so that laser focus is inside the preplasma from ASE
prepulse. On Ti:Sa femtosecond laser at focused intensities of up to 4·10 20 W/cm2 (5 ns ASE
prepulse contrast is 1010 ), the highest LPS eﬃciency is reached after we placed target at 40 µm
from tight focus. Using this method in experiments on laser-driven proton acceleration with
6 µm Al foils, there was obtained 2-fold cut-oﬀ energy increase (up to 9 MeV). In experiments
with 0.5 mm tungsten targets there was detected 4-fold increase of gamma-rays yield.
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Gamma-radiation generation in the interaction of a high-current
ultrarelativistic electron bunch with a thick plasma target
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It is expected that the FACET-II [1] facility will produce beams with an electron density
above 1023 cm−3 , which corresponds to the characteristic electron concentration in a solid.
When such a beam propagates in a solid target, a strongly nonlinear wake wave, aka “bubble”,
can be excited, the formation of which is usually considered in much less dense media, such as
a gas [2]. In this work, using a full-scale three-dimensional particle-in-cell (PIC) simulation,
the process of generation of gamma-photons during the interaction of a high-current beam
of ultrarelativistic electrons with a thick plasma target is studied. The dependence of the
eﬃciency of beam energy conversion into gamma-radiation on the target parameters is considered. The simulation results show that beam propagation in the target is accompanied by
the formation of a cavity that is almost completely devoid of electrons and propagates synchronously with the beam. In such a strongly nonlinear wake wave, quasi-static radial electric
and azimuthal magnetic ﬁelds are formed, in which beam particles perform betatron oscillations with a relativistic plasma frequency corresponding to the unperturbed target electron
concentration and radiate gamma-quanta. The generated beam of gamma-radiation repeats
the spatial distribution of electrons and has a fairly small divergence. A simple analytical
model is proposed which describes energy transfer between electrons and gamma-photons
based on averaged motion equations [3,4]. The model is in a good agreement with the results
of PIC sumulation. It is demonstrated that the eﬃciency of conversion of the energy of the
electron beam into the energy of gamma-radiation can reach up to 90%. The studied scheme
for obtaining gamma radiation is promising in terms of ease of experimental implementation
and extremely high eﬃciency.
The work is sponsored by Russian Science Foundation (Grant No. 20-12-00077).
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Determining the laser intensity in the ultra-relativistic case (> 10 20 W/cm2 ) is currently
an actual issue. In this work, we propose to use the resonance lines of highly charged ions
in a suﬃciently rareﬁed gaseous or cluster medium. For an ultrahigh laser intensity and a
cluster target (or gas jets), the main ionization mechanism is ﬁeld ionization. Therefore, for
suﬃciently heavy elements, the presence in the plasma of ions with multiplicity N (and the
absence of ions of multiplicity N + 1) will mean the presence of a laser ﬁeld with amplitude
exceeding En (ionization potential for the n-th electron), but not exceeding En+1. The
presence of an Nth ionization state can be determined from the corresponding resonance line
(e.g. Ly, He) in the spectrum. Thus, by carrying experiments with diﬀerent elements, it is
possible to determine the laser intensity quite accurately.
In this paper, we present the results of a numerical study of the ionization composition of
gas jets and clusters for Ar and its dependence on the laser radiation intensity (ﬁg. 1). We use
2D and 3D version of the EPOCH PIC code [1] with improved collision module to count both
collisional and ﬁeld ionization. Intensity of resonant lines is calculated by post-processing,
analogous to [2] using data from PIC calculation.

Figure 1: The dependence of the ionization state of Ar cluster 1 µm (solid lines) and 0.5 µm
(dash lines) in diameter on the intensity of the incident laser radiation
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Currently, research is relevant, the purpose of which is to obtain high-energy electronы
and ions for various applications under superintense femtosecond laser interaction with solids.
Cluster beams produced by the supersonic expansion of a high-pressure gas into a vacuum
can serve as targets for the eﬃcient generation of high-energy particles in the relativistic laser
repetition rate regime. Interest in mixed atomic-molecular clusters is associated with the
possibility of accessible control of their parameters due to the pressure and temperature of
the initial gas mixture. This makes it possible to provide conditions for the eﬃcient generation
of x rays [1] and neutrons [2].
We have proposed a new approach for accelerating electrons and ions using mixed KrXe
clusters as a target under the interaction of relativistic femtosecond Ti:Sa laser pulses (E =
50 mJ, Δt = 50 fs, I ∼ 6×1018 W/cm2 ), which provides an approximately three-fold increase in
the yield of energetic ions and electrons compared to pure Kr clusters. The use of a mixture of
Kr with a small admixture of Xe is crucial for the eﬀective production of accelerated electrons
and ions. To improve electron yield under femtosecond laser induced electron acceleration
with Kr clusters we proposed ionization induced electron injection approach. The scheme
is based on small 15% admixture Xe in Kr gas to form mixed KrXe clusters as a result of
supersonic expansion thorough conical nozzle into vacuum from initial pressure 90 bar and
temperature 298 K. Atom Xe has lower ionization potential compare with Kr and due to this
reason can be used as an electron injector under fs laser interaction with mixed clusters.
It was found that under the irradiation of relativistic laser pulses on mixed KrXe clusters, the temperature of the electron spectrum was 300±20 keV, and the maximum energy
of accelerated electrons reached the level of 2 MeV. The electron beams had a divergence of
∼ 200 mrad. Also signiﬁcant increase of the charge of detected ions was registered: Kr 1+ –
Kr18+ ions were detected on pure Kr (Kr5+ with the maximum amplitude) and K5+ – Kr28+
ions were detected on KrXe (Kr13+ with the maximum intensity).
This work was supported by the Russian Foundation for Basic Research (RFBR) and the
Rosatom State Corporation (Project No. 20-21-00030).
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State-of-art laser systems are able to generate laser pulses of very short duration (101000 fs) with peak powers up to several PW. Due to various acceleration mechanisms, plasma
electrons can gain the energy of the order of tens and even hundreds MeV. Direct laser electron
acceleration (DLA [1]) has been studied experimentally in the Laboratory of Relativistic Laser
Plasma (Lomonosov Moscow State University, Russia) at 1 TW Ti:Sa laser system (peak
laser intensity in vacuum 5 × 1018 W/cm2 ). Collimated electron beams with characteristic
divergence of 0.05 rad and temperature of 2 MeV had been observed [2].
One of the key issues for this acceleration scheme is the injection of the initial electrons
since it strongly determines the parameters such as charge, energy, and divergence of the
electron beam obtained. The goal of this work was to understand the feasibility and optimal
conditions for the ionization injection in DLA.
A simpliﬁed 2D model [3] with cylindrical hydrogen plasma channel given as static linear
electric and magnetic ﬁelds and the laser given as a uniform plane wave of the DLA phase
portraits was considered [2], representing the electron energy versus the relative phase of
the laser ﬁeld and betatron oscillations. The changes in the topology and the pattern of
bifurcation of these phase portraits have been analyzed. We developed techniques to select
a phase portrait topology corresponding to the acceleration of low-energy electrons at an
extended range of initial phases. This regime is determined by parameters of the plasma
channel.
These results are supported by the numerical integration of equations of motion. Analytical model and numerical integration results match both in the range of initial parameters
and the maximum energies gained by electrons.
As a further study of electron acceleration in ionization injection, a series of 2D PIC
simulations for various plasma channel parameters was carried out (the density of electrons
outside the channel varied from 0.03 ncr to 0.1 ncr , where ncr is a critical density). Laser
radiation had a Gaussian envelope with a0 = 1.5 or a0 = 2 intensity, duration is 800 fs, that
result as plasma channel length equal to ≈ 50 µm. Construction of phase portraits from PIC
simulation is realized. Comparison PIC simulations and analytic model was conducted.
This work was supported by RFBR grant № 19-32-60069. D.A.Gorlova acknowledges
Foundation for the advancement of theoretical physics “BASIS” for the ﬁnancial support.
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Photocatalytic bleaching of dyes on the surface of nanoporous
copper and silver layers
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The sun in a source of inexhaustible renewable and clean energy. Modern solar energy
problems consist of processing, storage and transportation. For any problem, there are many
ways to solve each one. Photocatalytic water splitting is one of the ways to use solar energy
for the produce hydrogen fuel. The main component of photocatalytic cell is the photocathode. This is material capable of absorbing radiation in a wide range of the spectrum and
transporting photogenerated electrons into electrolyte.
Copper and silver have high electrical conductivity and absorb radiation in a wide range
of wavelengths, and an increase in the active surface area increases eﬃciency of water decomposition under the inﬂuence of sunlight. The synthesis of nanoporous silver and copper
nanolayers by the substitution reaction on metal substrates is characterized by a high reaction
rate and scalability.
Synthesis of nanoporous layers of copper and silver from aqueous solutions of copper sulfate
and silver nitrate onto metal substrates [1]. Nanoporous layers of silver consist of dendrites
with a stem length of up to 2 µm and polyhedrons up to 300 nm in size. Nanoporous copper
layers consist of micro- and nanodendrites with a stem length of up to 3 microns, from which
“branches” and “needles” extend up to 300 nm and 20 nm in size, respectively.
There are two mechanisms of photocatalytic photoemission of an electron into an electrolyte: surface and volume. In the case of the volume photoelectric eﬀect, an electron
absorbing a photon in the volume of a metal can have a signiﬁcant energy. However, when
moving to the metal boundary, it loses this energy, and overcomes the potential barrier at the
metal boundary and leaves it with a very low probability. On the other hand, in the case of
surface photoemission, an electron absorbs a photon upon collision with a metal boundary,
which signiﬁcantly increases the probability of its transfer into the electrolyte [2].
Quantum dots are formed at the tops of dendrites under the action of radiation. At
this dots, an electron on the metal surface absorb the photon energy and leave it with high
probability. The synthesized samples of nanoporous layers in solutions of methyl orange (MO)
and methylene blue (MG) dyes were irradiated with radiation in the wavelength range of 320–
500 nm and a power of 0.2 W/cm2 . Over time, the concentration of dyes decreased. Moreover,
the discoloration of the MO dye is insigniﬁcant in the presence of both photocathodes (about
10% in 80 min.), And the discoloration of the MG dye occurred more eﬃciently in the presence
of a photocathode - a nanoporous silver layer (60% in 80 minutes for the silver layer and 35%
in 80 minutes for the layer copper).
references
[1] P. Bezrukov, A. Nashchekin, Scientiﬁc and Technical Journal of Information Technologies,
Mechanics and Optics 4 (21), 457 (2021).
[2] M. Graf, D. Jalas, ACS Catalysis 9, 3366 (2019).

30

Oral
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We perform an experimental study of the eﬀect of resonant transmission of radio frequency
signals through a silicon semiconductor plasma sheet with supercritical electron density [1].
The relevance of this study is related to the idea of overcoming radiocommunication blackout
proposed by the authors in [2,3]. The main idea consists in covering the metal surface of the
vehicle by the dielectric layer with permittivity ε d in such a way that the receiving antenna
will be embedded in this layer. This dielectric layer covered by the plasma sheath will act as
an electromagnetic resonator providing its eﬀective ﬁlling if the wave frequency coincides with
the eigen-frequency of such resonator. If the receiving antenna is located inside the resonator
(i.e. embedded into the dielectric layer in the region of antinode of a standing wave) the
resonant tunnelling eﬀect should provide its eﬀective interaction with incoming signal. In our
experiment the semiconductor plasma sheet acts instead of air plasma. The resonance eﬀect
was shown to arise when a dielectric plate is placed behind the plasma sheet and is determined
by the dielectric parameters. The numerical modelling of the eﬀect under the experimental
conditions was implemented and compared with the experimental data. The features of the
wave resonant tunnelling eﬀect in the case of a high-collisional semiconductor plasma were
analyzed. The results of conducted experiment give rise to the future experimental study of
GHz signal tunnelling through the air plasma in the conditions close to those during a real
vehicle reentry.
This work was supported by the Foundation for Scholarships of the RF President SP3120.2022.3
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This Stimulated Brillouin Scattering (SBS), being considered as favorable method for
Phase Conjugation (PC) of laser radiation in the visible range of spectrum, has two inherent
restrictions, namely, a rather high pulse energies (sub-J) and pulsewidths over 1 ns. The use
of Stimulated Rayleigh-Mie Scattering (SRMS) in two-photon absorption media instead of
SBS allows one to reduce the pump pulse energy to few mJ [1, 2]. Here we announce the
removal of the second restriction and report on eﬃcient PC of the ∼100 ps laser pulses.
To realize it we use nano-particle colloids (Ag and ZnO dissolved in toluene and water
respectively) having considerable two-photon absorption coeﬃcient in the range of green light
wavelengths. In our experiments we use Lotis TII LS-2151 actively mode-locked Nd:YAG
laser which provides single second harmonic pulses of 0.532 µm the wavelength, 100 ± 10 ps
(FWHM) pulsewidth, and pulse energies up to 12 mJ.
We have measured the two-photon absorption coeﬃcient of Ag nanoparticle colloid at
100 ps pulse width which is found 6.2x10−2 cmGW−1 , close to the value measured for 10 ns
pulse and 103 times larger than that measured for 160 fs pulse [1]. Such a high value of the
two-photon absorption coeﬃcient allows us to realize eﬃcient PC of laser pulses at milli-J
energies as it is shown in the Fig.1. With Ag nanoparticle colloid, the anti-Stokes signal is
generated with the peak conversion eﬃciency of ∼70%. For ZnO nanoparticle colloid, both
Stokes and anti-Stokes signals are generated, maximum conversion eﬃciency is measured close
to 100% for the Stokes signal.

Figure 1: PC conversion eﬃciency vs pump pulse energy. Left – Ag nanoparticles, anti-Stokes
signal. Right – ZnO nanoparticles, both Stokes (red) and anti-Stokes (black).
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There is no doubt that analytical approaches are in demand for deeper understanding
of strong-ﬁeld phenomena in terms of speciﬁc properties of the wave function (WF) in an
intense laser ﬁeld (see, e.g., Refs. [1,2]). In this work, we extend our recently developed
adiabatic approach for description of the above-threshold detachment (ATD) [3] to explore
the analytical structure of the WF for an electron interacting with a ﬁnite-range potential
U (r) and an intense low-frequency infrared (IR) laser pulse [4]. In our analysis we consider
two cases, when an electron is initially in a bound (i) or scattering (ii) state of U (r). The
obtained closed analytical forms for the WF comprise a sum of the initial bound state for
the case (i) or the initial scattering state with the laser-modiﬁed (kinematic) momentum for
the case (ii) and a rescattering correction, which is a superposition of scattering states of
U (r) with time-dependent momenta, whose directions and magnitudes are determined by
the classical “rescattering” condition. The time-dependent coeﬃcients in the superposition
of scattering states in the case (i) are presented as a product of the tunneling exponential
(describing the electron appearance in the continuum) and the time-dependent propagation
factor, while in the case (ii), these coeﬃcients involve the amplitude of electron-core scattering
with the energy transfer from the laser pulse instead of the tunneling factor in the case (i).
Based on the analytic expressions for the WFs including the rescattering corrections, we
obtained the parametrizations for transition matrix elements and cross sections for fundamental strong-ﬁeld processes [i.e., for ATD for high-energy electrons, high-order harmonic
generation (HHG), laser-assisted electron scattering, laser-assisted radiative attachment, and
laser-assisted bremsstrahlung] in terms of laser and binding-potential parameters with the
exact account of eﬀects of U (r) and quasiclassical accuracy for the account of electron-laser
interaction. These parameterizations include either tunneling factors or scattering amplitudes
and propagation factors involved in the laser-dressed WFs.
In order to describe the laser-dressed state in the presence of an additional weak ﬁeld,
we formulate the perturbative result for the WF in terms of the Green’s function, whose
approximate expression is obtained within the analytic expressions for the adiabatic WFs in
the intense IR ﬁeld [4]. The developed perturbation theory is used to calculate the HHG
amplitude in an intense IR ﬁeld and a weak extreme ultraviolet (XUV) perturbation. We
found that the additional perturbative interaction of the XUV ﬁeld with an atomic system
in an intense IR ﬁeld induces the HHG channels with the absorption of the XUV photons.
The interference between diﬀerent HHG channels carries an information about the nonlinear
interaction of an atomic system with the laser ﬁeld in the XUV range, which is of the growing
interest nowadays due to increasing intensities of XUV sources.
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The excitation of terahertz (THz) surface wave (SW) under the ponderomotive action of
the two-frequency laser radiation on semi-inﬁnite plasma is studied [1]. The oblique incidence
of the two laser ﬁelds with close frequencies at their counter propagation along the plasma
boundary is considered. The space-time distribution of SW electromagnetic ﬁelds in plasma
and in vacuum is calculated, and it is found that the SW ﬁeld is determined by the magnitude
of the ponderomotive potential of laser radiation at the diﬀerence frequency at the plasma
boundary. It is shown that the noticeable ampliﬁcation of the SW ﬁelds occurs when the resonance condition is satisﬁed and the frequency diﬀerence of the laser ﬁelds coincides with the
surface eigenmode frequency. The SW energy ﬂux density is calculated under this resonance
conditions and it is shown that in vacuum the energy is carried in the direction of propagation
of the surface mode, and in plasma the energy transfer occurs in the opposite direction. The
boundary value problem for s- and p-polarized two-frequency laser radiation is solved and the
ponderomotive potential for both polarizations at the plasma boundary is calculated. The
energy characteristics of the SW are investigated as the function of the incidence angle and
the polarization of laser radiation, as well as the plasma electron density. It is shown that the
SW energy ﬂux density is maximum, when both s- and p-polarized laser radiation is incident
on the plasma boundary at the angle of total reﬂection. For the s-polarization, the increase
the SW ﬁeld by the order of magnitude occurs at the grazing incidence of the laser radiation
on the rareﬁed plasma boundary. In the case p-polarization the more signiﬁcant increase the
SW ﬁeld takes place, when two-frequency laser radiation is incident almost normal to the
boundary of the near-critical plasma. It is shown that under action p-polarized laser radiation onto a plasma with rare electron collisions, the SW energy ﬂux density can signiﬁcantly
exceed the laser intensity.
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An intense infrared (IR) laser pulse induces in a gas medium a strongly nonlinear process
of high-order harmonic generation (HHG), which can be well described in terms of an atomic
polarization response (APR) determining the HHG amplitude at a given frequency. The
properties of IR-ﬁeld-induced APR can be changed drastically by adding a weak extreme
ultraviolet (XUV) isolated attosecond pulse. Indeed, the synchronized with IR ﬁled XUV
pulse induces new channels for the high-energy photons generation [1,2,3]. For instance, it
may contribute to the secondary generated radiation (SGR) spectra through the elastic XUV
scattering channel (determined by the polarizability of an atomic system), which results in the
increasing of SGR yield and manifests strong dependence on the internal collective electron
dynamics of an atom [3].
In this work, in order to analyze the APR for an atom subjected to synchronized intense
IR and weak XUV pulses, we develop the perturbation theory (PT) in the XUV ﬁeld on
the basis of the IR-dressed wave functions for an atomic electron obtained within adiabatic
approximation [4]. We show that the second order of PT for APR describes the amplitude
of the second harmonic generation of the XUV pulse (i.e., the SGR at the doubled carrier
frequency of the external XUV pulse). We note that the second harmonic generation of the
XUV pulse is allowed only in the presence of the IR ﬁeld. Within our recently developed
approach [4], we show that in the adiabatic approximation the APR for the second harmonic
generation channel is proportional to the instant value of the IR-ﬁeld strength. Taking into
account this linear dependence of the SGR yield on the IR-pulse intensity, we suggest the
retrieving method for the IR pulse of arbitrary shape from the SGR yield at the doubled
carrier frequency of the XUV pulse.
Analyzing the dependence of the SGR yield on the time-delay between IR and XUV pulses,
we observe an oscillating structure resulted from an interference of two channels: i) second
XUV-harmonic generation channel and ii) the XUV-assisted HHG channel [2]. The second
channel corresponds to the ﬁrst order of PT in the XUV ﬁeld and can be described within
three-step scenario of HHG, for which the recombination step is accompanied by the XUV
photon emission. We conﬁrm our ﬁndings both analytically, accurately treating the joint
interaction of an atomic electron with IR and XUV pulses, and numerically by solving the
time-dependent Kohn-Sham equations for the Ar atom.
This work was supported by Russian Science Foundation through the Grant No. 22-1200223.
references
[1] A. C. Brown, H. W. van der Hart, Phys. Rev. Lett. 117, 093201 (2016).
[2] T. S. Sarantseva et al., Phys. Rev. A, 98, 063433 (2018).
[3] A. A. Romanov et al., Optics Letters 47, 3147 (2022).
[4] A. V. Flegel et al., Phys. Rev. A 104, 033109 (2021).

35

Oral

Polarization eﬀects in terahertz and mid-infrared generation
by ultrafast ionizing pulses
V. A. Kostin1,2 and N. V. Vvedenskii1, 2
1

Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia;
University of Nizhny Novgorod, Nizhny Novgorod, Russia
e-mail: vk1@ipfran.ru
2

The generation of terahertz and mid-infrared radiation during laser-produced ionization
of gases attracts considerable attention due to possibilities to use ambient air as an emitting medium and to obtain radiation with the exceptional characteristics such as ultrabroad
spectrum or ultrabroad tunability range. Such radiation ﬁnds its application in spectroscopy
for various biological and technological applications, as well as in probing and monitoring of
various objects and media. The success in producing strong and broadband radiation was
mostly achieved using the two-color scheme where the ionizing pump ﬁeld contains two quasimonochromatic components with frequecy ratio about 2. Various ways to tailor and improve
this two-color scheme are under active exploration, which includes adding additional spectral
components, manipulating polarizations and frequencies of the pump components, focusing
conditions and properties of the ionized medium: state of matter, pressure, and kind of ionized
particles. Despite extensive research, these tailoring methods are far from being comprehensively examined. In particular there is still a lack of systematic study of how properties of
the generated radiation depend on the polarization state of the two-color pump.
In this work, we report on several new polarization eﬀects in generation of terahertz and
mid-infrared radiation by ultrafast two-color ionizing pumps. One of these eﬀects is the
high sensitivity of the generated radiation properties to the slight ellipticity of ionizing pump
components. Another eﬀect manifests itself in sensitivity of polarization dependences to the
detuning frequency in the incommensurate two-color pulses. We also discuss the optimal
polarization states of the pump and the possible polarizations of the generated radiation.
The work was supported by the Russian Science Foundation (Grant No. 22-72-10133).
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Nitrogen molecules pumped by intense femtosecond laser pulses give rises to coherent
emission in the forward direction at a series of wavelengths, coined as “air lasing” [1, 2].
Due to the rich physics involved and the potential applications in optical remote sensing,
the study of “air lasing” has attracted many attentions in recent 10 years. In this talk, we
present our recent studies as to the nature of these emission when the nitrogen gas is pumped
with 800 nm femtosecond pulses or mid-infrared (1.1-2.6 µm) pulses. From a time-resolved
measurement, we conclude that the 391.4 nm emission obtained with 800 nm pumping is
superﬂuorescence, where a pressure-dependent built-up time and width of the emission are
conﬁrmed [3,4]. Moreover, coherent control of the superradiance is achieved based on the
electronic and vibrational coherence [5,6]. In contrast, in case that MIR pulses are employed
to drive the “air lasing” emission, the emission presents no time delay with respect to the
pump and its duration is not sensitive to the gas pressure. In the meantime, no optical
ampliﬁcation is obtained in the case of MIR pumping. Based on these distinct features, we
suggest that the emission is of the nature of Free-Induction Decay (FID) with MIR pumping
[7]. Our theoretical simulations support the above interpretation.

Figure 1: Time resolved measurement of the 391.4 nm radiation of nitrogen ions as a function
of the gas pressure. (a) The pump laser pulse is at 800 nm. (b) The pump laser wavelength
is 1550 nm. The red arrow in both panels indicate the position of the pump laser pulse.
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When femtosecond laser pulses interact with inert gases, a plasma with a highly nonequilibrium distribution of electrons is formed. This plasma has unique properties, such as a
possibility of electron sound waves propagation with a frequency greater than the plasma
frequency of electrons [1] and a possibility of terahertz electromagnetic waves ampliﬁcation
[2]. Continuing the study of unusual photoionized plasma properties, we considered the absorption of radiation by inhomogeneous plasma formed during multiphoton ionization of inert
gas atoms. In [3] the interaction of inhomogeneous plasma with radiation with a frequency
signiﬁcantly lower than the plasma one was studied. Now, we are interested in a case when
a frequency of incident radiation is close to the transparency boundary of an inhomogeneous
plasma. We assumed semibounded plasma with electron density increasing linearly in a layer
with width L and then remaining constant. Using Maxwell equations and kinetic equation
for electron distribution function describing the narrow energy peak without the broadening,
the general expressions for an electric ﬁeld in the plasma and the absorption coeﬃcients were
found. The main attention is paid to the conditions under which ν α – the eﬀective collision
frequency of electrons with inert gas atoms is less than plasma frequency in a constant density
region ωL . It is found that if width of inhomogeneous layer is smaller than the electromagnetic
scale c/ωL , then absorption of a probe radiation is described by an expression obtained earlier
with the assumption of sharp change of electron density at the plasma boundary (see [4]).
This pattern also occurs when the frequency of incident radiation ω � ω L [3]. Increasing
of L leads to an increasing in absorption coeﬃcient, which depends on both the value of L
and the ratio of ωL − ω = Δω to να . If the distance from plasma boundary to the critical
point z0 � L, then absorption coeﬃcient A increases proportional to L1/3 and να (ΔωωL )−1/2 .
Then, as L − z0 increases, ﬁrstly the dependence of A on L becomes linear, and then the
absorption coeﬃcient A becomes close to unity. At Δω � να there is no dependence of A on
Δω. The limits of applicability of obtained asymptotic formulas for A are mainly determined
by an eﬀective collision frequency. The patterns of increasing A with increasing L are similar
to those established in the case of small collision frequencies Δω � να . A signiﬁcant diﬀerence
appears in the region where A ∼ L1/3 , in this region A depends on the collision frequency
more weakly: A ∼ (να /ωL )1/2 .
The reported study was funded by RFBR, project number 20-32-90158.
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Photocatalysis ﬁnds applications in wastewater treatment, air-cleaning, reduction of carbon dioxide, hydrogen production, self-cleaning surfaces, disinfection, etc. Photocatalytic
reactions proceed through excitation of electrons and holes in semiconductor materials which
then migrate to a semiconductor surface to activate catalytic redox reactions. Use of hybrid
plasmonic nanoparticles, consisting of metal core and semiconductor shell, is very promising
method to enhance the yield of electron-hole pairs and a photocatalytic reaction. In this
work we demonstrate the photocatalytic performance of glass-ceramics doped with hybrid
metal-semiconductor Ag-AgBr nanoparticles and compare it with the photocatalytic activity
of glass ceramics doped with either metallic Ag or semiconductor AgBr nanocrystals.
Silicate glasses, based on the Na2 O-ZnO-Al2 O3 -SiO2 system, undoped and doped with
NaBr were synthesized. Silver ions were introduced into the polished glass samples via Na + Ag+ ion exchange by immersing samples in AgNO3 /NaNO3 salt melt at 320◦ C for 2h. Subsequent heat treatment at 500◦ C during 3h was used to promote growth of Ag, AgBr or
Ag-AgBr nanoparticles depending on the glass dopants. The photocatalytic properties were
studied by measuring absorption spectra of an aqueous solution of methyl orange (MO) dye
(1mg dye per 100ml H2 O) under UV-VIS irradiation of a mercury lamp with and without a
sample in a cuvette.

Figure 1: Degradation of water solution of MO in the presence of glass-ceramic photocatalysts
doped with various nanoparticles
Eﬀective degradation of MO dye was observed only for Ag-AgBr based photocatalyst (Fig.
1). Low photocatalytic performance of glass-ceramics doped with Ag nanoparticles is due to
the short lifetime of hot electrons (∼17fs in Ag). Large AgBr band gap (∼2.6eV) limits
eﬀective e-h production by only UV part of mercury lamp spectrum. In contrast, hybrid AgAgBr nanoparticles successfully combine high rate of hot electron production in metal core
and much longer lifetime of hot electrons and holes in semiconductor shell.
This work was ﬁnancially supported by Russian Science Foundation (Project # 20-1900559).
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When the vehicle reenters or travels through the atmosphere at hypersonic velocities, the
ambient air molecules become dissociated and ionized by shock wave produced due to excessive
heating of air surrounding the vehicle. This results in formation of plasma sheath which in
turn leads to the loss or severely degrade communication, navigation or telemetry signal
through reﬂection and absorption [1]. Considerable eﬀort has been spent toward mitigating
or eliminating communications blackout and the magnetic window method [2] seems to be
one of the most promising and convenient ones. The working principle of this method is that
� 0 alters the electrons motion in the plane transverse to
the presence of static magnetic ﬁeld H
� 0 , thus introducing new propagation modes. The important feature is that the right-handed
H
circularly polarized wave has a passband for frequencies below cyclotron frequency which is
independent on plasma frequency and is determined solely by the strength of applied static
magnetic ﬁeld. Another promising method to mitigate blackout is based on the concept of
resonance tunneling of electromagnetic waves through the plasma sheath with the overcritical
density. Such tunneling is possible if the dielectric layer (electromagnetic resonator) is located
between the metal surface of the spacecraft and the plasma sheath and frequency of the
propagating wave is near the frequency of one of the resonator eigenmodes [3-4].
In this work we discuss the results of the joint use of the listed mitigation techniques
in order to improve propagation characteristics of transmited signals. Calculations show
that the spectral magnetic window is opened for right-handes wave and, what is important,
the presence of dielectric layer provides an increase in wave tunneling eﬃciency through the
plasma sheath for both right- and left-handed waves
The contribution of A. M. Popov to this research was performed according to the Development program of the Interdisciplinary Scientiﬁc and Educational School of MSU “Photonic
and Quantum Technologies. Digital Medicine”.
references
[1] J. Rybak, J. Churchill, IEEE Trans. Aerosp. Electron. Syst. 7 (5), 879 (1971).
[2] H. Hodara, Proc. IRE 49 (12), 1825 (1961).
[3] A. Bogatskaya, N. Klenov, M. Tereshonok, S. Adjemov, A. Popov, J. Phys. D. 51 (18),
185602 (2018).
[4] A. Bogatskaya, E. Volkova, N. Klenov, M. Tereshonok, A. Popov, IEEE Trans. Ant. Prop.
68 (6), 4831 (2020)

40

Oral

Ultrafast control of deeply subwavelength spatial gratings in a
resonant medium
A. V. Pakhomov1 , R. M. Arkhipov1,2 , I. V. Babushkin3 , M. V. Arkhipov1
and N. N. Rosanov1,2
1

St. Petersburg State University, St. Petersburg, Russia;
Ioﬀe Physical Technical Institute, St. Petersburg, Russia;
3 Leibniz University Hannover, Hannover, Germany
e-mail: antpakhom@gmail.com
2

Creation of light-induced gratings of the refractive index in diﬀerent media has been widely
studied with monochromatic radiation. At the same time implementing the fast dynamic
control of the spatial gratings could be promising for applications in ultrafast optics. Such
control can be achieved upon the coherent pulse propagation in resonant media, but was only
considered so far for pulse durations in the nanosecond range.
In our work we theoretically investigate the possibility of creation and ultrafast control
of the population diﬀerence gratings both in few-level and multi-level resonant media by a
sequence of few-cycle pulses [1,2]. In contrast to the commonly used schemes, here the pulses
do not overlap inside the medium, and the interaction between the pulses is mediated by the
excitation of polarization waves. It is shown that adjusting the excitation pulse parameters
makes it possible to create population gratings with deeply subwavelength spatial periods,
see Fig. 1. The lifetime of such gratings is determined by the coherence relaxation time in the
medium, what makes it necessary to use few-cycle excitation pulses for their eﬃcient control.
We also address the issue of subcycle pulse interaction with resonant atoms and demonstrate
that the medium excitation in this case gets driven by the so called electric pulse area [1].

Figure 1: Creation, erasing and multiplication of the spatial frequency of the periodic gratings
induced in a two-level medium by a sequence of 2-fs pulses.
This work was supported by the Russian Science Foundation (21-72-10028).
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Internal quantum eﬃciencies ηSP E and ηV P E of the surface (SPE) and the volume (VPE)
photo-emissions from metal nanoparticles into a semiconductor environment with the discontinuity in the electron eﬀective mass on the metal-semiconductor interface are found and
compared with each other.
Due to the momentum conservation law, the decrease of the electron eﬀective mass on
the metal-semiconductor interface slows down the electron and reduces the photoemission
eﬃciency. We ﬁnd that such slowing at SPE is smaller, than at VPE, because of only the
normal to the interface component of the electron wave vector is reduced at SPE, while the
whole wave vector is reduced at VPE. As a result of this and of other eﬀects [1] we predict,
that SPE from metal nanostructures of the size less than 10-20 nm may be several times
more eﬃcient than VPE, see Fig.1a, also at plasmon resonance, see Fig.1b. We derive general
formulae for quantum eﬃciencies of SPE and VPE from spherical nanoparticles and reduce
them to analytical expressions on the red limit of the photoeﬀect.
This new result, that SPE is less sensitive to the discontinuity of the electron eﬀective
mass on the interface than VPE, in addition to other advantages of SPE [1], makes SPE more
eﬃcient than VPE in the generation of hot electrons, in accordance with recent experimental
and theoretical ﬁndings [2]. So SPE is important in applications as for the enhanced hot
electron generation from metal nanostructures in the photochatalysis.
Authors acknowledge Russian Science Foundation (20-19-00559) for support.

Figure 1: (a) ηV P E (curve 1) and ηSP E (2,3) for gold nanolarticle of 15 nm diameter in GaAs
(2) and in silica (3). Vertical lines denote plasmon resonances. η SP E > ηV P E apart of high
frequencies. (b) ηSP E (curves 1) and ηV P E (2) in GaAs (solid curves) and in silica (dashed
curves) at plasmon resonance versus the ratio m0 /msem of the electron eﬀective masses on
the metal-semiconductor interface. ηSP E > ηV P E apart of m0 /msem ≈ 1.
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Pulses of mid-infrared (mid-IR) radiation (with wavelengths of 3–30 µm) have great potential for use in various ﬁelds of science and technology. In the mid-IR range, there are
many vibrational, rotational, and electronic resonances of molecules and solids, due to which
spectroscopy in this range is used for the structural analysis of various media [1, 2]. Methods
based on mid-IR spectroscopy for studying biomaterials, remote detection of explosives, drug
and food control, and monitoring of emissions into the atmosphere are being actively developed [3, 4]. In addition, using high-power ionizing pulses of mid-IR radiation, it is possible
to eﬀectively excite high-frequency polarization currents emitting in the extreme ultraviolet
and soft X-ray range [5, 6]. However, a signiﬁcant problem is the lack of simple and accurate
methods for detecting (measuring waveforms) pulses in the mid-IR range.
In this work, we study a new method for detecting mid-IR pulses, which is based on the
generation of high-order harmonics of a probe laser pulse in the presence of a measurable lowfrequency (terahertz or mid-IR) ﬁeld. In this method, the time proﬁle of the low-frequency
ﬁeld is obtained by measuring the intensities of high-order even harmonics as a function of
the time delay of the laser pulse relative to the measured ﬁeld. This method diﬀers from
the existing detection method based on measuring the second harmonic of the laser ﬁeld
induced by a low-frequency ﬁeld as a result of cubic nonlinearity [7] in that the duration of
the high-harmonic signal near the cutoﬀ turns out to be much shorter than the duration of the
second harmonic. As a result, a higher detection resolution can be achieved. We calculate the
electron current density excited by two-color pulses (probe laser pulse and low-frequency midIR ﬁeld) in gases consisting of diﬀerent atoms and molecules by solving the three-dimensional
time-dependent Schrödinger equation and time-dependent Kohn-Sham equations. We ﬁnd
the ranges of laser-pulse parameters in which the amplitudes of generated high-order even
harmonics are linear in the applied low-frequency ﬁeld and determine the time resolution of
detection for diﬀerent gas targets, laser-pulse parameters, and harmonic numbers.
The work is supported by Russian Science Foundation (Grant No. 20-11-20289).
references
[1] C. Brif, R. Chakrabarti, H. Rabitz, New J. Phys. 12, 075008 (2010).
[2] M. Vainio, L. Halonen, Phys. Chem. Chem. Phys. 18, 4266 (2016).
[3] D. C. Fernandez et al., Nat. Biotechnol. 23, 469 (2015)
[4] B. Noziere, et al., Chem. Rev. 115, 3919 (2015).
[5] M. V. Frolov, N. L. Manakov, A. F. Starace, Phys. Rev. Lett. 100, 173001 (2008).
[6] B. E. Schmidt et al., J. Phys. B. 45, 074008 (2012).
[7] X. Lu, X.-C. Zhang, Front. Optoelectron. 7, 121 (2014).

43

Plenary

Towards extremely short unipolar pulses
N. N. Rosanov1 , M. V. Arkhipov2 and R. M. Arkhipov1,2
1

Ioﬀe Institute, St. Petersburg, Russia;
St. Petersburg State University, St. Petersburg, Russia
e-mail: nnrosanov@mail.ru
2

The trend towards the shortest durations of electromagnetic pulses is one of the leading
trends in modern laser physics [1-3]. At present, the approach with the transition to the
high-frequency spectral region or phasing of the radiation of many optical harmonics prevails here [4]. However, another approach is also possible, based on reducing the number of
ﬁeld oscillations in a pulse down to subcycle durations [5-7]. In this case, extremely short
electromagnetic pulses turn out to be unipolar.
We will consider the� pulse at a ﬁxed point or region of space to be quasiunipolar if
its electric
area
�
� SE = Edt is nonzero and strictly unipolar if its degree of unipolarity
ξ = | Edt|/ |E|dt is equal to one; here E is the electrical ﬁeld strength and t is the time.
Although the existence of such pulses was ﬁrst predicted, apparently, as early as 1981, there is
still a widespread opinion in the literature even about their impossibility and incompatibility
with Maxwell’s equations, as well as about the impossibility of their propagation.
In this report, we, ﬁrstly, strictly show the consistency of the existence of unipolar electromagnetic pulses with Maxwell’s equations and give the conditions for their existence in a
vacuum with electric charges [9]. Secondly, we conﬁrm that extremely short unipolar pulses
act on micro-objects much more eﬃciently than bipolar pulses, due to the unidirectional effect in the ﬁrst case and multidirectional eﬀect in the second [5-7]. Examples include the
interaction of pulses with classical and quantum (with spin) electrons, atoms, and molecules.
In this case, the eﬀectiveness of the impact is determined precisely by the magnitude of the
pulse electric area. Thirdly, we discuss methods for generating unipolar and quasi-unipolar
electromagnetic pulses with a large electric area.
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Time-varying artiﬁcial media have gained signiﬁcant interest in recent years as a platform
for developing novel devices of active photonics and plasmonics [1]. The temporal boundary,
i.e., an abrupt change of a medium’s dielectric properties, is a widely used model for considering electromagnetic phenomena in such media. To describe the wave scattering by a temporal
boundary, a nondispersive time-varying dielectric permittivity ε(t) and the Morgenthaler continuity conditions [2] are commonly used [1]. The nondispersive approximation is applicable
at frequencies much lower than the medium’s resonant frequencies. At a temporal boundary,
however, the wave frequency is not conserved, and dispersive high frequency modes can be
excited. Such eﬀects cannot be described by the ε(t) model. The applicability of this model
also depends on the nonstationarity mechanism [3].
Here we determine the realms of applicability of the ε(t) model and Morgenthaler continuity conditions by considering a low-frequency wave transformation at a temporal boundary
in a medium made of oscillators. Three nonstationarity mechanisms, which include an increase and decrease in the oscillator density and a shift of the oscillator resonant frequency, are
considered. It is shown that in the case of an abrupt increase of the oscillator density the Morgenthaler conditions can indeed be used for considering the transformation of a nondispersive
low-frequency wave at the temporal boundary. However, the excited dispersive high-frequency
waves have non-negligible amplitudes and are important in the energy balance. The negligible contribution of the high-frequency waves to the Morgenthaler conditions is explained by
the epsilon-near-zero regime for these waves. In the case of an abrupt decrease of the oscillator density, the ε(t) model does not work and the Morgenthaler continuity conditions are
inapplicable even in the nondispersive (low-frequency) limit. The low-frequency waves in an
oscillator medium with a rapidly varying resonant frequency can be completely described by
the Morgenthaler continuity conditions and corresponding scattering coeﬃcients [2]. There
are, however, some subtle issues in the applicability of the dynamic resonant frequency model
[4].
This work was supported in part by the Ministry of Science and Higher Education of the
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The study of below-threshold harmonics generation (BTHG) of laser pulses in gases attracts much attention due to prospects for producing short pulses and frequency combs in the
optical and ultraviolet ranges, which are necessary for diagnostics and spectroscopy of various
materials and media, seeding of free-electron lasers, and enhancing high-harmonic sources
[1-3]. The BTHG applications also include the detection of lower frequency (LF) radiation
[4,5]. When a short optical pulse propagates in gas along with the LF ﬁeld, even harmonics
are generated, whose intensities can serve to measure the instantaneous value of LF ﬁeld
strength. An entire LF ﬁeld waveform can be obtained by varying the arrival time of the optical gating pulse. Currently, such a method based on second harmonic generation (SHG) due
to the third-order nonlinear response of neutral atoms and molecules is often used to detect
terahertz (THz) radiation [6,7]. The absence of phonon resonances, better phase matching,
and continuous renewability makes gases more attractive media for detecting broadband and
high-power THz radiation than crystals and photoconductive antennas
[4,5]. However, the
√
temporal resolution of detection is limited by the SHG duration τ p / 2, where τp is the gating
pulse duration [5].
In this work, we study the applicability of even Brunel harmonics originating from the
acceleration of free electrons produced during tunneling ionization [8] for increasing the time
resolution of detection. The Brunel harmonics pulses durations are determined by the plasma
density growth time much shorter than τp [2,3,9]. However, as we show by solving the threedimensional time-dependent Schrödinger equation for helium atom, a high noisy signal is
generated when an atom interacts with intense optical pulses with linear polarization. The
latter allows one to measure only very strong LF ﬁelds, reducing this detection method’s
capabilities. We study the nature of this noisy signal and show that it can be eﬀectively
suppressed by introducing a relatively small ellipticity of optical pulses. We ﬁnd the laser
intensity and wavelength ranges corresponding to the dominance of the Brunel harmonics in
BTHG in helium.
The work is supported by Russian Science Foundation (Grant No. 22-72-10133).
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In the last few years [1], there has emerged a new research area, "hybrid plasmonics", whose
subject is the structures comprising plasmonic metals, covered with thin layer of dielectric
or semiconductor. These hybrid plasmonic structures are of great interest, and have many
potential applications in photocatalysis, photovoltaics and photodetection [2-3]. Use of hybrid
structures allows to enhance useful fraction of the sun spectrum: electrons can be injected
into semiconductor shell from metallic core by acquiring energy exceeding diﬀerence between
the Fermi energy of metal and semiconductor conduction band. and closer between which
have much smaller potential barrier to enlarge the eﬀective fraction of sun light spectrum.
Recently, it has been developed a synthesis technology of glass-ceramics doped with hybrid
metal-semiconductor Ag/Ag halide [4].
We report the study of plasmonic characteristics of inﬁnite hybrid cylindrical nanotubes.
We develop analytical theory which allows to calculate exactly scattering characteristic of the
plane electromagnetic wave on such the layered nanowire depending on the polarization and
the geometry of the problem, as well as the dielectric susceptibilities of metal core, dielectric
shell and surrounding material

The left ﬁgure demonstrate the problem geometry with the inner metal cylinder of radius
R1 , semiconductor cylindrical shell of radius R2 and plane electromagnetic wave incident at
the angle α to the nanowire axis. Right ﬁgure shows the dependence of the amplitude of
radial component of electric ﬁeld at the boundary between Ag core and AgBr shell vs the
frequency of incident p-polarized light at various shell thicknesses, the radius of metal core is
10nm, angle of incidence π/4. Variation of the shell thickness allows one to tune plasmonic
resonance position.
We discuss also prospects of Ag/Ag halide nanowires for eﬀective photoproduction of hot
electrons which can be used to enhance the eﬃciency of photocatalytic reactions.
AVU, IVS and NVN thank Russian Science Foundation (20-19-00559) for support.
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In this report, we consider a photoionized plasma formed in the multiphoton ionization
regime under the eﬀect of a femtosecond pulse of linearly polarized radiation on of inert
gas atoms. The energy spectrum of strongly non-equilibrium distribution of photoelectrons
formed under such conditions has the form of a narrow peak concentrated near the value of
energy which is acquired by photoelectrons as a result of ionization and does not exceed a few
eV. The degree of ionization of the plasma formed after switching oﬀ the laser pulse is low.
Therefore, the scattering of photoelectrons mainly occurs on neutral atoms and is elastic in
nature. In relatively dense plasma frequent collisions of electrons with neutral atoms lead to
rapid momentum relaxation, and the non-equilibrium distribution function of photoelectrons
has isotropic form. Further the peak-like shape of the velocity distribution is kept for a wide
time interval up to its relaxation to the equilibrium Maxwellian function.
It is shown that two diﬀerent types of electromagnetic instabilities are possible to develop in the considered nonequilibrium plasma at diﬀerent values of the photoelectron energy.
The ﬁrst of these is the instability of an electromagnetic wave with a real frequency equal
to or greater than the electron Langmuir frequency, which is realized in a wide range of
wavelengths in plasma with relatively low average photoelectron energy. The second one is
long-wavelength aperiodic electromagnetic instability with maximum increment capable to
reach a half of electron Langmuir frequency. The development of this instability is possible
in a plasma with an average energy of photoelectrons lying in a wide range of a bit higher
energy values. Obtaining of new unstable modes is connected with taking into account the
Ramsauer-Townsend eﬀect, which consists in sharp nonmonotonic dependence of the cross
section for elastic scattering of electrons by neutral atoms precisely in the range of photoelectron energies typical for multiphoton ionization. Thus, the non-equilibrium distribution of
electrons is the cause of development of various electromagnetic instabilities in photoionized
plasma. These instabilities can lead to the generation and ampliﬁcation of electromagnetic
radiation by the considered photoionized plasma, in particular, in the THz frequency range.
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An electric ﬁeld distribution in the focused by high aperture
parabolic mirror femtosecond laser pulse
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The widely used in various technologies ultrashort laser pulses usually are tightly focused.
To model the interaction of such pulses with materials simple paraxial formulas for the distribution of laser intensity are not applicable. It is necessary to compute the concrete focusing
element. In the case of parabolic mirror, which occur fairly often, this distribution can be
described by Stratton-Chu Integral (SCI). In the presented report the very fast numerical
method of SCI calculation is presented. Also, limit of large mirror size, which is more simple
than initial SCI, is considered. It is shown that this limit is valid in many applications [1].
The case of hat-top laser pulse incident onto parabolic mirror is presented in the report.
It is shown, that hat-top pulse focused by high aperture parabolic mirror has features similar
to doughnut shaped pulses (large peak absorbed energy density in compare with Gaussian
pulses) [2]. Note, that in paraxial approach such behavior of hat-top pulse is unexpectable.
references
[1] V. P. Zhukov, M. P. Fedoruk, Computational Technologies 26 (3), 42—60 (2021).
[2] V. P. Zhukov, A. M. Rubenchik, M. P. Fedoruk, N. M. Bulgakova, JOSA B 34 (2), 463–471
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Scope
Ultrafast spectroscopy and imaging of optical, electronic and hot-carrier dynamics
Ultrafast spectroscopy and imaging of structural dynamics, including electronphonon relaxation, coherent phonons and phase transitions
Femtosecond-laser ablation and 3D-nanofabrication in diﬀerent environments,
including liquids
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Ultrafast laser-induced dynamics of magnetooptical response in thin
ﬂakes of van der Waals antiferromagnets NiPS3 and FePS3
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Exfoliation of graphene and demonstration of its unique properties laid the foundation
for an active search and study of other types of two-dimensional and quasi-two-dimensional
materials. The modiﬁcation of the magnetic properties of materials in the 2D limit also
attracts a lot of interest, as such materials may ﬁnd application in the creation of ultrathin
spintronics and magnetic memory devices, and also be used to create heterostructures with
unique properties [1]. Transition metal thiophosphates MPS 3 (M = Fe, Ni, Mn, etc.) are
promising objects for studying magnetism in quasi-two-dimensional materials.
FePS3 and NiPS3 are antiferromagnetic van der Waals materials with Néel temperature
TN =118 K and 155 K respectively. In the ordered state of FePS3 , the magnetic moments are
directed perpendicular to the layer plane and form ferromagnetically coupled zigzag chains
that interact antiferromagnetically both with neighboring chains in the plane of one layer and
with the nearest chains in diﬀerent layers [2]. The magnetic moments in NiPS 3 also form
zigzag chains, but they lie in the plane of the layer, and the chains in diﬀerent layers interact
ferromagnetically [3].
We study the response of MPS3 ﬂakes with a countable number of layers to ultrafast optical
excitation in order to demonstrate the possibility of changing the magnetic properties of such
materials. In the experiment, we used MPS3 ﬂakes obtained by exfoliation and deposited on
a Si/285 nm SiO2 substrate. The measurements were carried out in the area of thin ﬂakes
that have a countable number of layers. The thickness of FePS3 ﬂakes is of 10.9 nm, and
NiPS3 – 9.3 nm, lateral size is of 15 µm. To compare the results with the properties of the
bulk material, measurements were carried out in the region of multilayer MPS 3 .
The measurement of laser-induced dynamics was carried out using the pump-probe technique. The experiment used pulses with a duration of 170 fs and a central wavelength of 1030
nm. Experimentally measured the laser-induced change in the intensity and rotation of the
polarization plane of the reﬂected probing pulse in MPS3 .
For the FePS3 below the transition temperature to the antiferromagnetic state, the laser
pulse induces an ultrafast partial decrease in the antiferromagnetic vector (demagnetization).
The temperature dependences of laser-induced demagnetization in multilayer FePS 3 and in
ﬂakes was found to be qualitatively similar. For FePS3 , characteristic times of demagnetization
appeared to be longer in the multilayer sample, and also increase noticeably as the Néel
temperature is approached. In NiPS3 we have not identiﬁed any laser-induced dynamics
which could be ascribed to laser-induced changes of magnetic ordering. Diﬀerence in laserinduced response of NiPS3 and FePS3 may be related to diﬀerence in optical absorption at
the pump photon energy.
Samples were provided by E. Coronado, S. Manas-Valero, and C. Boix-Constant ICMol,
Universidad de Valencia, Paterna, Spain). E.A.A., D.V.K. and A.M.K were supported by
RFBR grant No. 19-52-12065.
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[3] A. R. Wildes, V. Simonet, Physical Review B 92 (22), 224408 (2015).
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Morphology of craters formed by laser nanosecond ablation on
silicon substrate
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Nanostructured semiconductor and conductor materials of considerable interest for the
highest economic science and technology [1–5]. Due to the extremely small size and the
formation of a large surface area in comparison with the volume, signiﬁcant optical, electronic, luminescent and other properties are demonstrated in nanostructures. One of the
most promising methods for the synthesis of nanostructured materials is pulsed laser ablation.
In the presented work, nanostructures and craters formed by pulsed nanosecond laser
radiation on a silicon wafer in an air and liquid medium were studied. The morphology of
the samples was studied using SEM. The obtained images demonstrate the formation of a
structured surface in the crater area. However, an increase in power leads to the melting of the
plate, the disappearance of the structured surface and the formation of individual particles.
During ablation in air, silicon oxide particles are formed on the surface of the crater.
references
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Femtosecond laser synthesis of molybdenum disulﬁde nanoparticles
in liquid
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In this work, we study the possibility of controlled fabrication of nanoparticles of molybdenum disulﬁde by laser ablation and subsequent fragmentation in a solvent. We performed
femtosecond laser ablation and fragmentation in ethanol using bulk MoS 2 crystal as a target
and obtained MoS2 NPs with a regular spherical shape.
In the experiments we used the femtosecond Yb:KGW laser system (Avesta, Russia): the
wavelength 1030 nm, maximum pulse energy 150 µJ, pulse duration 280 fs, and pulse repetition
rate 10 kHz. The process of ablation in liquid consists in processing a sample placed on the
bottom of a tube with laser radiation focused on its surface. Due to galvanometric scanner,
the beam moves along the surface of the MoS2 plate to uniformly remove the largest number
of particles without the need for frequent sample movement. Also, this method allows you
to prevent the eﬀect of laser radiation on the tube with the solution. Laser fragmentation is
identical to that used for laser ablation, except for the use of a magnetic stirrer in the process.
By manipulating the fragmentation time, the number of revolutions of the rotational
magnetic installation per minute, and the concentration of molybdenum disulﬁde particles in
solution, various transmission spectra were obtained. This allows us to conclude that it is
possible, by changing the fragmentation parameters, to change the transmission spectra of
the colloidal solution for the application required in a particular case. The use of deionized
water as a medium, ﬁrstly, signiﬁcantly increases the transmission of radiation over the entire
wavelength spectrum of the optical range, which negatively aﬀects the absorption of radiation
by the material, and secondly, unlike ethanol, during fragmentation in water, the peaks of
the absorption spectra do not shift, but remain approximately at the same level as it can be
said that during the fragmentation of molybdenum disulﬁde microparticles in distilled water,
the process of replacing sulfur with oxygen atoms does not occur, thereby not changing the
initial composition. This phenomenon aﬀects both the optical component and the chemical
component, which may aﬀect the use of these particles in certain areas.
As a result of the research, Raman spectra, histograms of particle size distribution, optical
absorption spectra of colloidal solutions, as well as images from an electron microscope were
obtained. The complex data provide information about the morphology of the obtained
nanoparticles, which is an important step towards further research in this direction.
The work was performed under ﬁnancial support of the Ministry of Science and Higher
Education of the Russian Federation (Agreement No. 075-03-2020-046/1 dated 03/17/2020).
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Eﬀect of parameters of femtosecond laser pulse and characteristics
of metal thin ﬁlm on microjet structure formation threshold
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Exploiting ultrashort pulsed lasers is a very eﬃcient technique to process the surface of
various materials due to its unique properties. Ultrashort pulse irradiation of a glass substrate deposited with a thin metal ﬁlm can produce microstructures, e.g. microbumps and
microjets on its surface. The creation of these structures changes the physical properties of
the surface, which has many applications such as ampliﬁcation of the electric ﬁeld. Such
applications are highly dependent on the dimensions of the structures that, in turn, depends
on laser beam as well as ﬁlm parameters. As a result of examining the eﬀect of diﬀerent
laser and ﬁlm parameters on dimension of these structures, it is possible to create a desirable
structure in accordance with the intended application. In this paper, we report on numerical
study of microjet structure using two-temperature model. Furthermore, we solve elastoplastic
equations to investigate the deformation of the irradiated metal ﬁlm. In the next step, the
threshold of microjet structure formation is numerically studied and the eﬀect of laser wavelength, laser pulse energy, and ﬁlm thickness on the height and the shape of the generated
structures are investigated. Finally, we experimentally realized eﬀect of laser beam proﬁle on
microjet structure by using a femtosecond laser system with central wavelength of 1040 nm,
repetition rate of 100 kHz, energy per pulse of 25 nJ, and pulse duration of 300 fs to irradiate
gold coated glass substrate.
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Ultrafast laser processing of titanium-silicon thin-ﬁlm multilayer
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Composite materials consisting of alternating layers of diﬀerent materials with nanometerscale thicknesses are the basic materials for major industries, including microelectronics and
solar power engineering. Laser processing of thin-ﬁlm multilayer (TFML) is a non-contact
method and its precision depends on laser properties (pulse duration, wavelength, output energy, focusing, etc.) and thin-ﬁlm characteristics (composition, thickness, ﬁlm substrate, etc.)
[1-3]. The greatest interest in nanotechnology is the precise modiﬁcation of the TFMLs that
can be achieved by ultrafast laser processing with a pulse duration of less than 10 ps. Despite
the tremendous progress in surface engineering with ultrafast lasers, the laser processing of
thin-ﬁlm multilayers has not been completely explored nor exploited. Results concerning the
ablation of TFML by femtosecond laser pulses are presented. The investigated samples were
silicon-titanium multilayers deposited on a silicon wafer. Irradiation was done in the ambient
air with single and multi-pulse at diﬀerent pulse energies under standard laboratory conditions. The pulse duration was 300 fs, while the laser wavelengths were 515 and 1030 nm.
After laser processing, morphological changes in the sample surface were analyzed by optical
and scanning electron microscopy (SEM), while compositional changes were checked by X-ray
spectroscopy (EDX). In this study, we present results concerning ultrafast laser processing of
metal-semiconductor multilayer thin-ﬁlm Si(5x(Ti/Si). Depending on the used laser parameters and the delivered number of pulses, partial ablation of the ﬁrst layer/layers, complete
ablation, as well as laser-induced periodical surface structures were registered (Fig.1).

Figure 1: (a) The multilayer thin-ﬁlm Si (5x(Ti/Si)/Si surface after a single pulse of variable
pulse energy (from 80 nJ up to 1,32 µJ; constant value in a column). (b) Multilayer thin-ﬁlm
cross-section (c) Laser induced periodic surface structure (LIPS) produced at pulse energy of
60 nJ and 10 successive laser pulses
references
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A. A. Ionin, App. Phys. Lett. 112, 023103 (2018).
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56

Oral

Features of propagation of magnetostatic spin waves induced by
ultrafast laser-induced anisotropy change in a waveguide
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The creation of magnonic devices is an actively developing ﬁeld of modern magnetism
due to the absence of Joule loses during the magnetostatic spin wave (MSWs) propagation.
Additionally, magnonics make it possible to simplify logic elements schem [1, 2]. Over the last
few years spin-wave half adder [1] and diode [3] have been demonstrated. These devises are
based on MSWs propagating in waveguide, the features of which have been widely studied
in the case of microwave antennas excitation [4]. The aim of present work is micromagnetic
modelling of propagating MSWs wave packets excited by femtosecond laser pulses due to an
ultrafast anisotropy change [5]. The modelling was performed in open source micromagnetic
software mumax3 [6].

Figure 1: Distributions of out-of-plane magnetization component in the waveguide obtained
by micromagnetic simulation at diﬀerent time points after excitation. (a and b) Excitation
is 2D Gaussian shifted across the waveguide to one or the other edge. (c) Excitation across
the entire width of the waveguide with a Gaussian proﬁle in cross section. The Gaussian
half-width in all cases is 800 nm.
In this work we demonstrate unidirectional propagation of MSWs wave packets in 3.5µ̃m
width and 10 nm thick permalloy waveguide excited by focused femtosecond laser pulses (see
ﬁg. 1 a and b). The control of the MSWs propagation direction due to the shift of the excitation
region from the center of waveguide to one or the other edge is shown. When the entire width
of the waveguide is excited, the waves propagate in both directions (see ﬁg. 1 c).
Authors thank the Russian Science Foundation for ﬁnancial support (project 22-22-00326).
references
[1] Q. Wang et al., Nature Electronics 3 (12), 765 (2020).
[2] T. Fischer et al., Appl. Phys. Let. 110 (15), 152401 (2017).
[3] K. Szulc et al., Phys. Rev. Appl. 14 (3), 034063 (2020).
[4] V. E. Demidov, S. O. Demokritov., IEEE Trans. Magn. 51 (4), 1 (2015).
[5] N. E. Khokhlov et al., Phys. Rev. Appl. 12 (4), 044044 (2019).
[6] A. Vansteenkiste et al., AIP advances 4 (10), 107133 (2014).

57

Poster

Laser modiﬁcation of ZnO:Ag properties under diﬀerent wavelengths
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ZnO thin ﬁlms due to their physical properties are often used as photosensitive elements
and layers of various optoelectronic devices, including photodetectors. Adding to the composition ﬁlms of silver nanoparticles can signiﬁcantly increase the sensitivity of sensors in a
certain spectral wavelength range due to the phenomenon of localized plasmon resonance, as
well as increase the conductivity of the material [1]. Laser radiation is a very convenient tool
for a fast, highly eﬃcient and, at the same time, easy-to-implement method for local modiﬁcation of ﬁlm properties with the possibility of their correction in real time. By selecting the
radiation wavelength, it is possible to inﬂuence on the ZnO matrix itself or metal nanoparticles located in it. Due to this, various mechanisms of laser action could be observed, as well
as the properties of the modiﬁed material.
For laser modiﬁcation of the structure of an ZnO ﬁlm with silver nanoparticles, continuous radiation with a wavelength of 405 nm, as well as pulsed femtosecond radiation with
wavelengths of 343 nm, 515 nm, and 1030 nm, were used. Square regions were recorded on
the surface of samples with diﬀerent radiation parameters. Diﬀerences in the mechanisms of
exposure to radiation with diﬀerent wavelengths and exposure durations were studied. The
optical and electrical characteristics of the ﬁlms were investigated. A change in the position
of the plasmon resonance peak was observed, as well as a change in the electrical conductivity
of the material. An increase in the photosensitivity of the ﬁlm to UV radiation was shown,
which can be used to improve the eﬃciency of photodetectors.
references
[1] S. K. Tzeng, M. H. Hon, C. Leu, Journal of the Electrochemical Society 159 (4), H440
(2012).

58

Invited
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Magnonics is a research sub-ﬁeld of spintronics, in which spin waves (SW) replace electrons as information carriers, promising lower dissipation with higher operating rates [1]. The
development of ultrafast, nanoscale magnonic logic circuits calls for new tools to generate SW
with wavelengths as short as possible at fastest possible timescales. Thus, it is no surprise
that the development of modern magnetism has brought magnonics into contact with femtomagnetism [2]: optical excitation of SW has been demonstrated with micrometer wavelengths
recently [3]. However, the excitation and detection of sub-micrometer exchange SWs is rather
challenging and requires high spatial localization of light, as recently demonstrated for antiferromagnets [4]. Here we reveal the excitation of exchange SW in an iron-garnet ﬁlm through
strong magneto-elastic coupling with acoustic waves, triggered by absorption of femtosecond
laser pulses in a thin gold cap layer.
We have excited and detected magnetic-elastic dynamics using the optical femtosecond
pump-probe technique with temporal resolution in a bismuth-substituted iron garnet ﬁlm
(Bi: YIG) of 7.4 µm thickness on a GGG substrate capped with a 100 nm gold layer. Pump
and probe laser pulses with a duration of 120 fs and central wavelengths of 750 and 525
nm, respectively, were focused from the gold and substrate sides, respectively. The external
magnetic ﬁeld was aligned in the plane of the sample.
The sweep of the external ﬁeld in the range of 0–800 mT reveals the coexistence of up to
ﬁve spectral modes in the pump-probe time signal. Spectral peaks of the modes depend on
the strength of the ﬁeld, reveling their magnetic nature. We attribute the low mode to ferromagnetic resonance (FMR) based on the experiments with uncapped Bi:YIG, demonstrating
the single FMR mode only. The highest frequency mode is attributed to the exchange SW
propagating in the depth of Bi:YIG. Its generation is due to the strong location of the pump
in the gold layer. Mode detection is possible due to the geometry of the reﬂection and the
diﬀraction of probe light on the periodic wave proﬁle [4]. The diﬀraction condition gives
the SW wavelength of 125 nm. The modes with frequencies placed between the FMR and
exchange ones have a frequency quantization of 0.7 GHz step. The step is precisely equal
to the standing acoustic resonance on the thickness of gold-Bi:YIG heterostructure with corresponding wavelengths in the rage from several microns down to 125 nm. We assume, the
gold layer provides additional localization of light absorption and consequent generation of
acoustic waves. Next, the magneto-elastic coupling triggers the magnetic sub-system in to the
dynamics [5]. As a result, spin waves with wavelentghs smaller than the diﬀraction limit are
excited and detected eﬀectively. The results are crucial for the design of promising magnonic
and opto-magnonic logic devices, as well as for the development of data processing circuits
based on spin waves.
The work is supported by the Russian Science Foundation (project 22-22-00326).
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In this work, we present the results of femtosecond laser ablation synthesis of zinc sulﬁde
nanomaterials in a liquid medium and in air using an electrostatic ﬁeld. The radiation source
was femtosecond Yb:KGW laser system, a bulk sample of polycrystalline zinc sulﬁde was used
as a target. Ethanol and deionized water were used as a liquid medium during laser ablation.
At laser ablation in air using an electrostatic ﬁeld we used plates of monocrystalline silicon
as substrates. The voltage of the electrostatic ﬁeld between the silicon wafers generated by
the high voltage source was 15 kV. The presence of an electrostatic ﬁeld contributes to the
removal and deﬂection of the ﬂow of ablated particles from the area of propagation of laser
radiation and the erosion plume in the direction of silicon wafers.
The properties of the synthesized nanomaterials were studied using X-ray diﬀraction analysis, Raman spectroscopy, hydrodynamic particle sizes were determined using the dynamic
light scattering method. In the prepared colloidal solutions, the process of particle ﬂocculation
was observed over time, so we can talk about the low stability of the obtained solutions. In
subsequent experiments, in order to prevent the ﬂocculation of colloidal nanoparticles, it was
decided to perform laser ablation in a liquid with polyvinylpyrrolidone previously dissolved
in it, which is a coating agent and can act as a stabilizer of particles in solution.
To determine the size of particles obtained as a result of laser ablation in air using an
electrostatic ﬁeld, a silicon substrate with a layer of nanoparticles deposited on its surface
was placed in a test tube with liquid, and then placed in an ultrasonic bath, while all particles
from the surface were washed into liquid. In the colloidal solution prepared in this way, the
ﬂocculation process is not observed, we can talk about the high stability of the solution.

Figure 1: SEM image (a) and XRD patterns (b) of ZnS bulk (target) and ZnS NPs.
The research was funded by the Russian Science Foundation (project No. 22-79-10348),
https://rscf.ru/project/22-79-10348.
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Femtosecond laser structuring of Ge2 Sb2 T e5 (GST225) thin ﬁlms is a novel method for the
fabrication of phase-change gratings [1]. Furthermore, such so-called laser-induced periodic
surface structures (LIPSS or ripples) demonstrate anisotropy of optical and electrophysical
properties [2]. These features may improve GST225-based phase-change memory devices.
Amorphous GST225 thin ﬁlms with thickness 200±20 nm were deposited on dielectric substrates (SiO2 /c-Si) by magnetron sputtering of crystalline target (ACI Alloys). The square
with the sizes 3×3 mm2 was irradiated by femtosecond laser pulses (wavelength 1250 nm,
pulse duration 135 fs, repetition rate 10 Hz, energy ﬂuence 0.2 J/cm2 , pulse number 240).
Structural properties were studied by Raman (Horiba Jobin Yvon HR800; excitation wavelength 488 nm) and energy-dispersive spectroscopies (EDX; Tescan Vega 3), as well as optical (OM; Olympus BX41) and scanning electron microscopies (SEM; Carl Zeiss Supra 40).
Optical and electrophysical anisotropy were investigated by IR-Fourie-spectroscopy (Bruker
IFS-66/v) and picoampermeter Keitheley 6487 with ARS DE-204SE helium cryostat, respectively. The ultrafast phase transitions were described by so-called two-temperature model
(TTM) [3].
OM and SEM methods reveal LIPSS formation. The period 1050–1150 nm, which is close
to the irradiation wavelength, and direction, which is orthogonal to the laser polarization,
indicate about surface plasmon-polariton mechanism of its formation [2]. In turn, Raman
spectroscopy showed the transition to face-centered cubuc (fcc) crystalline phase [4]. The
TTM calculations conﬁrm this proposal. As well, EDX spectroscopy data demonstrate that
femtosecond laser irradiation doesn’t inﬂuence to GST225 stoichiometry.
Reﬂectance spectra in the range 800-2000 nm show anisotropical behavior, which can be
explained by alternating amorphous and crystalline stripes with the ripples period. Contrary,
the conductivity along scanlines exceeds on the 1–5 order the value for the orthogonal direction
in the temperature range 200–400 K due to heterogeneous crystallization of the thin ﬁlm [2].
The obtained results open large perspectives for the improvement and design memory and
nanophotonical devices.
This work was supported by Russian Foundation for Basic Research (grants № 20-32-90111
and № 20–07–01092).
references
[1] P. I. Troﬁmov et al., ACS Appl. Mater. Interfaces 13 (27), 32031 (2021).
[2] D. Shuleiko et al., Nanomaterials 11 (1), 42 (2021).
[3] A. A. Ionin et al., UFN 60 (2), 149 (2017).
[4] P. Nemec et al., Mater. Chem. Phys. 136 (2), 935 (2012).

61

Invited

A physico-chemical method for the synthesis of gold nanoparticles
by nanosecond laser irradiation.
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An original method for the synthesis of gold nanoparticles in a liquid medium by nanosecond laser radiation was proposed. Hydrochloroauric acid was used as the initial colloidal
system in which a reduction reaction was initiated by high-energy laser radiation.
The production of gold nanoparticle and their oxides is of interest for various applications
in physics and chemistry [1]. Usually for producing nanoparticle using, femtosecond laser
radiation with [2]. The choice of femtosecond source was due to the low amount of energy in
the pulse to accurately select the threshold energy formation of gold nanoparticle. However,
the proposed method of production is not eﬃcient enough, due to the duration of laser synthesis. In this paper, a method for the synthesis of gold nanoparticles from hydrochloroauric
acid using nanosecond laser radiation at 535 nm is proposed. Based on work [3], the choice
of laser source was determined by the plasmon resonance of gold nanoparticles at 532 nm,
which in turn allows the most eﬃcient transfer of large amounts of electrons to the surface
of gold molecules, thereby initiating photoactivation. Figure 1(a) shows the optical density
spectrum of the initial colloidal solution obtained. Figure 1(b) shows initial system before
laser irradiation and after with total time 15 minutes.

Figure 1: a) Optical density spectrum of the irradiated colloidal solution, b) image of the
original system (left) and the irradiated colloidal system (right).
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The control of the state of magnetically ordered materials is so far considered as the promising way both to improve existing information processing techniques and to develop new storage
and computing devices. Light-matter interaction allows changing magnetic properties of the
material at very small timescales (100 fs) [1]. Thus, when the magnetic material is exposed
to a femtosecond laser pulse a number of phenomena can arise, such as magnetization precession, spin waves, all-optical magnetization switching, and ultrafast demagnetization. The
latter appears to be one of the most intriguing phenomena in ultrafast magnetism observed
in various ferromagnetic metals [2] and was also found to underlie the all-optical switching
[3]. At the same time, a rigorous theoretical interpretation of the ultrafast demagnetization
process is still a subject of debate, and competing physical models have been suggested for
its description [4,5].
The purpose of this work was to identify the factors that aﬀect the magnitude and dynamics of demagnetization in thin ﬁlms of the ferromagnetic metal galfenol Fe 0.81 Ga0.19 (FeGa).
Here we used a series of galfenol ﬁlms of 4 to 100 nm thicknesses grown on GaAs substrates by
magnetron sputtering. The experiment was carried out using femtosecond magneto-optical
pump-probe technique. The duration of pump laser pulse was 170 fs, the wavelength was
1030 nm and the ﬂuence of the pulse varied from 2 to 36 mJ/cm2 . To detect the dynamics
of changes in the magnetization value we measured the value of longitudinal magneto-optical
Kerr eﬀect for the reﬂected probe pulse (170 fs, 515 nm, 0.4 mJ/cm2 ) as a function of the
delay time between the pump and probe pulses.
It was found that the process of ultrafast demagnetization in FeGa/GaAs has the following
features. The ﬁrst stage is a sharp decrease in the magnetization value on the timescale of
less than 1 ps, then it is followed by the magnetization recovery process, which lasts for
signiﬁcantly longer time. A similar demagnetization pattern was observed in FeGa ﬁlms
with thicknesses of 5 nm and more. In contrast, for a 4-nm-thick galfenol ﬁlm signiﬁcant
diﬀerences were revealed. In particular, the decrease in magnetization took place in two steps
and reached the maximum value at times exceeding 10 ps.
We have conducted numerical simulation of the process of ultrafast demagnetization in
FeGa ﬁlms with thicknesses from 4 to 100 nm in terms of the microscopic three-temperature
model (M3TM-model) [4]. Qualitative agreement between the calculation results and experimental data without changing the material parameters of the model could be obtained for
the ﬁlms with thicknesses from 5 to 100 nm. For the 4 nm FeGa ﬁlm, such a correspondence
was not achieved, which suggests that the diﬀerences in the demagnetization dynamics in
this ﬁlm can be associated with the inﬂuence of the FeGa/GaAs interface on the microscopic
properties of the material.
The work was partially supported by RSF grant № 20-12-00309.
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Features of structuring and ablation of thin titanium ﬁlms by
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Titanium is a widely used structural material and is actively used in modern industry.
At the same time, nano-structuring and micromachining of the surface due to the action of
laser pulses of various durations [1] make it possible to signiﬁcantly modify and improve the
properties of the resulting products [2]. Most often, such modiﬁcation is done by laser ablation
[3], which depending on the energy deposited in the material, can occur in diﬀerent ways and
be realized through several physical mechanisms like spallation, generation of periodic surface
structures etc.
Of greatest interest are such exposure modes in which material modiﬁcation occurs only
in the upper layers of a sample without damaging the underlying ones [4,5] and the search
for optimal modes of delicate exposure is still ongoing.
In this study, thin titanium ﬁlms on silicon substrates are studied at diﬀerent pulse energies (E), wavelengths (λ), and the number of pulses (N). Silicon, as the main material of
microelectronics, is in high demand in the modern world, and the ability to control the topology of Ti/Si ﬁlms opens new prospects for the functionalization of various surfaces. Irradiated
samples were examined by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX).
This work was supported by the Russian Science Foundation (Grant No. 21–79–30063).
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Recently, good prospects for high-performance production of nanoparticles have appeared
in the method of laser ablation in a liquid [1]. Due to the fact that for diverse laboratory
studies large amounts of nanoparticles are required, from milligrams to grams, depending on
the task, and this requires hours of operation of laser setups. Therefore, it is very important
to understand the physical nature of the process, which will allow one to choose eﬀective
modes of its implementation.
In this work, we studied the eﬃciency of generation of colloidal gold nanoparticles in
distilled water in the range of the pulse durations from subpico to nanoseconds and established
the physical processes that determine it. The inﬂuence of the nonlinear focus that occurs for
ultrafast pulses on the eﬃciency of nanoparticle generation is demonstrated.
references
[1] C. L. Sajti, R. Sattari, B. N. Chichkov and S. Barcikowski, The Journal of Physical
Chemistry C, 114 (6), 2421–2427 (2010).

65

Poster

Laser fragmentation of silicon microparticles in water by nano- and
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The method of laser fragmentation in liquids is an eﬀective way to fabricate nanoparticles
from larger particles [1]. For example, laser fragmentation of silicon microparticles (SiMPs)
into nanoparticles allows to create structures for biophotonics [2], nonlinear optics, and plasmonics [3]. In the present work, we compare the structural properties of silicon nanoparticles
(SiNPs) formed by the fragmentation technique with laser pulses of various durations.
The SiNPs were fabricated via laser fragmentation of mechanically grinded silicon as
SiMPs (1–8 µm). The micropowder of various initial concentrations (0.5—12 mg/mL) in a
water suspension was irradiated with 24 000 laser pulses using high-power radiation sources:
a nanosecond Solar LS LQ629 laser (1064 nm, 12 ns, 200 mJ) or a picosecond EKSPLA
PL2143A laser (1064 nm, 34 ps, 16 mJ).
An analysis of scanning electron microscopy (SEM) micrographs revealed that the fabricated SiNPs have a relatively smooth surface and a shape which is close to spherical (ﬁg.
1a). Mean SiNP sizes nonmonotonically vary from 134 to 322 nm depending on the initial
concentration of SiMPs in the suspension and the laser pulse duration (ﬁg. 1b). This behavior
may be explained by features of laser beam focusing inside the turbid suspension of silicon
scatterers at their diﬀerent concentrations.

Figure 1: a) SEM-micrographs of SiNPs fragmented by picosecond pulses (the initial concentration is 12 mg/mL). b) Dependencies of SiNP mean sizes on initial concentrations.
Raman spectra of the fabricated SiNPs evidence their high crystallinity which promotes
their eﬀective light scattering and further use in the mentioned above applications.
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Instability of laser pulse reﬂection as a mechanism of LIPSS
formation
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The phenomenon of laser-induced periodic surface structures (LIPSS) formation has been
studied for more than 50 years since the ﬁrst observation by M. Birnbaum in Ge and GaAs
samples in 1965. The key role of surface plasmon-polaritons in the formation of LIPSS in
metals has been proven in many experimental and theoretical papers. However, the very initial
stage of structuring (along with the single-pulse experiments) remains not fully understood
since the eﬃciency of surface plasmons excitation at a realistic smooth surface is rather low.
We showed theoretically that the surface roughness in itself is not necessary the main
source of surface plasmons, while it just creates the initial conditions for nonlinear growth
of surface plasmon-polaritons during the laser pulse action. The total interference pattern
not only inﬂuences on further material melting, but also causes periodic heating of electrons
which changes local permittivity strongly and so produces resonant diﬀraction grating. This
is a positive feedback mechanism which leads to the instability of a ﬂat wave reﬂection with
respect to decay into a pair of counter-propagating surface plasmons. The instability growth
time (estimated for the set of typical parameters of gold) may be as short as 10—50 fs for
the incident ﬂuences of about 1 J/cm2 used in real single-shot experiments. It means that
during the femtosecond laser pulse action, the magnitude of surface plamsons has enough
time to growth several orders higher than it would be expected from the theory of linear
transformation on random irregularities.
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Ultrafast laser processing with the formation of periodic surface nanostructures on the
Ti-based multilayers is studied in order to the improve cell response. A novel nanocomposite
structure in the form of 15x(Ti/Zr)/Si, 15x(Ti/Cr)/Si, Ti/Zr/Ti/Si and Ti/Cu/Ti/Si multilayer thin ﬁlms, with satisfying mechanical properties and moderate biocompatibility, was
deposited by ion sputtering on Si substrate. All chosen multilayer thin ﬁlms were modiﬁed
by femtosecond laser pulses in air to induce the following modiﬁcations: (i) mixing of components inside of the multilayer structures, (ii) the formation of an ultrathin oxide layer at the
surfaces, and (iii) surface nano-texturing with the creation of laser-induced periodic surface
structure (LIPSS). Diﬀerent analytical techniques were used to determine changes in composition, structure and morphology after ultrafast laser processing these nanocomposite systems.
The ablation study of the multilayer systems is included a detail analysis of the inﬂuence
of scan speed and laser beam polarization on the spatial periodicity of the formed LIPSS
in ablative regime during the dynamic irradiation. Based on this experimental observation,
it can be established that the spatial periodicity of the formed LIPSS is quite sensitive to
changes in laser parameters (the eﬀective number of pulses and laser polarization), as well as
the nature of the material. The spatial periods as well as shape and dimension of LIPSSs are
varied in a wide range, which depend on the number of generated carriers in the conduction
band of the laser excited materials, and the number of applied laser pulses.
The main focus of this study is an examination of the novel Ti-based multilayer thin ﬁlms
in order to create a laser-induced surface texture with suitable composition and structure
for cell integration. Using the SEM and confocal microscopies of the laser-modiﬁed surfaces
with seeded cell culture (NIH 3T3 ﬁbroblasts), it was found that cell adhesion and growth
depend on the surface composition and morphological patterns. These results indicated a
good proliferation of cells after one and few days with some tendency of the cell elongation
and orientation along the LIPSSs.
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Femtosecond laser-induced modiﬁcation of amorphous silicon ﬁlms:
crystallization, ripples formation and anisotropy
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Amorphous silicon (a-Si) modiﬁed by ultrafast laser pulses is a perspective material for
applications in thin-ﬁlm photovoltaics and optics [1]. Femtosecond laser irradiation allows
achieving simultaneous crystallization in the bulk and “ripples” or laser-induced periodic surface structures (LIPSS) formation on the surface of the a-Si ﬁlm. While simple laser-induced
crystallization of a-Si ﬁlm only increases its conductivity, simultaneous formation of crystalline phase and LIPSS can induce anisotropy of their electrical and optical properties [2].
Such modiﬁed material demonstrates conductivity anisotropy [3] and dichroism [2].
As initial samples we used undoped as well as doped by phosphorous (n-a-Si) and boron
(p-a-Si) a-Si ﬁlms with thickness from 400 to 1200 nm prepared by plasma-enhanced chemical
vapor deposition method on glass substrates. The ﬁlms were irradiated in scanning mode by
the femtosecond laser pulses (λ = 1250 nm, τ = 150 fs, ν = 10 Hz) with the ﬂuence from
0.15 J/cm2 to 0.5 J/cm2 . The scanning speed varied from 2 to 200 µm/s, and as a result,
number of irradiating femtosecond laser pulses per spot Ns changed from ∼1000 to ∼10.
In all cases on the irradiated a-Si surface we observed the formation of one-dimensional
LIPSS with the period close to the laser wavelength λ used, or smaller. The ridges of LIPSS
were orthogonal or parallel to laser polarization depending on the N s value. The observed
structural changes were caused by the photoexcitation of nonequilibrium electrons by highpower femtosecond laser pulses, which leads to change of the dielectric constant real part of
a-Si ﬁlm from positive to negative at the laser processing.
The Raman spectroscopy indicated crystallization of all irradiated samples. With increase
of Ns the crystalline volume fraction decreased from 67% to 14% due to re-amorphization when
the high number of laser pulses Ns is applied. Additionally, we demonstrated polymorph c-Si
modiﬁcations formation at laser pulses number Ns > 500.
The dark conductivity after the laser treatment increased by 3–7 orders of magnitude, up
to (4.5 ± 0.1) · 10−6 (Ω·cm)−1 for the undoped ﬁlms, and up to (1.1 ± 0.5) · 10−2 (Ω·cm)−1 , for
the doped ones. At that along the scan lines and periodic structures the dark conductivity
was up to an order of magnitude higher than in the perpendicular direction. A possible explanation such anisotropy may be given by non-uniform crystallization of amorphous silicon
and the electric ﬁeld depolarization inside the LIPSS. The photoconductivity also demonstrated anisotropy, presumably caused by the diﬀerence of the charge carrier lifetime along
and orthogonal to the LIPSS.
The work was supported by Russian Science Foundation (project 22-19-00035).
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Laser ultrafast pulses are an eﬀective tool for processing a wide range of materials. The
ablation of materials with ultrashort pulses in a liquid is an eﬃcient and environmentally
friendly way to obtain colloidal solutions of nanoparticles of various kinds of materials. The
ablation in a liquid by laser ultrashort pulses is considered, as a rule, from the point of view of
the production of nanoparticles. There are practically no works in which the relief of ablation
craters (depths, volumes) on the pulse duration in liquid media is considered [1,2].
It should be noted that the interaction of high-power laser ultrashort pulses with transparent media, such as liquids, gives rise to various nonlinear optical eﬀects (self-focusing and
resulting ﬁlamentation). The self-focusing phenomenon is a threshold eﬀect and depends both
on the laser radiation parameters (wavelength, laser pulse duration) and on the medium in
which the laser radiation propagates.
In this work, the surface of silicon and gold was ablated by ultrashort pulses of variable
duration (0.3–10 ps) with radiation at a wavelength of 1030 nm in the single-shot pulse
ablation mode. It is demonstrated that in air at a ﬁxed energy density of laser radiation in a
single-shot pulse mode, the ablation eﬃciency increases (up to 3 times) with decreasing pulse
duration. In transparent liquids (distilled water), on the contrary, with a decrease in the
pulse duration, the ablation eﬃciency can signiﬁcantly decrease (up to 5 times for focusing
NA ≥ 0.25) when the threshold self-focusing power is reached.
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The eﬃciency of light coupling to electromagnetic modes such as surface plasmon polariton (SPP) represents a very important issue in plasmonics and laser-based processing. On the
other hand, hydrodynamic eﬀects that are developed after relaxation of an excited material
has proven to determine the features of the induced topography. Thus, the investigation of
the combined impact of the two mechanisms is crucial for a systematic determination of the
laser conditions that lead to topographies with desired morphological features. To this end,
in this talk, two special cases of laser processing are presented: (i) patterning of solids with
a train of temporarily separated (double) pulses that consists of a spatiotemporal intensity
combination including one pulse with Gaussian and another with periodically modulated intensity distribution created by Direct Laser Interference Patterning (DLIP) (Fig. 1a), and
(ii) patterning of metal pre-patterned surfaces with linearly polarised beams of variable laser
polarisation with respect to the orientation of the prepattern ridges. In the former case, it was
shown that both the spatial intensity of the double pulse and the eﬀective number of pulses
per irradiation spot are important to control the formation of complex surface morphologies
[1-2]. On the other hand, for laser processing of prepatterned surfaces, it is demonstrated that
for polarisation parallel to the ridges [3], laser induced periodic surface structures (LIPSS) are
formed perpendicularly to the pre-pattern with a frequency that is independent of the distance
between the ridges and periodicities close to the wavelength of the excited SPP. By contrast,
for polarisation perpendicular to the pre-pattern, the periodicities of the LIPSS are closely
correlated to the distance between the ridges for pre-pattern distance larger than the laser
wavelength. To elucidate the surface patterning, the underlying physical processes behind the
complex patterns’ generation were interpreted in terms of a multiscale model that combines
electron excitation and electromagnetic phenomena with melt hydrodynamics. The aforementioned study demonstrates that the elucidation of the combined role of electromagnetic and
hydrothermal phenomena can constitute a signiﬁcant step forward towards producing laser
induced surface structures on demand by tailoring surface processing related eﬀects.
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Figure 1: (a) DLIP-based processing with temporarily separated pulses (experimental and
simulated results), (b) Electromagnetic modes excited on prepatterned surfaces as a function
of the energy dose and cross section of a fabricated pattern.
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Chalcogenide semiconductor Ge2 Sb2 Te5 (GST225) is characterized a large diﬀerence between optical or electrical properties of the amorphous and crystalline states [1]. Usually,
rapid and reversible phase switching there may be achieved under optical pumping [2] or
resistive heating [3], which allows for designing phase change memory devices.
Herein, we discuss our experiments on multi-pulse femtosecond laser irradiation, which
lead to laser-induced periodic surfaces structures (LIPSS) fabrication, as well as direct and
reversible phase transitions in GST225 thin ﬁlms on crystalline silicon substrates with silicon
oxide.
The ﬁlms were irradiated by femtosecond laser pulses from a Cr:Forsterite laser system
Avesta (1250 nm, 135 fs, 0.1–0.2 J/cm2 , 3–750 pulses) in air medium at the scanning mode.
LIPSS formation was revealed on the irradiated GST225 surface starting with the pulse
number N = 150. The gratings formed at these conditions are directed orthogonally to
the polarization of the laser beam and possess the period, which is close to the incident laser
radiation wavelength. We explain formation of these LIPSS by surface plasmon-polariton
generation excited under the femtosecond laser pulses action [4]. Additionally, LIPSS with
the subwavelength period was observed on the irradiated area at N > 300. It represents
elongated clusters which possesses a subwavelength period (130±30 nm) and are directed
perpendicularly to the laser pulses polarization. The formation of such LIPSS may be caused
because of laser-induced hydrodynamic instabilities associated with thermo-capillary eﬀects
like as the Marangoni convection.
The laser impact is accompanied with heterogeneous crystallization of the GST225 ﬁlms
when the central area of laser beam scan tracks tends to re-amorphization occurring with
growth of the exposure due to an inhomogeneous intensity distribution inside the Gaussian
laser beam and a dramatically change of the complex dielectric constant (metallization) at
the surface during irradiation.
After irradiation, the GST225 ﬁlms possess strong electrophysical at dc applying in plane
of the sample and reﬂectance anisotropy in the near infrared range. The obtained results are
promising for designing new rewritable phase change memory and anisotropic devices at the
same time.
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Photons having nonzero rest mass cannot be stopped. However, light-matter interactions
can lead to formation of polaritons having near-zero group velocities near resonances of the
atomic medium [1]. Electromagnetically-induced transparency (EIT), in addition, allows to
avoid strong absorption arising near resonances, leading to a low-loss propagation. Velocities
as small as several meters per second were achieved in such a way in ultra-cold gases [2]. A
necessary condition for this is that the pulse must have extremely narrow spectrum. Whereas
EIT can be considered as a linear eﬀect, group velocity can be decreased using nonlinear
coherent light matter interaction, more speciﬁcally self-induced transparency (SIT) or 2π
pulses, which can propagate without losses in the absorbing medium [3]. However, it were up
to now impossible to signiﬁcantly reduce the velocity of few-cycle pulses using SIT and EIT
approaches in resonant medium.

Figure 1: “Self-stopping” light (left) and the corresponding population inversion dynamics
(right). The concentration of resonant particles is N0 = 6.3 · 1022 cm−3 and the initial pulse
duration 2.3 fs centered at 700 nm.
In this talk, we demonstrate theoretically the possibility of self-stopping of intense singlecycle pulses in a homogeneous two-level resonant medium [4]. In this case, a novel type of
structure, light-matter oscillon (LMO), is formed (see Fig.1). It represents a coupled lightmatter bundle, which oscillates in time on a subcycle scale, without moving in space. This
work is supported by Russian Science Foundation (project 21-72-10028).
references
[1] M. Fleischhauer, M. D. Lukin, Phys. Rev. Lett. 84, 5094 (2000).
[2] L. V. Hau, S. E. Harris, Z. Dutton, C. H. Behroozi, Nature 397, 594 (1999).
[3] S. L. McCall, E. L. Hahn, Phys. Rev. 183, 457 (1969).
[4] M. Arkhipov R. Arkhipov, I. Babushkin, N. Rosanov, Phys. Rev. Lett. 128, 203901 (2022).

76

Oral

Transformation of the spectra of ultrashort laser pulses passing
through a diamond
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We considered the transmission of ultrashort laser pulses with a wavelength of 1030 nm
and a duration of 0.3±9 ps. We have found an unusual change in the shape of the transmitted
pulse, apparently associated with self-phase modulation in diamond.
This work is funded by the grant of Russian Science Foundation (project № 21-79-30063).
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High-ﬁeld THz generation with a large-size Si-LiNbO3 -quartz
structure pumped by a Ti:sapphire ampliﬁer
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One of the most eﬃcient optical-to-terahertz converters is the structure comprising a thin
(30–50 µm thick) layer of LiNbO3 attached to an output Si prism [1]. In the state-of-theart structures [2], the LiNbO3 layer is 10 × 10 mm2 in size. The width (10 mm) of the
entrance facet of the LiNbO3 layer limits the width of the pump laser beam and, therefore,
the pump energy. The structure can operate at the tens of µJ level of the pump pulse energy
producing tens of nJ terahertz energy with the conversion eﬃciency of 0.1–1%. Here, we
demonstrate experimentally scaling up the terahertz output to µJ level by using a larger-size
(35 × 50 mm2 ) LiNbO3 layer and increasing the pump energy up to hundreds of µJ. We study
also the distribution of the terahertz emission along the 35-mm long generating structure for
diﬀerently chirped pump pulses.
To manufacture the large-size converter, a 0.5-mm thick and 35 × 50 mm2 in size x-cut
LiNbO3 wafer was polished to 55 µm and glued between a quartz substrate and Si prism with
42◦ apex angle. The entrance and exit facets of the LiNbO3 layer (50 µm ×50 mm in size)
were polished after that.
The beam of a Ti:sapphire laser (5 mJ, 70 fs, 1 kHz) was expanded by a cylindrical lens in
one (vertical) direction to a 50-mm size to fully illuminate the LiNbO 3 facet and then focused
(in the horizontal direction) to a 20-µm thick line. Terahertz radiation emitted to free space
through the Si prism was collected by a 2-inch oﬀ-axis parabolic mirror and focused onto a
calibrated pyrodetector. Terahertz waveform was measured by the electro-optic sampling in
a 50-µm thick GaP crystal.
Figure 1(a) shows how the terahertz energy depends on the pump energy for diﬀerently
chirped pump pulses. The maximal terahertz energy exceeds 0.5 µJ. For 70–500 fs long pulses
with negative chirp (pulse is compressed in the crystal), the conversion eﬃciency saturates
at ∼0.2%. For longer pulses, the saturation eﬃciency drops. At high pump energies, the
emission comes mainly from the beginning of the structure [Fig. 1(b)]. Terahertz ﬁeld exceeds
100 kV/cm [Fig. 1(c)].
This work was supported in part by the Russian Science Foundation (No. 22-19-00371).

Figure 1: (a) Terahertz energy vs pump energy for three pump pulse durations. (b) Terahertz
ﬂuence distribution along the exit facet of the Si prism for two energies of a negatively chirped
pump pulse. (c) Focused terahertz ﬁeld at 200-µJ pump pulse energy.
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Optical second harmonic generation in centrosymmetric
antiferromagnet NiO induced by narrowband terahertz pulses
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We present results of an experimental investigation of the nonlinear optical response at
the second harmonic frequency generated in reﬂection geometry from the NiO surface induced
by narrowband terahertz pulses.
The experiments were performed using the unique scientiﬁc facility “Terawatt Femtosecond
Laser Complex” in the “Femtosecond Laser Complex” Center of the Joint Institute for High
Temperatures of the Russian Academy of Sciences. The reported study was funded by RFBR,
project number 20-08-00627.
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Control of femtosecond ﬁlamentation via alignment of gas molecules
by SWIR laser pulses
S. V. Chekalin, V. O.Kompanets and A. A. Melnikov
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e-mail: chekalin@isan.troitsk.ru

We experimentally demonstrate the possibility to control the process of ﬁlamentation of
a femtosecond laser pulse in gaseous nitrogen via nonadiabatic molecular alignment induced
by pulses at the wavelength of 1400 nm in both single and multiple ﬁlament regimes. We
have detected spectral shifts and variation of pulse duration associated with changes of the
refractive index during revivals of the rotational wave packet. In the regime of multiple
ﬁlamentation we have found robust and reproducible localization of the radiation in speciﬁc
ﬁlaments with subdiﬀractive divergence and more than one octave spectral broadening if the
molecules were aligned perpendicular to the polarization of the pulse.
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the sign of n 2
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Supercontinuum generation was observed as early as in 1970 by Alfano and Shapiro [1,2],
who identiﬁed it as four-wave mixing (FWM) [1] as well as as self-phase modulation (SPM)
[2]. The advent of chirped pulse ampliﬁcation allowed an even more spectacular broadening,
and its observation in gases, including atmospheric-pressure air.
FWM describes spectral broadening as the interaction of monochromatic plane waves. Two
photons at frequencies ω1 and ω2 interact through the third-order nonlinear susceptibility χ (3)
to generate two photons at ω3 and ω4 . Energy conservation then imposes ω1 +ω2 = ω3 +ω4 , so
that the spectrum should broaden symetrically. Furthermore, FWM imposes the conservation
of the photon number in each temporal slice.
SPM considers deformations of the carrier wave of the pulse. After a distance z, the pulse
is spectrally oﬀset by Δω(t) = −k0 zn2 dI/dt, where k0 = n0 +ω/c, n0 and n2 = 3χ(3) /(4n0 �0 c)
are the linear and nonlinear refractive indices, respectively, ω is the incident angular frequency,
I the incident intensity and c the velocity of light.
This spectral oﬀset is asymmetric. If n2 > 0 as in most usual materials such as air or glass,
the front of the pulse is red-shifted while its trail is blue-shifted. Such oﬀset is inconsistent
with the simultaneous conservation of the energy and the photon number that is imposed by
the FWM formalism.
This communication aims at solving this paradox. We take into account the phase delay
between polarization of the propagation medium and the carrier wave of the pulse. This
delay is positive on the front of the pulse, so that energy is transferred from the pulse to the
propagation medium, where it is transiently stored until is it provided back on the trailing
edge of the pulse, where the above-mentioned dephasing is negative. The resulting net energy transfer from the front to the trail of the pulse allows one to recover the simultaneous
conservation of energy and of the photon number.
Conversely, taking into account the temporal variation of the intensity of the pulse in the
FWM formalism, rather than considering monochromatic plane waves, yields the frequency
shift obtained from self-phase modulation [3]. The above-mentioned energy conservation
arguments also provide a clear argument why usual media have positive values of the nonlinear
refractive index n2 : a negative value would imply that the pulse transiently “borrows” energy
from the propagation medium. Indeed such negative value is only observed in conditions where
such energy is previously provided to the medium by an independent absorption processes,
including for example nonlinear (multiphoton) absorption close to resonance and dye doping.
Finally, we shall brieﬂy discuss the spatial counterpart of these eﬀects, with implications
on the Kerr eﬀect.
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Terahertz light conversion at a photoionization front in ZnS
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Relativistic ionization fronts created by intense ultrashort laser pulses in matter are considered as a potential tool for frequency upshifting of electromagnetic radiation via Doppler
eﬀect. The concept was at ﬁrst demonstrated by upshifting microwaves at an ionization front
created by an ultraviolet picosecond laser in a gas ﬁlled microwave cavity [1]. Later it was
extended to the terahertz frequency range by generating more dense plasma fronts in Si via
one-photon absorption of femtosecond Ti:sapphire laser pulses (about 800 nm wavelength) [2,
3]. However, near-infrared laser pulses are rapidly depleted during propagation into the Si
wafer. The depletion length is as short as ∼ 10 µm with the corresponding front propagation
time of ∼ 100 fs, which is much shorter than the duration of terahertz pulses. This severely
limits the eﬃciency of the terahertz pulse conversion.
Here, we propose a method to generate ionization fronts with a long (∼ 100 µm) propagation distance and controllable propagation velocity by using three-photon absorption of
tilted-pulse-front Ti:sapphire laser pulses in ZnS. FDTD simulation demonstrates that the
terahertz pulse reﬂected from such a front can experience strong (more than an order of magnitude) pulse compression and spectrum broadening without a decrease in amplitude [4]. By
varying the pump laser pulse tilt angle, one can control the front velocity and, as a result,
tune the temporal and spectral characteristics of the reﬂected terahertz pulse to the values
optimal for a speciﬁc application.
This work was supported by the Ministry of Science and Higher Education of the Russian
Federation (0729-2020-0035).
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Post-ﬁlamentation self-channeling of spatially pre-modulated
high-power femtosecond laser pulse
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The key parameters in the problem of high-power femtosecond laser pulses delivering
through the atmospheric links is the length and the spatial position of the pulse self-channeling
region formed during the laser radiation ﬁlamentation. A promising way to gain additional
control on these parameters is using speciﬁcally pre-modulated radiation, in particular, by
employing the phase masks. This was evidenced by the results of [1].
In this report, the post-ﬁlamentation self-channeling in air of spatially structured laser
pulses is considered theoretically. The reduced form of (3D+1) nonlinear Schrödinger equation (NLSE) for time-averaged electric ﬁeld envelope [2] is used for the numerical simulations.
The validity of using this equation at short optical propagation distances in the atmosphere
is described in detail elsewhere [3]. The spatial modulations of wave phase are imposed by
special “checkerboard” phase masks with regularly spaced regions of predeﬁned phase discontinuity. Such spatial structuring applied to a femtosecond laser pulse causes the pulse energy
partitioning which leads to the formation of several well-separated high-intensity ﬁlaments
followed by the high-intensity light channels at the stage of post-ﬁlamentation propagation.
In our simulations, the stage of modulated pulse post-ﬁlamentation self-channeling conditionally begins at the distances of about the Rayleigh length in the cases under consideration. We show that this stage is characterized by the reduced angular divergence of the
post-ﬁlamentation light channels (PFCs) with the typical peak intensity of the order of tenths
of TW/cm2 . This fact provides the long-range post-ﬁlamentation pulse self-channeling (several diﬀraction lengths). Normally, the angular divergence of these PFCs does not exceed
the angular divergence of the channel formed when no phase-modulating mask is used except
the case of low relative peak pulse power. However, in some situations (with −π/2 and −π
phase jumps and moderate pulse power) the use of a phase-modulating mask allows for the
obtaining reduced PFC angular divergence. In general, the phase masks without central element modulation give larger PFCs number regardless the pulse power. Our results obtained
for relatively narrow beams and short optical paths can have prognostic value also in atmospheric applications because show the way when properly beam energy partitioning by the
phase masks results in speciﬁc ﬁlamentation dynamics.
This study is supported by the Russian Science Foundation (Agreement № 21-12-00109).
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Enhancement of THz and X-ray radiation in thin foils under
sub-relativistic irradiation
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With mutly-terawatt Ti:Sa laser system we develop X-ray and THz short pulse sources [1]
for pump-probe studies in strong ﬁelds. We use 45 deg. incidence of p-polarized 800 nm radiation with duration 30–3000 fs and energies below 100 mJ. With intensities ∼ 5×10 17 W/cm2
almost twofold increase in secondary radiation (in THz, visible and X-ray ranges) reﬂected
from Cu foil was discovered when foil thickness decreases from 100 to 10 µm. We attribute
it to the recirculation of hot electrons, known process for X-ray yield increase [2], but not for
THz or optical harmonics. We observed signiﬁcantly weaker inﬂuence of laser pulse duration
[3] on all observed signals, from expected ∼ I 2−3 dependence on intensity. The role of twoplasmon instability on THz and X-ray generation is discussed [4]. Simultaneous measurements
of bremsstrahlung, characteristic X-rays, harmonics 2ω and 3/2ω, THz – provides reach information about spatial-temporal plasma properties, about the particular target layer where
those signals are originated. Strong ﬁeld THz generation is expected in this conﬁguration for
relativistic intensities.

Figure 1: Signals of secondary radiation reﬂected from Cu foil versus target thickness.
As a result of the optimization we obtained 70 nJ THz pulse and 5·108 ph./pulse·2π X-ray
ﬂux. After policapillary lens refocusing we detected eﬃcient Bragg X-ray diﬀraction of CuKa
on Si(111) crystal suﬃcient for pump-probe studies. This work is supported by Ministry of
Science and Higher Education of the Russian Federation in framework of Agreement No.07515-2021-1358 from 12 October 2021 and by RFBR grant 20-21-00140.
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Optimization of single-cycle terahertz generation in a OH1
nonlinear organic crystal pumped by a Cr:forsterite laser
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We present results of experimental investigations of conversion eﬃciency of terahertz radiation generation in a OH1 nonlinear organic crystal pumped by femtosecond laser pulses
at 1240 nm wavelength. An inﬂuence of OH1 crystal thickness on the terahertz generation
by optical rectiﬁcation method was studied. It is shown that the optimal crystal thickness
for maximum conversion eﬃciency is 1 mm and correlates very well with the theoretical
prediction.
The experiments were performed using the unique scientiﬁc facility “Terawatt Femtosecond
Laser Complex” in the “Femtosecond Laser Complex” Center of the Joint Institute for High
Temperatures of the Russian Academy of Sciences.
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Angular distribution of terahertz radiation from single-color
ﬁlament plasma
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The plasma formed under ﬁlamentation of femtosecond pulses is one of the terahertz
radiation sources. Paper [1] proposed a model in which the terahertz radiation propagates
in a cone with the opening angle proportional to inverse square root of both plasma channel
length and terahertz emission frequency. Nevertheless, to the best of our knowledge there are
no studies where this dependence is proved by experimental data. Moreover, the authors of
[2] note that the experimental results of the paper do not coincide with this relation. In the
latter paper [3] the angular distribution of broadband terahertz emission was experimentally
shown to be almost independent on the plasma channel length.
In this work we experimentally demonstrate the opening angle of a terahertz cone to be
proportional to inverse square root of both plasma channel length and terahertz emission
frequency. However, this dependence appears to be valid only for relatively loose focusing
(in non-linear ﬁlamentation mode [4]). For tight focusing (in linear ﬁlamentation mode [4])
this dependence breaks down. Furthermore, we argue that the spectrum of the broadband
terahertz emission from single-color ﬁlament strongly depends on the angles from which it is
collected, disregarding this fact may lead to the misinterpretation of the obtained data.
The research is supported by RFBR grant 20-02-00114.
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Diﬀerent yield of Kα photons with variation of the duration or
energy of subrelativistic laser pulses irradiating copper foil
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Femtosecond X-ray pulses are required for time-resolved diﬀraction studies, in the pumpprobe scheme, and other applications where a low X-ray ﬂux is suﬃcient. In an attempt
to increase this ﬂux we obtained 5 · 108 photons/(pulse·2π) of the Cu Kα radiation (8 keV)
generated by the interaction of powerful (50 mJ, 30 fs) laser pulses with a metal foil [1]. The
number of Kα photons increases with increasing intensity of laser pulses, but this dependence
diﬀers signiﬁcantly for the cases of constant energy (E=const) or constant duration (τ =const)
(ﬁg. 1). Simultaneous measurement of the 3/2 optical harmonic spectrum with X-ray shows
the inﬂuence of the two-plasmon decay process on the generation of characteristic radiation
at subrelativistic intensities. Another important process, the recirculation of hot electrons in
thin ﬁlms, that became considerable for 10 µm copper foil thickness, it allowed us to obtain
high Kα yield and eﬃciency compared to the literature data.
To clarify the dominant mechanisms of Kα generation and the spatiotemporal dimensions
of the plasma, estimates of the plasma parameters were carried out using known models from
the works [2, 3], which assume resonant absorption of laser radiation as the main process.
This work was partially supported by RFBR grant 20-21-00140.

Figure 1: Yield of Kα photons versus laser intensity at constant energy (blue squares) and
constant duration (red circles).
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Can KrCl laser be an actually decent pump source for atmospheric
atomic oxygen laser?
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We propose KrCl laser as an eﬃcient laser source for resonant pumping of the laser transition of atomic oxygen in air.
This work is supported by the grant of Russian Science Foundation № 21-72-00162 and
the grant of the president of Russian Federation № MK-418.2022.1.2
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Terahertz emission from laser-induced strongly magnetized plasma
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A promising method to generate high-power terahertz radiation is optical-to-terahertz
conversion of ultrashort laser pulses in magnetized plasma [1]. In this method, the laser
driver propagates transversely to an external dc magnetic ﬁeld and excites large-amplitude
plasma wakes with frequencies lying in the interval between the plasma and upper hybrid
frequencies via the Cherenkov radiation mechanism. Due to partially electromagnetic nature
of the magnetized wake, it has a nonzero group velocity and, therefore, is able to propagate
to the plasma boundary and couple to free-space electromagnetic radiation.
There are several disadvantages for applying the phenomenon of magnetized wakes for the
eﬃcient generation of high-power terahertz radiation. First, wakes with diﬀerent frequencies
are emitted by the laser driver at diﬀerent angles [2], i.e., the emission is angularly dispersed.
Second, in the case of a weakly magnetized plasma [1,2], with the electron cyclotron frequency
(ωc ) smaller than the electron plasma frequency (ωp ), there is an evanescent region for the
magnetized wakes in the descending plasma density ramp at the plasma boundary.
Here we propose a way to overcome the limitations above. We revisit the concept by
Yoshii et al. [1] and extend the 2D theory developed in Ref. [2] to the regime of a strongly
magnetized plasma, with ωc > ωp . In this regime, a part of the wake spectrum with the
frequencies ωp < ω < ωc does not encounter any evanescent region in the boundary layer and
couple eﬃciently to free-space radiation.
We numerically investigated the strongly magnetized regime and obtained the spectral
and angular distributions of the radiated energy for diﬀerent widths of the laser beam and
diﬀerent ratios ωc /ωp . It is shown that the peak value of the angular distribution decreases
with ωc /ωp and the peak position shifts to the larger angles. Increasing the laser beam width
reduces the peak hight and shifts the peak to the smaller angles. It is also demonstrated
that the waves with ω < ωc , which can be eﬃciently couple to free-space radiation at the
plasma boundary, propagate at angles |θ| < 40◦ . As a result, this reduces the eﬃciency
of the radiation coupling to the free space, especially for large ωc /ωp . The transmission of
the magnetized wake through the inhomogeneous boundary layer also were studied. In the
strongly magnetized regime (ωc > ωp ), the power transmission coeﬃcient is close to unity and
weakly depends on ωc /ωp . In the weakly magnetized regime (ωc < ωp ), it has a minimum at
ωc /ωp ≈ 0.6.
This work was supported by the Russian Science Foundation (20-12-00395).
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The role of waveguide propagation and self-focusing of UV laser
beam in the formation of high aspect ratio capillary channels in
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Capillary-like channels of ∼ 1 mm length and ∼ 30 µm in diameter were ﬁrstly observed
in a single-shot interaction of 100 J/100 ns KrF laser pulse with polymethylmethacrylate
(PMMA) in the intensity range 5 × 1011 − 5 × 1012 W/cm2 [1]. Self-focusing of UV laser light
(λ = 248 nm) along its penetration length of ∼ 100 µm presumably underlay the channel
formation. The same ﬁlamentation mechanism was recognized in a multi-pulse drilling (MPD)
of various translucent materials such as PMMA, K8 glass etc. with a channel length up to
50 mm and an aspect ratio (length to diameter) ∼ 1000 [2, 3]. Filamentation-enhanced MDP
regime was realized with pulse energies E = 3 ÷ 200 mJ at a rep-rate of 10 to 40 Hz. Peak
powers of 20-ns pulses P = 1.5 × 105 ÷ 107 W were above of the critical one Pcr ≈ 105 W for
the UV radiation self-focusing in condensed matter.
Here we report additional arguments for an impact of the UV laser beam ﬁlamentation on
the high-aspect-ratio channel drilling. PMMA was drilled at pulse rep-rate 10-Hz with various
E (Fig. 1 (left)). Channel lengths lch vs. drilling time (number of pulses) were measured by
using the video camera records (Fig. 1 (right)). It is seen that for E ≥ 3 mJ a channel growth
rate is constant and independent on E, while the latter sets the maximum channel length,
limited by radiation losses inside the channel. This is quite diﬀerent of a usual logarithmic
dependence of an ablation depth on energy ﬂuence. A radiation self-focusing in PMMA
breaks the laser beam into a multitude of self-organized ﬁlaments with approximately equal
power Pf ∼ Pcr . Their number Nf ≈ P/Pcr reduces with P attenuation ∼ 2.6 dB/cm along
the channel length. A transverse radiation distribution revealed a waveguide-like behavior.
Channel applications for a nonlinear laser pulse compression is discussed.

Figure 1: (left) Channels in PMMA produced at 10 Hz rep-rate and various E: (1) 0.3, (2)
1.8, (3) 2.8, (4) 5.5, (5) 11.4, (6) 22.3, (7) 41.3, (8) 43.7 mJ; (right) Channel length in PMMA
vs. drilling time at 10 Hz rep-rate and various E (shown in the insert).
This work was supported by the Russian Science Foundation, grant # 22-22-01021.
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Pressure inﬂuence on lasing parameters from molecular nitrogen
ions in laser plasma
I. A. Zyatikov and V. F. Losev
Institute of High Current Electronics SB RAS, Tomsk, Russia
e-mail: kidnapper66@gmail.com

Cavity-free air lasing pumped by ultrafast laser pulses has attracted much attention in
recent years [1-3]. Using the air components one can potentially create a coherent source of
radiation in the atmosphere at kilometers-scale distance. Such sources have great potential
in remote atmospheric sensing and other areas, including spectroscopy, medicine, etc.
It is known that the intensity of lasing emission depends on the gas pressure. In addition,
pump laser wavelength also inﬂuences on lasing parameters. Most of the studies are devoted,
to the best of our knowledge, to the lasing investigation at 391 nm wavelength pumped by
800-nm laser pulses at low nitrogen pressure. Since the mechanism of lasing eﬀect is not
completely clear, any new data at another pump wavelength can help establish it.
This work is devoted to the investigation of intensity dynamics of lasing emission at 391
nm and 428 nm wavelengths depending on the nitrogen pressure and pump energy. Pumping
was carried out by 50–70 fs laser pulses at 950 nm wavelength. The results of these studies
can be useful both for understanding the processes underlying the lasing eﬀect and for the
development of eﬀective coherent sources of short-pulse radiation in ultraviolet and visible
regions.
The reported study was funded by RFBR according to the research project No. 20-0800060, and RFBR and Tomsk region project № 19-48-700016.
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Comb tooth linewidth in Cr:ZnSe-based frequency combs
S. Leonov, M. Frolov, Yu. Korostelin, Ya. Skasyrsky and V. Kozlovsky
P. N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
e-mail: leonov.sto@gmail.com

Optical frequency comb (OFC) is an optical source that generates a broadband optical
spectrum, while the internal structure of the optical spectrum consists of a series of equidistantly spaced discrete frequency components. The unique properties of these frequency components such as coherence and stable phase relationship make OFCs a promising tool for
various applications. Generation of OFCs can be realized by diﬀerent approaches [2], especially in middle infrared spectral range. In general, the ideal case for the frequency comb is
when it is composed of narrow comb teeth with stabilized carrier envelope oﬀset frequency
[3], but sometimes it is quite complicated task from experimental point of view. In that
regard, free-running OFCs can be a good way to reduce the setup complexity but with some
reasonable reduction in a frequency resolution and signal-to-noise ratio.
In this work, we compare a free-running performance of the Cr:ZnSe-based frequency
combs. We realized three diﬀerent mode-locked (ML) lasers based on various mode-locking
techniques. The choice of the Cr:ZnSe crystal as an active medium was motivated by the
following: i. in our laboratory we have a special growing techniques that allows us to make
single-crystals based on the II-VI chalcogenide compounds doped with transition metals [4];
ii. this type of the laser crystal has a broadband luminescence spectrum in the spectral range
from 2.1 to 2.7 µm [5]; iii. the usage of this type of active material for the OFCs generation
and its utilization for the dual-comb spectroscopy had been successfully demonstrated in [6,7].
The ﬁrst conﬁguration was a Kerr-lens mode-locked (KLM) Cr:ZnSe laser. An Er-ﬁber cw
laser at a wavelength of 1.57 µm was used as the pump source. In this conﬁguration we got a
single-pulse operation with duration of 39 fs and spectral width of 190 nm at half maximum.
The laser operated at an average output power of 150 mW and repetition rate of 170 MHz [8].
The second conﬁguration was a SESAM mode-locked Cr:ZnSe laser. Here we used a cw
Tm-doped ﬁber laser at wavelength of 1.94 µm as the pump source. The SESAM ML laser
was capable to operate at both single and bound pulses regimes depending on the materials
that were used for the cavity dispersion compensation [9]. In the single-pulse operation the
laser generated pulses with a duration of 3 ps and 15 mW output power. The spectrum
bandwidth was of 4 nm and 129.5 MHz repetition rate.
The third conﬁguration was a carbon nanotube (CNT) mode-locked Cr:ZnSe laser. In this
case we used the same pump source as in the second case. The output power was of 50 mW,
the repetition rate of 135 MHz and the pulse duration of 570 fs. The spectral bandwidth was
of 16.6 nm at FWHM. We measured the relative intensity nose (RIN) for three ML lasers
and linewidth of a single-comb tooth. It is interesting that for the CNT ML laser the RIN
value is the lowest in comparison with SESAM ML or KLM Cr:ZnSe. The single comb tooth
linewidths are almost equal in each case and less than 200kHz.
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Spectral characteristics of two coupled microresonators
M. P. Marisova, A. V. Andrianov and E. A. Anashkina
Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia
e-mail: marisova.mariya@rambler.ru

Optical microresonators with whispering-gallery modes (WGMs) are now extensively investigated. Systems of several coupled microresonators have also attracted attention in the
recent years, as multiple eﬀects can be observed there including synchronized generation of
optical frequency combs and PT-symmetry breaking [1].
Here we investigated spectral characteristics of a system of two coupled silica glass microspheres with diameters of ∼ 50 µm. We assumed that both microresonators were side-coupled
to two thin (1 µm in diameter) ﬁber tapers, one of which was pumped with a CW laser at
λ ∼ 1.55 µm. A ﬁnite-element numerical model was developed for solving Maxwell equations
in frequency domain to calculate the output spectra. In order to simplify the computational
complexity of the model, simulations were performed in a two-dimensional geometry only for
TE-polarized modes.
First, identical microresonators were considered. The calculated output spectra were found
to be symmetrical. Additionally, an approach in terms of coupled-mode theory (CMT) was
considered [2]. The numerically simulated spectra were ﬁtted using analytical expressions
obtained from CMT stationary solution; the results showed good agreement. This procedure
allowed us to calculate coupling coeﬃcient κ and extrinsic Q-factor Qe (describing losses of
“microresonator–taper” coupling) for diﬀerent conﬁgurations of the system. It was found that
κ is primarily a function of the gap between the resonators, while Q e solely depends on the
distance between the microresonator and the ﬁber taper.
Second, microspheres of slightly diﬀerent size were considered. We found that it was
possible to achieve coupling between partial WGMs with diﬀerent structure; in this case
the obtained spectra were largely asymmetrical, as well as energy distribution among the
microresonators. The resulting supermode frequencies varied signiﬁcantly with changes in
size of one of the resonators; their clear connection with partial WGM frequencies was shown.
It is well-known that optical microresonators with WGMs are susceptible to thermally
induced frequency shifts caused by pump power absorption and/or variations in ambient
temperature [3]. This eigenfrequency drift occurs because of changes of microresonator size
(via the eﬀect of thermal expansion) and refractive index of the material (via thermo-optic
eﬀect). It is crucial for a system of coupled microresonators, as supermodes can vary significantly with even slight changes in frequencies of partial WGMs. The possibilities for such
thermal control were also explored, assuming external heating of only one of the microspheres.
This work is supported by RSF, Grant No. 20-72-10188.
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Compact experimental setup for optical clock on thulium atoms
D. A. Mishin1 , D. I. Provorchenko1 , M. O. Yaushev1 D. O. Tregubov1 , A. A. Golovizin1
and N. N. Kolachevsky1,2
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Neutral thulium atoms are interesting for building an optical clock[1] and quantum simulator[2]. Here we present our latest results on laser cooling, trapping and spectroscopy of
thulium atoms in a compact clock setup.
Frequency of the clock transition in thulium atoms is sustainable (sensitivity is 3 orders
lower than in Sr) to thermal radiation what enables building a setup without Zeeman slower
where atomic oven is located in less than 20 cm from the spectroscopy zone. This allows
to reduce signiﬁcantly the size of experimental setup and to build a transportable optical
clock system. Here, we demonstrate loading of more than 13 million atoms into a ﬁrst-stage
magneto-optical trap in a vacuum volume of less than 5 litres. Second-stage magneto-optical
trap with 100% recapture and lifetime of more than 4 s is achieved as well, what enables
transferring of more than 50% atoms into an optical lattice at a near-to-magic wavelength of
1064 nm which is formed using in-vacuum enhancement cavity. Cavity stabilization system
is designed to preserve its length in stabilised state during the lattice power ramping of the
sifting of atoms technique. Other stages of the experiment are similar to those used in ordinary
full-size system, and here optical pumping to mF = 0 level and high-resolution spectroscopy
of a 1.14 um clock transition are demonstrated.
This results lead us to the ﬁnal stages of thulium optical clock implementation: analysis
of density and high-order Stark shifts, synthetic frequency spectroscopy[3] and comparison of
two clock systems.
The research is supported by RSF grant no. 21-72-10108.
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Laser system with servo-noise ﬁltration for optical qubit
manipulation
V. N. Smirnov1,2,3 , I. A. Semerikov1 , I. V. Zalivako1 , A. S. Borisenko1 , M. D. Aksenov1 ,
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Nowadays ultrastable lasers are commonly used in ﬁelds like precision spectroscopy, quantum metrology, frequency standards and quantum information processing. In quantum computations aside from long-term frequency stability, the spectrum near carrier frequency of the
laser is exceedingly important.
A traditional method of laser frequency stabilization is locking it to one of cavity’s resonances by using a feedback loop. Non-zero reaction time of the loop leads to arising of
servo-noise 1–2 MHz beyond from carrier frequency. Ion-traps used for quantum computations generally have secular frequencies close to this value. Hence ﬁdelities of 2-qubit gates
utilizing motional modes are heavily aﬀected by such noise.
We present a laser system on wavelength of 435 nm for manipulation of an optical qubit
in. We use two cavities: one for long-term frequency stabilization, and second one for noise
ﬁltering. Characteristics of the system and results of the spectral ﬁltering are demonstrated.
The research is supported by Leading Research Center on Quantum Computing (Agreement No. 014/20).
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Development of experimental setup for implantation and
spectroscopy of thulium atoms in noble gas crystals
D. O. Tregubov, D. A. Mishin, D. I. Provorchenko, A. A. Golovizin, K. Yu. Khabarova,
V. N. Sorokin and N. N. Kolachevsky
P. N. Lebedev Physical Institute, Moscow, Russia
e-mail: tregubovdo@lebedev.ru

In recent experiments, it was discovered that clock transition in Tm has low polarizability, and as a result — low sensitivity to external electric ﬁelds [1]. This suggests that line
broadening of this transition for atoms localized in solid might be less than usual. This fact
was conﬁrmed in several experiments with solid argon, neon, and helium [2,3].
We aim at increasing the resolution of these experiments by using diﬀerent excitation
scheme and referencing clock laser frequency by thulium optical clock or frequency comb.
Here, we discuss possible diﬃculties of our proposed spectroscopy scheme and present
design of experimental setup.
This work was supported by the Grant of the President of the Russian Federation for
state support of young Russian scientists - application No. MK-2322.2022.1.2 (agreement No.
075-15-2022-664 from 13.05.2022).
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Optical pumping optimisation using machine learning methods
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In the last decade, tremendous progress has been made in the ﬁeld of optical clock. Currently, a lot of eﬀort goes into the creation of compact transportable optical clocks which have
various applications from testing fundamental theories to geodesy and navigation [1].
Tm is a promising candidate for this task due to low sensitivity of the inner shell 1.14 µm
clock transition to external static electric ﬁelds and blackbody radiation [2]. One of the
necessary steps in the experiment is optical pumping to central magnetic sublevels of the
ground F = 3 and F = 4 states.
In a new setup [3,4], it is possible to control a large number of experimental parameters
making optimisation task not straightforward. It was shown that modern machine learning
algorithms can outperform human in such tasks, improving overall performance [5]. In this
work, we discuss result of implementation of classical [6] and reinforcement learning algorithms
for optimization of optical lattice loading and optical pumping in the compact Tm clock setup.
The research is supported by RSF grant no. 21-72-10108.
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Coherent combining of a tiled-aperture square array of femtosecond
bell-shaped emitters into a ﬂat-top laser beam
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Coherent combining of multiple laser channels is one of the promising routes to increase the
average and peak power of laser systems. An eﬃcient and scalable optical scheme is required to
transform an array of individual emitters into a usable beam. We have demonstrated recently
that coherent combining of a square array of bell-shaped beams can be performed with high
eﬃciency (up to 98%) by using the out-of-phase distribution of the emitters [1]. Here we
propose an advanced design of the combining scheme that eﬃciently converts a tiled-aperture
array of out-of-phase emitters with a low ﬁll-factor into a single ﬂat-top beam. Coherent
combining of tiled aperture arrays is based on the properties of the Fourier transform, which
can be realized optically by using a lens or spherical mirror and the free-space propagation
of the initial beams. The Fourier transform of in-phase emitters results in formation of one
central beam and several side-lobes that contain notable portion of the total power making
in-phase combining ineﬃcient. In contrast, the out-of-phase distribution results in formation
of four combined beams in the Fourier plane carrying almost all the power, while high-order
side lobes contain negligible power. Then these beams can be slightly redirected by four
wedges (or four mirrors in a reﬂective conﬁguration) in such a way, that after the second
Fourier transform four non-overlapping square beams placed close to each other and arranged
into a 2x2 pattern are formed. The second Fourier transform can be obtained by using the
same lens or spherical mirror as for the ﬁrst Fourier transform. The wave-vectors directions
of the formed four beams can be ﬁnally corrected by four wedges or ﬂat mirrors resulting in a
single square beam with a ﬂat wave-front and almost ﬂat intensity proﬁle. The optical scheme
can be constructed using only simple reﬂective optics (one spherical and 8 ﬂat mirrors) in
the combined beam path, where the intensity is high and dangerous for transmissive optics.
The proposed approach is suitable for combining femtosecond pulses and scalable for large
number of channels.
The proposed approach was tested in numerical modeling for one-dimensional and twodimensional arrays. Simulated femtosecond Gaussian beams of equal intensity and interleaved
0 and π phases (out-of-phase distribution) were collimated by a square lenslet array and then
numerically propagated through the optical system including 4 ﬂat mirrors (in 1D case) or
8 ﬂat mirrors (in 2D case) and one spherical mirror. The resulting beam was very close to
a ﬂat-top beam with small notches in the middle. A proof-of-concept experiment utilizing a
one-dimensional array of 8 low-power ﬁber channels demonstrated feasibility of the proposed
approach for combining broadband laser beams.
This study was supported by the Ministry of Science and Higher Education of the Russian
Federation (Contract No. 075-15-2021-633).
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Generation and Self-Compression of Single-Cycle Light Pulses via
Self-Induced Transparency Phenomenon
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Generation of few-cycle femtosecond and attosecond pulses is an important part of modern
optics since they enables study and ultra-fast control of electronic wave packets in matter [1].
For pulse compression, so-called optical parametric chirped pulse ampliﬁcation (OPCPA)
and related techniques are one of the most successful approaches so far [2]. However, OPCPA
requires bulky, complicated and technically challenging setups.
On the other hand, mode-locking in a two-section laser having the gain and saturable
absorber sections can be both the ﬁrst stage of OPCPA and a separate short-pulse generation
technique [3]. Common mode-locking approaches are based on the incoherent gain/absorber
saturation (no coherence between atomic polarization and the ﬁeld builds up). Hence, the
pulse duration in such systems is limited by the polarization relaxation time T 2 of the active
medium. To overcome this limitation, a mode-locking and pulse compression method based
on the self-induced transparency phenomenon (SIT) has been suggested [4]. SIT supports
pulse durations much smaller than T2 . Yet, although the SIT phenomenon was discovered
many years ago [4], its potential for ultra-short pulse generation was heavily underestimated
so far, see review [5].
In this talk, we present a novel way to achieve SIT-based pulse compression to the singlecycle level in a cascaded scheme of thin resonant ﬁlms [6]. It allows to cross the femtosecond
boundary and obtain attosecond pulses from few-cycle femtosecond ones in a compact, lossless
setup. We also describe the recently predicted [7] approach allowing generation of extremely
short pulses directly in an ultra-short cavity laser [7] using a SIT-based approach. It might
lead to single-cycle pulses with ultra-high repetition rate in a compact micrometer-scale setup.
This work is partially supported by Russian Science Foundation (project 21-72-10028).
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Crystal geometry for high power Ti:Sa ampliﬁers of high repetition
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V. V. Chvykov
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The diﬀerent output parameters of Ti:Sa ampliﬁers are required the crystals with the
diﬀerent conﬁgurations [1]. The several possible shapes of Ti:Sa crystals, such as thin disc
(TD) [2], cross thin slab (XTS) [3,4], and rectangular crystal thin plate (RTCP) [1] depending
on the required pulse energy and repetition rate will be discussed.
The resent results of experimental investigation of the room temperature XTS Ti:Sa ampliﬁer that generate up to 30 mJ output pulses energy at 1 kHz repetition rate, when pumped
by 100 mJ / λ = 515 nm pulses from a diode pumped Yb:YAG laser will be demonstrated.
This geometry allows to maintain a crystal temperature of ∼ 300◦ C using cooling water at
10◦ C [4]. This type of Ti:Sa ampliﬁers can be an attractive solution for the ﬁrst stages of
ampliﬁcation in high repetition rate and high peak power CPA laser systems, as well as an
independent device for scientiﬁc and industrial application.
The further energy scaling with combination of the high repetition rate leads to the ampliﬁer overheating even with TD and XTS conﬁguration. The design of the ampliﬁer with
rectangular thin plate Ti:Sa crystal geometry (RTCP) where the diﬀerent seed passes run
through the neighbor area of the crystal allows notably enlarge the heat extraction surface
[1]. The abilities to build the RTCP Ti:Sa ampliﬁers with more than 3 J output energy and
repetition rate 1 kHz for 100s TW laser systems with high average power are discussed. The
limitations placed by the crystal overheating on these systems were estimated and considered
as a key restrictive factor for the output laser parameters. The acceptable pump ﬂuence for
the RTCP geometry of Ti:Sa ampliﬁers was calculated. The evaluations of the thermolens
developing by the pump heating for the crystal thickness of 3–6 mm and the maximal temperature around 100◦ C were made. Finally, the optimal optical scheme of the ampliﬁer and
possible output energy was evaluated.
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On the Bessonov integral of electromagnetic ﬁeld
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The integral by time of electric (or magnetic) ﬁeld over an inﬁnite interval also known as
the Bessonov integral [1]
�+∞
E(r, t) dt,
(1)
IE =
−∞

where E is the electric ﬁeld vector, r and t are coordinates and time, respectively, has been
under the investigation for quite a some time. It is obvious that for the electromagnetic ﬁeld
in general the integral IE is not zero. As an example one can consider a static electric ﬁeld.
However for an arbitrary free electromagnetic ﬁeld the situation is somewhat unclear. It
is known that as a rule the integral (1) is zero for any ﬁnite electromagnetic pulse having a
ﬁnite total energy [2], but assertions to the contrary can also be found in the literature [3].
The most interesting case though is when both a radiative and a static ﬁeld are present. In
such a case it is often claimed that the integral (1) of the radiative part of the electromagnetic
ﬁled can be diﬀerent from zero [2,4].
In this presentation we strive to prove that for the ﬁeld of an arbitrary but ﬁnite electromagnetic pulse the integral (1) is always zero. Furthermore a proof is provided that this
remains true even in the presence of static electromagnetic ﬁelds of charged particles and
that all apparent non-zero results appeared because of an incorrect decomposition of the
electromagnetic ﬁeld into radiative and static parts.
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Optimization of Kerr squeezing in ﬁbers and its use for sensitivity
enhancement of interferometers
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Heisenberg’s uncertainty principle limits the precision with which certain quantum variables can be measured. This includes the parameters of the light ﬁeld, such as intensity and
phase. In a squeezed light state, the quantum uncertainty of a particular (measured) variable
is decreased, while the uncertainty of the conjugated variable is inevitably increased. One way
to produce squeezed light state is to utilize the Kerr eﬀect: when light propagates through a
medium with a third-order nonlinearity, the phase of the higher-intensity realizations changes
faster than the phase of the lower-intensity realizations, and thus the light state becomes
squeezed in the quadrature phase space. It is possible to combine two such states with orthogonal polarizations to obtain a polarization squeezed state, in which the ﬂuctuations of
one of the Stokes parameters is less than that in a coherent state. The Stokes parameters
ﬂuctuations can be measured with two balanced detectors.
With the use of ﬁbers, especially using a soliton propagation regime, a long nonlinear
interaction length can be achieved, making the Kerr eﬀect very promising for generation of
strongly squeezed light states. Also, it is possible to generate two squeezed states in the two
polarization modes of the same ﬁber simultaneously, obtaining a polarization squeezed light
at the output of the ﬁber. Indeed, the work [1] demonstrated this possibility, achieving high
degrees of squeezing.
In this work, we optimize the experimental setup used in [1], obtaining a novel simple
scheme for reliable generation of polarization squeezed light states. To compensate for the
group delay diﬀerence in the two polarization modes of the ﬁber, the previous work used a
free space interferometer which increased complexity of the setup and introduced additional
noise. To accomplish the same goal, we use two equal pieces of ﬁber, spliced with a 90 ◦ turn
around its axis. This way, each of the two pulses propagates along the fast axis in the one
half of the ﬁber, and along the slow axis in the other half, thus, the group delay is equal.
The new setup does not require precise matching of free-space optical paths, and thus is very
stable without any active feedback loops. We obtain 5 dB of squeezing generation which
is stable for hours. Using our setup, in a proof-of-concept experiment we demonstrate that
polarization squeezed light can be used to enhance the interferometers sensitivity, obtaining
a 4 dB signal-to-noise ratio increase. We also optimize the pulse duration, pulse energy, and
ﬁber length to achieve the maximum squeezing value.
This work was supported by the Ministry of Science and Higher Education of the Russian
Federation (Contract № 075-15-2021-633) and by the Russian Foundation for Basic Research
(Grant № 19-29-11032).
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Optical damage of ZnGeP2 crystal by 1 µm 0.3 ps laser pulse
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The ZnGeP2 (ZGP) is one of the best nonlinear crystals for applications in the mid-IR
range due its high nonlinear, mechanical, thermal and other properties [1]. Traditionally the
optical parametric oscillators and other nonlinear devices based on ZGP crystal are pumped
by lasers with wavelength of 2 µm [2] or longer. The wide spread 1-µm wavelength lasers is
rarely used with ZGP crystal due to its signiﬁcant linear absorption: 1–3 cm −1 depending
on a crystal quality. However, for ultrashort laser pulses, the eﬀective crystal length is in
sub-millimeter range due to group velocity mismatching eﬀect. The optical losses of 1-µm
pump radiation due to linear and nonlinear absorption would be insigniﬁcant for such think
crystal samples and the main factor limiting intensity in the think crystal is its surface optical
damage. Therefore, in this work we measured surface optical damage threshold of ZGP crystal
for 0.3 ps 1.03-µm laser pulses.
The experiments were carried out at the Center for Laser and Nonlinear Optics Technology
of the Lebedev Physical Institute of Russian Academy of Science with femtosecond Yb-ﬁber
laser (Satsuma, Amplitude Systems) operated at the fundamental frequency (1030 nm wavelength, pulse energy up to 10 µJ, 0.3 ps pulse duration). The pulse repetition frequency (PRF)
was varied from 100 Hz to 100 kHz. The ZGP crystal samples were grown in LOC, Tomsk by
the Bridgman method in the vertical direction on an oriented seed; the growth was carried out
from a molten polycrystalline compound previously synthesized using the two-temperature
method [3].
The optical damage of surface appeared at pulse energy density (ﬂuence) of 0.053 J/cm 2 for
PRF from 100 Hz to 1 kHz. This ﬂuence corresponds to radiation intencity of 0.18 TW/cm 2 .
At PRF of 10 kHz and 100 kHz the optical damage ﬂuence was about 0.042 J/cm2 and
0.039 J/cm2 , respectively. It was found that AR-coating of the ZGP samples provide an
increase of optical damage ﬂuence in several times. Thus, taking into account a phasematching applicability and increased surface optical damage threshold, the AR-coated ZGP
crystal looks attractive nonlinear crystal for frequency conversion of wide-spread femtosecond
1-µm laser radiation to the mid- and far-IR radiation.
The study was supported by Russian science foundation and Tomsk Region Administration, grant 22-22-20103.
references
[1] S. Das, Optical and Quantum Electronics 51 (3), 1–47 (2019).
[2] M. W. Haakestad, H. Fonnum, E. Lippert, Optics Express 22 (7), 8556–8564 (2014).
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Inﬂuence of self-focusing on transient SRS in BaWO 4 crystal under
self-seeding by self-phase modulation
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In [1], high eﬃcient (∼20%) transient SRS conversion was demonstrated in a BaWO 4
(BWO) crystal pumped by 300-fs 515-nm pulses in a single pass scheme. This unusually
high eﬃciency was explained as a constructive interference of SRS and self-phase modulation
(SPM) eﬀects, where the later formed a frequency-shifted radiation seeding the SRS ampliﬁcation on the ν1 =925 cm−1 BWO Raman mode. Traditionally self-focusing (SF) is follow
with SPM, but its contribution was not considered in [1]. Therefore in this work an inﬂuence
of SF on the transient SRS eﬃciency in BWO crystal was studied under varying interaction
geometry.
The experiment was carried out under the same setup as in [1]: pulse duration – 300 fs
(FWHM), wavelength – 515 nm, pulse repetition rate – 1 kHz, and pulse energy up to 3.4 µJ,
which was varied by detuning second harmonic crystal. The laser beam was focused by a
lens (f=35 mm) into 8-mm BWO crystal installed at a stand moving along the laser beam.
The crystal c-axis was perpendicular to the polarization of the radiation. After the crystal,
another lens was installed, which transferred the rear plane of the crystal to the entrance slit
of the spectrometer (Avesta-150 FT).
When the linear focus of laser beam corresponded to the crystal center, the eﬃciency of
SRS generation of the strongest mode (ν1 =925 cm−1 ) was ∼10% at pulse energy of 2.8 µJ. The
subsequent increase in pulse energy led to a decrease in the conversion eﬃciency. The crystal
shift along the propagation axis led to a change in the conversion eﬃciency, and its maximum
(∼20%) was observed at the geometrical focus position shifted by 1 mm from the crystal center
towards the rear facet. A numerical analysis shows that this eﬃciency increase related with
a longer ﬁlament, namely, with a longer interaction length, caused by an increased nonlinear
phase shift. The additional focus shift to the rear crystal facet led to eﬃciency decreasing,
which can be associated with temporal walk-oﬀ (∼50 fs/mm) of the pump and SRS pulses
for a much longer ﬁlament, cross-phase modulation and nonlinear absorption eﬀects.
Thus SF has a strong inﬂuence on SRS self-seeded by SPM that appeared in dependence
of SRS generation eﬃciency on linear focus position in BWO crystal, which is optimal at its
slight shift to the rear crystal facet.
The study was supported by the Russian Science Foundation, Grant № 22-79-10068.
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Interplay of steady-state and transient in nonlinear optical
transformations
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Nonlinear optics provides variety possibilities for transformations of laser radiation characteristics. These include transformations of carrying frequency (generation of harmonics
and new frequencies), spectral bandwidth (broadening, up to a continuum, and narrowing),
duration and shape of pulse(s), beam proﬁle and wave front, polarization, etc. Traditionally
each transformation realized using a speciﬁc to it kind of nonlinear optical interaction, which
in a chosen medium is most eﬃcient and other possible nonlinear eﬀects are inactive. Since
alternative nonlinear eﬀects aﬀect (either enhance or deteriorate the one of interest), an ordinary way to avoid/activate those at CW or a relatively long pulse, i.e. steady-state, regimes
of interaction includes search for materials with proper nonlinear constants responsible for
alternative eﬀects.
Shift of interest to transformations of shorter pulses makes regimes of interaction transient.
Usually this results in a reduction of interaction eﬃciency, compensation of which require
increase of radiation intensity and/or interaction length. Since a rate of increase depends also
on the decay time of a nonlinearity, the latter one gives an additional degree of freedom for
enhancing or suppressing contribution of the alternative to the interaction of interest eﬀects.
In the presentation, an analysis of mechanisms of nonlinear response in various nonlinear
media, typical magnitudes nonlinear coeﬃcients and decay times for these and their ratio,
will be given. Practical examples will be considered of how playing with characteristics
of nonlinear responses leading to diﬀerent nonlinear eﬀects allow to enhance or deteriorate
various transformations of laser radiation characteristics.
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Two-color fs-laser beam shaping with independent wavelength and
spatial frequency tuning
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We report a tunable spectral and spatial frequency shaper of ultrashort laser pulses based
on multi-frequency acousto-optic diﬀraction. Experimental setup is based on a Ti:sapphire
femtosecond laser (Fig. 1). A high-resolution acousto-optic dispersion delay line (AODDL)
was used for optical wavelength selection [1,2]. A multi-frequency RF signal applied to the
AODDL provides independent transmission windows that were tuned to the wavelengths
λ1 = 780 nm and λ2 = 820 nm.

Figure 1: Experimental setup for two-color laser beam shaping.
A noncollinear acousto-optic tunable ﬁlter (AOTF) was used as a spatial frequency ﬁlter
with a ring-shaped two-dimensional transfer function [3]. A pair of Fourier-lenses (FL) was
used to convert angular beam shaping of the laser beam by the AOTF into the spatial distribution. Two-color laser radiation is independently ﬁltered by a multi-frequency RF signal
in the AOTF. Thus, the AOTF was tuned to provide band-pass ﬁltering at the wavelength
λ1 and low-pass ﬁltering at the wavelength λ2 . The resulting laser ﬁeld distribution was a
hollow ring of the blue-shifted radiation and a central spot of the red-shifted radiation. The
parameters of laser ﬁeld distribution can be adaptively controlled by adjusting AODDL and
AOTF transmission parameters. We propose this laser beam shaping system for creating
advanced dynamically tunable magneto-optical traps.
The research was supported by the Russian Science Foundation (Project 20-12-00348).
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Generation of few-cycle and subcycle pulses represents an important research issue in
modern photonics with multiple potential application areas. In order to gain the eﬃciency of
the coherent control applications, one needs convenient approaches to steer the waveform of
few- and subcycle pulses. Among the interesting transformations of ultra-short pulses are the
temporal diﬀerentiation and integration of the pulse proﬁle. Such transformations are well
studied for the pulse envelope of long multi-cycle pulses, but have not been considered so far
for few- and subcycle pulses.
In this work we present a simple layout that allows performing time-domain integration
and diﬀerentiation of few- and subcycle pulses, namely a plane layer of a conducting medium
illuminated by a linearly polarized pulse. We demonstrate that in such system one can obtain
the temporal pulse integration in reﬂection and the temporal diﬀerentiation in transmission
(see an example in Fig. 1) [1]. Importantly, these operations are performed for the electric
ﬁeld itself instead of the slowly-varying envelope. The quality of both transformations appears
to be strongly limited by the electron damping rate γ in the conducting medium. Moreover,
we have shown that such time-domain transformations hold not only for few-cycle pulses, but
also for unipolar subcycle pulses [2].
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Figure 1: The pulse transmitted through a 50-nm-thick conducting ﬁlm with ω p = 1016 Hz
for diﬀerent electron damping rates γ together with the ideal temporal derivative.
This work was supported by the Russian Science Foundation (21-72-10028).
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Stimulated Raman scattering in polycrystalline mixtures
LiOH+LiOD+Sr(NO3 )2 and LiOH+LiOD+Na2 SO4
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Stimulated Raman scattering (SRS) is the known nonlinear optical method for frequency
conversion of laser radiation from the ultraviolet to infrared spectral range. SRS is successfully used both for continuous-wave and pulsed lasers. After the ﬁrst observation of SRS in
dispersed media [1], active study of SRS has been started [2] in various powder mixtures. A
ruby laser was predominantly used as a source of exciting radiation. Generation of the Stokes
and anti-Stokes SRS components was observed. In this work, we have studied the spectra of
SRS in two polycrystalline mixtures: LiOH+LiOD+Sr(NO 3 )2 and LiOH+LiOD+Na2 SO4 .
Solid polycrystalline mixtures contained 40% LiOH, 10% LiOD and 50% Sr(NO 3 )2 or 50%
Na2 SO4 . All components were chemically pure. They were placed in an agate mortar and
mixed up for about 10 minutes. SRS in the samples was excited by the picosecond laser
radiation at 532 nm (pulse duration is 60 ps, and a pulse repetition rate — 15 Hz). The
maximum pulse energy reached 16–20 mJ. Laser beam was focused to the sample surface (the
samples were placed on a special small table) with a lens with a focal length of 19 cm. The
SRS spectra were recorded using reﬂection-under-angle geometry and FSD-8 ﬁber-optic minispectrometer with a spectral resolution of ≈ 1 nm. Notch-ﬁlter was used for the suppression
of the pumping radiation.
As a result, for the LiOH+LiOD+Sr(NO3 )2 mixture, one anti-Stokes and three Stokes
components of Sr(NO3 )2 , the anti-Stokes component and Stokes component of LiOH, the
Stokes component of LiOD, and a line corresponding to the luminescence of lithium vapor
were observed. In turn, for the mixture LiOH+LiOD+Na2 SO4 , the anti-Stokes component
and the Stokes component of Na2 SO4 , the anti-Stokes component and the Stokes one of LiOH,
and the Stokes component of LiOD have been measured.
In conclusion, we have measured the SRS spectra of two polycrystalline mixtures. For both
mixtures, several Stokes and anti-Stokes components were observed from each component of
the mixtures. The observed eﬀects can be used for increasing the number of frequency shifted
Raman components.
Authors acknowledge the RFBR and BRFFR for the ﬁnancial support of the joint research:
Grant No. 20-52-04001 Bel_mol_a (Russia) and Grant No. F21RM-021 (Belarus).
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Characterization of post-compressed ultrashort terawatt laser pulses
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Study of physical processes and new phenomena under the action of ultrashort high-power
optical pulses on matter is an urgent task of modern physics. Generation and characterization
of few-cycle pulses become a key factor in the laser-matter interaction experiments [1]. One
possible way to get such pulses is by two-step technique that includes spectrum broadening
by self-phase modulation and chirp compensation [2]. This technique has been implemented
to generate few-cycle pulses via nonlinear broadening of intense pulses in gas-ﬁlled hollowcore ﬁber and compression with multilayer optics [3]. However, the use of ﬁbers limits the
energy of ultrashort pulses. This concept was extended to high power laser pulses in [4],
where the spectral broadening of femtosecond pulses proceeded in thin plates with further
compression with chirped mirrors. This method is called compression after compression or
post-compression.

Figure 1: Experimental setup
This paper reports on the application of the SEA-F-SPIDER technique [5] for controlling
the properties of ultrashort terawatt pulses. Ti:Sa laser pulses with energy up to 40 mJ,
central wavelength 800 nm, and 30 fs duration were spectrally broadened from 75 nm to 130
nm in two 1-mm thick BK7 plates in vacuum chamber. Compression was carried out by 5
bounds on chirped mirrors, each with a dispersion of -54 fs2 (Fig. 1).
The duration and phase of compressed pulses were controlled by a homemade SEA-FSPIDER apparatus. This device made it possible to control the measured parameters with
spatial resolution, which is necessary because the spectral broadening depends on the intensity
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proﬁle. Thus, we have characterized laser pulses with a duration of less than 20 fs without
introducing additional distortions, with a resolution along the transverse coordinate.
This work was partially supported by the Russian Science Foundation,
project number 22-22-00964.
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One of the promising nonlinear optical materials for conversion of intense ultrashort laser
pulses by stimulated Raman scattering (SRS) is calcium orthovanadate Ca 3 (VO4 )2 . Interest
in this material is due to the fact that vibrational modes in its spontaneous Raman scattering
spectrum are strongly broadened (Δν ∼ 50 cm−1 ) [1], which indicates on short dephasing
time T2 . Therefore, it can be expected that the SRS gain in Ca3 (VO4 )2 for subpicosecond
pulses will not be signiﬁcantly reduced due to the transient regime of the Raman interaction.
However, an implementation of this crystal for SRS conversion of visible-range subpicosecond
laser pulses can be also limited by other nonlinear eﬀects, such as two-photon absorption.
Therefore, the purpose of this work is to determine the coeﬃcient of two-photon absorption
of visible-range subpicosecond laser pulses in the Ca3 (VO4 )2 crystal.
The experimental study was carried out with second harmonic radiation of ytterbium ﬁber
oscillator/ampliﬁer laser system Satsuma (Amplitude Systems). The laser pulse duration was
0.3 ps, the energy was up to 3.4 µJ, pulse repetition frequency was 1 kHz, and the radiation
wavelength of 515 nm. The laser beam was focused into 13-mm Ca3 (VO4 )2 crystal sample
by a lens with focal length of 9 cm. The crystal was grown at the General Physics Institute
of RAS. The crystal optical axis was perpendicular to the radiation polarization. The twophoton absorption coeﬃcient was determined from a dependence of the crystal transmission on
incident laser pulse energy. The measured two-photon absorption coeﬃcient was 25 cm/TW.
This value is an order of magnitude smaller than two-photon absorption coeﬃcient for laser
pulses with duration of 36 ps at wavelength of 523.5 nm [2]. This can be due to the diﬀerence
in both radiation wavelength and pulse duration. Probably, for “long” 36 ps laser pulse,
avalanche ionization makes a suﬃcient contribution to the process of nonlinear absorption.
The study was supported by the Russian Science Foundation, Grant No. 22-79-10068.
references
[1] P. G. Zverev et al., Quantum Electronics 33 (4), 331 (2003).
[2] D. S. Chunaev, The European Conference on Lasers and Electro-Optics, Optical Society
of America, p. ce_p_12 (2021).

115

Oral

Simulation of quantum Kerr squeezing in single-channel and
multi-channel coherently combined ﬁber systems
A. A. Sorokin1,2 , N. A. Kalinin1,2 , J. F. Corney3 , G. Leuchs1,2,4 and A. V. Andrianov1
1

Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia;
Max Planck Institute for the Science of Light, Erlangen, Germany;
3 School of Mathematics and Physics, The University of Queensland, Brisbane, Australia;
4 Physik Department, Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany
e-mail: arsorok1997@yandex.ru
2

Squeezed light is a quantum state of light for which the ﬂuctuation of a certain ﬁeld quadrature is lower than the standard quantum limit (the variance of the conjugated quadrature is
above the limit to satisfy Heisenberg’s uncertainty principle) [1]. Squeezed states of light are
useful for quantum noise suppression, which has applications in quantum state engineering,
quantum imaging, continuous-variable quantum computing, and ultrahigh precision measurements, including the detection of gravitational waves [1]. Squeezed light can be generated by
propagating a coherent state through a nonlinear medium. Using Kerr nonlinearity in optical
ﬁbers to obtain squeezing has several advantages, among which is direct compatibility with
ﬁber-based optical systems.
Exploring novel materials and novel schemes for the generation of squeezed light is an
active research topic. For example, optical ﬁbers based on soft glasses such as tellurite glasses
have an order of magnitude larger nonlinear coeﬃcient. Optical schemes based on a short
piece of highly nonlinear ﬁber may be beneﬁcial despite higher losses of tellurite ﬁbers. Several
improvements and optimizations leading to more robust and potentially higher squeezing can
be done for polarization squeezing systems based on silica polarization-maintaining ﬁbers
and operating in the soliton propagation regime. In numerical modeling using our homemade
software that allows simulating quantum system dynamics using Wigner representation which
provides accurate results for large photon numbers, we analyzed and optimized diﬀerent setups
based on tellurite and silica ﬁbers. We also analyzed the theoretical possibilities of power and
energy scaling of ﬁber squeezers using a coherent beam combining concept. We assumed that
squeezing at low powers can be achieved in several separate ﬁber channels and the classical
ﬂuctuations of phases between the channels can be suppressed up to a certain frequency by an
appropriate feedback system [2]. We assume that the noise at high frequencies is not limited
by technical noise so that quantum squeezing can be observed. For each ﬁber, we model the
Raman-modiﬁed stochastic nonlinear Schrödinger equation [3] with allowance for losses and
analyze the quantum properties of the combined signal.
This work was funded by the Mega-grant of the Ministry of Science and Higher Education
of the Russian Federation, Contract No. 075-15-2021-633, and by the Russian Foundation for
Basic Research, Grant No. 19-29-11032.
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Adaptive control of sub-TW laser beam in mid-IR
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Interaction of high-power mid-infrared laser pulses with matter is actual and interesting
challenge of modern physics [1]. The key factor is the development of laser systems operating
at the spectral range speciﬁed, which can be useful to investigate unique regimes of nonlinear
wave dynamics and identify unusual material properties at record high intensities. In order
to obtain relativistic intensities, along with an increase in energy and shortening the duration
of laser pulses it is necessary to control the shape of the wave front to minimize the area
of the focal spot. The achievable focusing intensity could be signiﬁcantly reduced due to
various aberrations occurring during the pulse propagation through the optical system. To
correct them, one can use a system consisting of deformable mirror and wave fronts sensors
like Shack-Hartman sensor or lateral shearing interferometer. Unfortunately, there are no
sensors with suﬃciently high spatial resolution in the mid IR spectral range and they are
too expensive. This work presents a system consisting of deformable mirror DMH40-P0 and
pyroelectric array camera PY-III-HR-C-APRO. This system works on the basis of a closedloop technique using genetic algorithm or particle swarm method [2]. Laser radiation with
3.9 µm central wavelength was focused by 10-cm focal length parabolic mirror into the optical
microscope. This microscope consists of two converging lenses enlarging the image of focal
spot by a factor of 24. The signal from the sensor was processed by a program written in C#
and using Labview environment. The program controls the deformable mirror by exposing
various combinations of the ﬁrst 12 Zernike polynomials. Using a genetic algorithm and a
particle swarm optimization method, we managed to select the amplitudes in such a way as
to minimize the beam area at the focus spot. The applied algorithms made it possible to
achieve a beam size at the focus close to the diﬀraction limit, but the particle swarm method
did it faster. According to our calculations, peak intensity increased by the factor of 1.5.

Figure 1: Focal spot image in logarithmic scale: initial (left) and optimized (right)
This work was partially supported by the Russian Science Foundation,
project No. 22-22-00955.
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Thermo-optical control of light wavelength conversion in soft glass
microresonators
E. A. Anashkina and A. V. Andrianov
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Microresonators with whispering gallery modes (WGMs) based on dielectric materials
provide unique opportunities for controlling fundamental properties of coherent light, e.g.
frequency comb generation, wavelength conversion, etc. The use of new materials such as
soft glasses (tellurite and chalcogenide ones here) with giant 3rd-order optical nonlinearities
allows expanding the capabilities of photonic microresonators. However, the excitation of
WGMs using an external CW pump is a diﬃcult task. Special passive and active methods
are required to start the desired operating regime of light wavelength conversion [1]. One of
the known ways to start lasing or nonlinear pump conversion is to use a tunable pump laser
(sweeping the pump frequency from higher to lower values). It is also possible to start pump
conversion by dynamical thermal tuning of WGM frequencies (from lower to higher values)
[2,3], which is discussed in the present paper.
We demonstrate the implementation of the thermo-optical control of laser generation in an
Er-doped tellurite microsphere and Raman generation in undoped tellurite and chalcogenide
microspheres using cheap low-power visible laser diodes and a narrowband CW pump source
at a constant wavelength. We produced microspheres with diameters of 30-80 µm at ﬁber
ends using CO2 laser for tellurite samples and resistive microheater for chalcogenide samples.
Undoped tellurite microspheres demonstrated record high Q-factors >25000000 (for tellurite
microresonators). Q-factors of chalcogenide samples were about 1000000. The radiation
of a pump narrowband laser and an auxiliary diode (405 nm for tellurite and 635 nm for
chalcogenide samples) was coupled to microspheres using a silica ﬁber microtaper. The same
taper was used to extract the converted light from microspheres. Soft glasses are not well
transparent for used diode wavelengths. The diode radiation is absorbed suﬃciently well and
eﬀectively thermalized, which leads to a thermal shift of WGMs. We studied two regimes.
In the ﬁrst one, the laser generation at 1.61 µm in Er-doped tellurite microsphere [2] and
Raman generation at 1.62 µm in chalcogenide microsphere [3] were started after successive
switching on and switching oﬀ visible diodes (while the CW pump laser at 1.52 µm was
switched on) and then maintained due to mode pulling. In the second regime under CW
pumping at a constant wavelength, laser and Raman generation vanished when diodes were
switched on and reappeared when diodes were switched oﬀ. Additionally, the second regime
was implemented for Raman generation at 1.8 µm in tellurite microsphere with a CW pump at
1.55 µm. Note, that Raman generation in tellurite microresonators has not yet been published
by any scientiﬁc groups.
The research is supported by the RSF, Grant No. 20-72-10188 (tellurite microresonators)
and by the Mega-grant of the Ministry of Science and Higher Education of the RF, Contract
No. 075-15-2021-633 (chalcogenide microresonators).
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Hight temperature superradiant phase transition in microstructures
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We propose a new concept of the microstructure architectures that support the superstrong
interaction of two-level systems with a photon ﬁeld in a network (graph) topology with a
power-law degree distribution, see ﬁg. 1, [1]. The phase transition to the superradiant (SR)
state, which leads to the formation of two dispersive polariton branches and is accompanied by
the appearance of a nonzero macroscopic polarization of two-level systems, has been studied
within the framework of the mean-ﬁeld theory. It establishes upper (µ 1 ) and lower (µ2 )
excitation branches for coupled matter-ﬁeld states that dependent on the ﬁrst �k� and second
normalized, ζ ≡ �k 2 �/�k�, moments for node degree distribution, see (2).
�
�
�
ωph + ω0 1
�k� 2
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(2)
±
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2
N
We have shown that the Rabi frequency is essentially enhanced due to the topology of the
network architecture within the anomalous domain where �k� and ζ suﬃciently grow. The
multichannel (multimode) structure of matter-ﬁeld interaction leads to superstrong coupling
that provides primary behavior of the high temperature phase transition, cf. [2]. The results
obtained pave the way to design new photonic and polaritonic circuits, quantum networks for
eﬃcient processing quantum information at high (room) temperatures.

Figure 1: Samples of network structures with a power-law degree distribution p(k) ∝ k −γ a)
γ = 1.5, b) γ = 2.5 and c) γ = 5 for node degree (photonic channels) distribution given in d)
in log plots, respectively. The inset in d) shows dependence �k� and ζ on γ in log scale for
the network with number of nodes N = 100 and kmin = 2.
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Annealing of ultrafast laser written birefringent structures in fused
silica
N. I. Busleev1 , A. E. Rupasov1,2 , V. V. Kesaev1,2 , N. A. Smirnov1,2 , S. I. Kudryashov1 and
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The birefringent microstructures were created in the volume of fused silica by ultrafast
laser writing in the visible range (λ = 515 nm) with various values of pulse energy, pulse
duration and repetition rate. Such structures ﬁnd applications in geometric phase elements
like polarization converters [1,2]. The retardance values of fabricated structures were measured
before and after annealing in air at 1000 ◦ C for 2 and 8 hours. The initial and resulting values
are compared and physical mechanisms responsible for their change are discussed. Since
ultrafast laser irradiation during the process of structures fabrication can induce material
stress to the surrounding volume, the annealing leads to the stress release. This allows to
reduce the undesired stress-induced birefringence around the structures.
This research was supported by the grant of Russian Science Foundation (Project No.
20-71-10103).

Figure 1: Measured retardance value of layered birefringent microstructures before (a) and
after (b) annealing in air at 1000 ◦ C for 8 hours.
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Integrated active lithium niobate photonic devices
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Thin ﬁlm lithium niobate (TFLN) is recognized as an ideal material platform for photonic integrated circuits (PIC), owing to its wide transparency range, high refractive index,
and large electro-optic as well as nonlinear optical coeﬃcients. Meanwhile, the LN crystal
proves to be an ideal host material for rare earth ions to fabricate the high-performance active
components. Here, we report on fabrication of electro-optically tunable microdisk laser with
single-frequency ultra-narrow linewidth and waveguide ampliﬁer on Er 3+ doped TFLN using
photolithography assisted chemo-mechanical etching (PLACE). The unique single-frequency
lasing with a linewidth as narrow as 322 Hz is realized by simultaneous excitation of high-Q
(> 107 ) polygon modes on an Er3+ -doped LN microdisk at both pump and laser wavelengths
(Fig.1(a)-(c)) [1]. Real-time electro-optical tuning of the microlaser with a high tuning efﬁciency of ∼50 pm/100 V is demonstrated (Fig. 1(d)). The erbium doped 10 cm long LN
waveguide ampliﬁer is fabricated on the TFLN wafer covered by a thin cladding layer of
tantalum pentoxide (Ta2 O5 ) [2]. Above 20 dB small signal internal net gain is achieved at
the signal wavelength around 1532 nm in the ampliﬁer (Fig.1(e)-(g)). Such integrated active
lithium niobate photonic devices have a broad range of applications in lightwave communication, optical sensing and quantum information processing.

Figure 1: (a) The optical micrograph of the square lasing mode. (b) Spectrum of singlefrequency lasing. (c) The spectrum of the detected beating signal. (d) Lasing wavelength
versus applied voltage. (e) The digital camera photograph of the excited Er 3+ -doped TFLN
waveguide chip. (f) The internal net gain measured from the air-clad and Ta 2 O5 -clad ampliﬁers. (g) The internal net gain measured for increasing signal powers. Inset: The gain
spectral response.
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Spectroscopy of laser-bleached microstructures created in
HPHT-diamond by the femtosecond laser pulses
P. A. Danilov1 , S. I. Kudryashov1 , V. G. Vins2 , E. V. Kuzmin1 , A. V. Muratov1 ,
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Synthetic electronic-grade diamonds are the popular optical platform for many applications: single-photon source fabrication [1], micro-optical and microﬂuidic devices [2], etc.
In this work, red-colored high-pressure, high-temperature synthesized (HPHT) diamond
was exposed in its bulk in a number of patterns to millions of 0.3-ps, 515-nm laser pulses
focused by 0.25-NA micro-objective. The resulting arrays of bright spots produced at variable laser exposure and pulse energy was characterized by optical transmission microspectroscopy. UV-near-IR (350-900 nm) transmission spectra acquired for each separate bleached
micro-region in the array (Tl ) and neighboring regions (T0 ), exhibit signiﬁcant and spectrallyselective increase in the normalized transmittance τ = (Tl /T0 ) as a function of laser energy
E and exposure N .
This work is funded by the grant of Russian Science Foundation (project № 21-79-30063).
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Femtosecond laser-assisted nanostructuring of nanoporous glass:
from anisotropic cavities to nanogratings
S. S. Fedotov, Yu. V. Mikhailov, A. A. Mikhailov, T. O. Lipateva, S. V. Lotarev,
V. N. Sigaev and A. S. Lipatiev
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Nanoporous glass (NPG) is a high-silica material with open porosity. Irradiation of this
material by femtosecond laser pulses leads to a number of modiﬁcations in the glass structure. The most intriguing laser-induced modiﬁcation of nanoporous glass is appearance of
polarization-controlled form birefringence. The formation of birefringent structures of this
kind is relevant for the development of multibit optical data storage technology [1]. Birefringence with the slow axis perpendicular to the polarization plane of the writing laser beam
is observed in nanoporous glass after the impact of 2–3 ultrafast laser pulses [2]. It originates from the formation of an anisotropic cavity elongated perpendicular to the orientation
of the laser beam polarization plane. At the same time, nanogratings also possessing form
birefringence can be written in fused silica which can be interpreted as the limiting case of
nanoporous glass with a zero pore size, only by several tens of pulses [3]. Thus, the presence of nanopores is a promoting factor for the rapid formation of the form birefringence.
In this regard, understanding parameters of the nanoporous structure of glass which are the
most favorable for the anisotropic cavity formation, as well as the study of the possibility of
transforming a cavity into a nanograting with an increase in the number of pulses, are topical.
In this work, NPG was synthesized using the conventional leaching technology. Next,
samples of the synthesized NPG were subjected to heat treatment at various temperatures
from 700 to 800 ◦ C for one hour, which made it possible to obtain samples with diﬀerent
nanopore sizes due to volume shrinkage. Femtosecond regenerative ampliﬁer Pharos SP (Light
Conversion Ltd) was used in experiments on laser-induced micromodiﬁcation of the set of
heat-treated samples. The operating wavelength of the laser was 1030 nm, the repetition
rate was 1 MHz, and the pulse duration was 180 fs. Laser beam was focused by an Olympus
50× objective (N.A. = 0.65) into the depth of a glass sample mounted on a precision threecoordinate positioner ABL1000 (Aerotech). Further, the laser-modiﬁed regions were studied
using a quantitative birefringence analysis system (Abrio, CRi) and atomic force microscopy
(NT-MDT Ltd.).
It was found that the NPG sample with minimum pore size which is still suitable for
laser writing of birefringent dots by 2–3 pulses can be obtained by heat treatment of NPG at
740–750◦ C for 1 hour. This NPG sample still manifested visible opalescence clearly indicating
the presence of nanopores. A further increase of heat treatment temperature to 775 ◦ C led
to increase of the minimum number of pulses for the formation of a birefringent structure by
several times of magnitude that is typical for the nanogratings. The increase of number of
laser pulses per point in the range of 20–50 pulses is shown to enable a transition from an
anisotropic cavity to a nanograting with a period of about 350 nm at the selected writing
conditions.
This work was supported by the grant of Russian Science Foundation № 22-79-10231.
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Femtosecond laser welding of glass and glass-ceramics
S. S. Fedotov, T. O. Lipateva, A. S. Lipatiev, S. V. Lotarev and V. N. Sigaev
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The creation of adhesive-free joints of various materials is an urgent task in various ﬁelds
of science and technology. One of the promising solutions is the local melting of the interface
between two materials being joined by focusing the ultrashort laser beam. The use of ultrashort pulses makes it possible to join various types of materials, for example, glass-glass [1],
glass-metal [2]. In published works, the CTE of welded materials, as a rule, is close.
In this study, phosphate laser glass doped with neodymium (α = 120·10 −7 K−1 ) and
magnesium aluminosilicate glass-ceramic glass (α = 35·10−7 K−1 ) were chosen as objects
for welding. 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 conditions of
laser exposure were 1 MHz repetition rate, pulse energy in the range from 50 to 200 nJ, 180 fs
pulse duration, scanning rate in the range of 0,6 – 1 mm/s. Glass and glass-ceramic samples
were brought together in close contact by clamping and laser beam was focused at materials
joint interface with a microscope objective LCPLN 20× IR (NA = 0.45) with aberration
correction ring adjusted for glass with 1.5 mm width (maximal value).
Preliminary optical microscopy investigation of the laser-recorded tracks allows to optimize
the focusing depth and other parameters of laser welding. Raman spectroscopy was used to
map the track recorded under optimized conditions and revealed the formation of a transition
region between the materials being welded. Further, according to the chosen optimal mode
of laser modiﬁcation, laser-induced weld was created along a circular trajectory and consisted
of 180 tracks with a step of 20 µm. The pattern of color fringes is observed only outside the
welded region that indicates a tight connection of phosphate glass and glass-ceramics inside
the circle formed by welded tracks (Fig.1). The results obtained open up the possibility of
creating reliable joints between the active medium and a saturable absorber for a development
of Q-switched laser.
This work was supported by the grant Russian Science Foundation № 22-29-00838.

Figure 1: The photograph of Nd3+ -doped phosphate glass (bottom) and magnesium aluminosilicate glass-ceramics (top) welded by focused laser irradiation at 150 nJ, 0.8 mm/s, shift
between welds 20 µm.
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Optimal mid-IR light ray tracing schemes inside rough and polished
diamonds for highly-sensitive transmission measurements of
nitrogen content
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Optical transmission/absorption measurements in diamond provide a way for determining
content of basic nitrogen defects with their concentrations, varying in diﬀerent crystals by
many orders of magnitude [1,2]. In a traditional transmission measurement scheme in many
crystals only a small fraction of incident light is transmitted and detected due to light refraction and scattering. This signiﬁcantly reduces signal-to-noise ratio, narrows dynamic range
of signal magnitudes and the range of measurable defects concentrations.
In this paper, optimal direction and propagation trajectories of mid-IR light in transmission/absorption measurement schemes for the most characteristic forms of rough and faceted
diamonds are presented [3]. The described schemes and practical recommendations make it
possible to reduce scattering losses, achieve high-sensitivity absorption measurements with
wide dynamic range and high signal-to-noise ratio. It was demonstrated that direction of
mid-IR light on the pavilion facets parallel to the girdle plane in round-cut diamonds is the
optimal measurement scheme, since in this case the light experiences complete internal reﬂection from the crown table and passes mainly in the crown volume. Moreover, performed
analysis based on direct spectral comparison of mid-IR light transmitted through round-cut
diamonds and their rough precursors shows their good correspondence, enabling mid-IR acquisition of impurity-defect composition and thus gem tracing.
The reported study was supported by the grant of the Russian Science Foundation, project
№ 21-79-30063.
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Temperature dependence of Fano resonances observed in
nanodiamonds synthesized by HPHT technique
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We investigated temperature dependence of Fano-resonances recently discovered in IRspectra of nanodiamonds synthesized from halogenated adamantanes at high-pressure hightemperature (HPHT) conditions. This Fano-resonance manifests itself as rather pronounced
transmission window in the vicinity of Raman mode (1332 cm−1 ) in IR spectra of nanodiamonds [1,2]. It was found that the appearance of this transmission window is correlated to
the conductivity of nanodiamond samples, that is small (diameter < 2 nm) non conductive
nanoparticles do not demonstrate Fano-resonance, but the larger conductive ones (diameter
≥ 8 nm, ρ ≈ 105 − 106 Ohm cm) do [2].
This indicate that the Fano resonance in nanodiamond is similar in nature to the one
observed in nanoshells (dielectric particles covered by conductive shell). However the origin
of the conductive shell in nanodiamond is yet unknown. It may be due to transfer doping
mechanism, which leads to charge depletion layer just beneath the hydrogenated diamond surface covered with adsorbed water molecules [1]. On the other hand, it was proposed that the
conductive layer can be formed by reconstruction of pure (111) and (110) diamond surfaces,
where carbon atoms forms contiguous one-atom thick network of sp2 hybridized carbon atoms
[2]. They can be regarded as fragments of transpolyacetylene molecules covalently attached
to the respective diamond surface.
The key experiment that would discern between these two models is the nanodiamonds
annealing at dry inert atmosphere at high enough temperature. It was demonstrated that annealing at temperatures up to 380◦ C leads to disappearance of Fano resonance but subsequent
lowering of temperature to room one results in restoration of it. Therefore this suggests that
the charge transfer doping mechanism (because it is irrevocably destroyed at much smaller
temperatures of about 200◦ C) is not the driving force for appearance of Fano-resonance in
our nanodiamond samples.
This work is supported by Russian Foundation for Basic Research (Grant No. 20-5226017).
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Polarization-dependent eﬀects of femtosecond laser pulses
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The problem of crystalline dielectrics precise modiﬁcation is key for modern photonics
[1]. It allows creation of the new generation elements for information, telecommunication,
and bioengineering applications: optical memory, metasurfaces, micro-optical components,
diﬀraction volume gratings, optical waveguides, etc. As a rule, direct pico- and femtosecond
laser writing technology is used for this, in which one of the main requirements for creating state-of-art elements is high regularity and repeatability of creating individual structural
elements (craters, grooves, voids, etc.) [2]. Therefore, an urgent task is to ensure the modiﬁcation process stability and to assess the contribution of the main factors aﬀecting it. And
ﬁrst of all, such factors are the parameters of ultrashort laser pulses and the material. Polarization, being one of the essential parameters of laser radiation, can signiﬁcantly aﬀect the
quality dielectric materials modiﬁcation, especially for materials with a large band gap.
Recent studies have shown that many surface structures have signiﬁcant selectivity with
respect to the materials’ crystallographic orientation, primary dependences of the bulk transmittance and photoluminescence of ultrashort laser pulses in crystalline materials were also
revealed [3]. Considering that the laser polarization sets the Brillouin zone region and the
corresponding band gap for photoexcitation of a crystalline dielectric, a change in polarization
will directly aﬀect the processes of nonlinear optical interaction of ultrashort laser pulses in
the material by a corresponding change in the band gap.
In this work the inﬂuence of femtosecond laser pulses polarization from the Satsuma
laser with wavelengths 515 nm and 1030 nm on surface ablation of the natural diamond
and silicon was investigated. It was demonstrated that ablation thresholds ﬂuence change
several times for natural diamond and silicon depending on the direction of polarization
azimuth relative to crystallographic axes of the crystalline material. Primary results for the
polarization dependences of photoluminescence and femtosecond laser pulses ﬁlamentation
in natural and synthetic diamond crystals were also obtained. The results of this work can
be used to optimize existing and implement new modes of precision laser modiﬁcation of
crystalline dielectrics by controlling the polarization of ultrashort laser pulses and selecting
the corresponding band gap of the material.
This work was supported by the Russian Science Foundation (Grant № 21-79-30063).
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Ultra-short laser pulses are perfect instrument for precise machining and plays signiﬁcant
role in dielectric processing [1]. Unlike surface treatment, that depends mainly of material
properties, bulk treatment may be diﬃcult due to inﬂuence of nonlinear eﬀects on the propagation of the laser beam. One of such nonlinear eﬀects is nonlinear focusing of ultrashort laser
pulses within bulk transparent dielectrics which occurs via their spontaneous self-focusing,
contributed by instantaneous Kerr and accumulated (delayed) Raman-Kerr eﬀects [2]. Selffocusing becomes a real problem during multilayer writing of birefringent nanogratings [3]
due to the necessity of coordination writing regimes with non-linear transparency window in
the medium, especially with use of varying pulsewidth laser pulses.
However, despite the importance, pulsewidth-dependent parameters (e.g., critical power
for self-focusing) for controllable ﬁlamentation of ultrashort laser pulses in solid, and especially, crystalline dielectrics, are known only for a few solid transparent materials [4,5], with
their microscopic origin remaining unclear.
In this study, the critical power of self-focusing was experimentally determined for fused
silica, ﬂuorite, natural and synthetic diamonds for two laser wavelengths (515nm and 1030nm)
and diﬀerent pulsewidth (0.3 – 10ps).
This work was supported by the Russian Science Foundation (Grant No. 21-79-30063).
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When solving the laser pulse propagation in solids there is a widespread of the MRE
(Multiple Rate Equation) model for conduction band dynamics [1]. This model is based on
a set of rate equations for population of “energy levels” in the conduction band. The natural
drawbacks conclude in the ﬁnite number of energy levels in the conduction band and in
two phenomenological constants: the rates of one-photon absorption and impact ionization.
Moreover, the latter is commonly greater than the former, because of which there is no
carriers accumulation at the top level [2-3]. However, the rate of one-photon absorption is
vastly increased when applying mid-infrared laser ﬁeld since this rate scales as ∼ λ or ∼ λ 3
[4] (depending on the ratio of laser frequency and carrier collisions’ frequency). At the same
time, the rate of impact ionization is independent of the laser wavelength and is determined
by crystalline structure and carriers’ energy [5]. As a result, a smallness condition of the top
level population is not satisﬁed, and there is need for corrections of the MRE model.
We propose an improved model for conduction band dynamics under mid-IR femtosecond
excitation of crystals, which is based on the MRE model but diﬀers from it in two issues.
Firstly, the dependencies on carrier energy of the rate of one-photon absorption [6] and the
impact ionization rate [7] are taken into account. Secondly, for simpler accounting for energy
levels above the top one (the top level in the MRE model) an averaged energy level with
unﬁxed energy εa is introduced. This level is characterized by the full population above the
top level ρa and the energy density ua = ρa εa .
The improved model demonstrates an achievement the melting threshold of the silicon
lattice under excitation by 200-fs 4.4-µm laser radiation with ﬂuence of 0.05 J/cm 2 , whereas
the MRE model does not. A signiﬁcant diﬀerence (more than 10 %) between two models
in deposited energy density is for laser ﬂuence more than 0.02–0.03 J/cm 2 . In addition, the
more laser wavelength, the lower this laser ﬂuence. Therefore, applying mid-infrared laser
ﬁeld requires the improved model for conduction band dynamics in crystals.
This research was partially supported by the Russian Foundation for Basic Research
(Project № 19-29-12030). K. V. Lvov is a scholar of the Foundation for the Advancement of
Theoretical Physics “BASIS”.
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Under the excitation of natural diamond in the pre-ﬁlamentation regime with using ultrashort laser pulses with a wavelength of 515 nm and a variable duration of 0.3–12 ps, but with
ﬁxed intensities (0.03, 0.06, 0.12 and 0.24 TW/cm2 ) or energy densities (0.16, 0.32 J/cm2 )
in the spontaneous Raman spectrum, dynamic transformations of the line shape of triply degenerate Γ-point optical phonon were observed, which can be attributed to local mechanical
stresses in the focal region.
For observation transformations of the line shape of triply degenerate Γ-point optical
phonon we used the second harmonic of a femtosecond ytterbium ﬁber laser (Satsuma) with
a wavelength of 1030 nm, a variable duration of a positively chirped pulse τ ≈ 0.3 − 12 ps.
Laser radiation was focused at a depth of 200 µm under the surface of a 2 × 2 × 2-mm natural
diamond cube of the Iab type by using of a micro-objective with NA = 0.25. The measured
radius of laser spot was R1/e ≈ 1.8 µm. The excited photoluminescence of the visible range
(500–700 nm) and the Raman signal at a wavelength of 552 nm (wavenumber of 1332 cm−1 )
were collected in the lateral scattering scheme by a quartz–ﬂuorite micro-objective (NA =
0.2) and were then focused on the input slit of a spectrometer with an Andor CCD camera
with an electron gate and a brightness ampliﬁer. To analyze the dynamic eﬀects of interaction
electron-hole plasma with material, Raman spectra were recorded at a ﬁxed peak intensity.
To analyze cumulative eﬀects, Raman spectra were recorded at a ﬁxed energy density of
ultrashort pulses.
As a result, to analyze in more detail time and energy eﬀects of transformation of the
optical phonon spectrum, we plotted the intensity–duration diagram for ultrashort pulses
(Fig. 1). Such diagnostic of mechanical stresses in the bulk of diamond can clarify the nature
of local structural transformations of optical centers in the bulk of a material under the action
of ultrashort laser pulses.

Figure 1: Conditional intensity–duration diagram [1]
This work is funded by the grant of Russian Science Foundation (project № 21-79-30063).
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Focusing of laser pulses is widely used for laser processing and creation of microstructures
inside dielectric materials. Often it is necessary to control the spatial intensity distribution in
focused laser beam with high accuracy in order to ensure maximum processing eﬃciency of
modiﬁed medium, and to obtain the necessary threshold value of the laser radiation intensity
and the local energy deposition in the focusing region [1]. When radiation propagates through
any real optical system, wavefront aberration distortions inevitably occur causing an intensity
redistribution in the laser beam [2].
In this paper, the inﬂuence of focusing parameters on the intensity distribution in a laser
beam focused into a diamond sample is investigated. The simulation of the propagation of a
focused laser beam was carried out using the Zemax program. The conducted studies have
shown that with increasing depth of focusing into the material, the beam distortions caused
by aberrations during the passage of a focused laser beam through the air-diamond boundary
increase. Therefore, when calculating the parameters of a focused laser beam, aberrations
should be taken into account.
The reported study was supported by RFBR, project No. 21-79-30063.
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The interaction of femtosecond laser pulses with dielectrics is of great interest from the
point of view of fundamental physics and applications. When intense laser pulses interact with
a dielectric, permanent structures can form in the volume of the material, which arise due to
near-ﬁeld scattering and plasmonics. Bulk structures in this case are defects from subwavelength periodic structures resembling LIPSS (laser-induced periodic surface structures) with
a changed refractive index. The most promising technologies include information recording,
optical elements, waveguides, diﬀraction gratings, etc (ﬁg. 1).

Figure 1: Birefringent structures in the volume of fused silica (optical image in parallel and
crossed polarizers).
Thus, in this paper, we report the ultrashort laser generation of structures with birefringence in the bulk of dielectrics. The structures were obtained by irradiation with laser pulses
of various durations, pulse energies, and wavelengths of 515 and 1030 nm. The phase shifts
and dimensions (longitudinal extension) of the obtained structures in the bulk of the dielectric
were measured [1].
These and other additional studies shed light on subsequent microscopic processes underlying the formation of bulk birefringent structures in other dielectrics [2].
The study was supported by a grant from the Russian Science Foundation (project No.
20-71-10103).
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Phase-changing materials based on Ge2 Sb2 Te5 (GST225) chalcogenides are well known for
the simplicity and speed of switching between crystalline and amorphous phases when exposed
to external pulses (thermal, low-frequency electrical, optical), which ensures a continuous
growth of interest in these materials in recent decades. It is known that laser-induced periodic
surface structures (LIPSS) can be produced on the surface of amorphous GST225 thin ﬁlms
under the action of ultrashort laser pulses [1]. These LIPSS have the form of repetitive equal
amorphous and crystalline lines that appear due to local crystallization of the ﬁlm at the
maxima of the interference pattern formed during the interaction of the incident beam and
the surface plasmon-polariton wave. In this work, we study periodic two-phase structures on
GST225 ﬁlms, scale them up by scanning the ﬁlm surface with a laser beam, and demonstrate
the diﬀraction behavior of the formed two-phase gratings.
The 130-nm-thick ﬁlms of amorphous GST225 were produced by a dc magnetron sputtering. We used a femtosecond laser system with a wavelength of 1030 nm. The pulse duration
did not exceed 300 fs; the repetition rate was 25 or 200 kHz. It was shown that the amorphous
and crystalline bands are oriented perpendicular to the polarization of the light beam, and
their period corresponds to the wavelength. The diﬀerence in heights between the ridges of
the amorphous GST225 and the valleys of the crystalline GST225 phase does not exceed 10
nm.
The ability to record an elongated area ﬁlled with LIPSS was demonstrated by scanning
the laser beam. It was shown that microstructuring of the surface occurs during scanning
both along and perpendicular to the direction of polarization of the laser beam. In this
way, high-quality periodic structures up to several mm long were obtained, consisting of
amorphous-crystalline lines oriented perpendicular to the polarization of light beam Due to the
large contrast in the reﬂectance between the amorphous and crystalline phases, the recorded
structures are reﬂective diﬀraction gratings. The formation of a diﬀraction pattern upon
reﬂection from these gratings was observed and simulated. The simulation and experimental
results were found to be in good agreement.
This study was supported by the Russian Foundation for Basic Research (project no.
20-03-00379).
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Diamond is a material that has a combination of unique mechanical, optical, thermal and
electrical properties due to which it is in demand in many applications [1]. A fundamental
and practically signiﬁcant task is to study the dynamics and relaxation of the electron-hole
plasma in diamond during its irradiation with femtosecond laser pulses [2].
In this work, we studied plasma transport at (sub) picosecond times by measuring the
lateral sizes of single-shot pulse craters obtained on the diamond surface as a function of
the duration of an ultrashort laser pulse (0.3–10 ps) when focusing through a lens with a
numerical aperture of NA=0.65.
This work was supported by Russian Science Foundation (grant # 21-79-30063).
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Diamond is a mineral with unique physical and chemical properties; its high refractive
index makes it extremely attractive for use in the jewelry industry. Important problem is the
diagnostics of uncut diamonds and the measurement of their optical properties. One of the
promising solution is using the immersion media with a refractive index close to that of a
crystal. This ability allows identifying microscopic defects that are not noticeable during an
optical examination of a crystal in air [1].
In this paper, we checked the possibility of using immersion for diamond in the visible and
IR ranges based on ZnSe, which has a refractive index close to that of diamond.
This work was supported by Russian Science Foundation (grant # 21-79-30063).
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In recent years, ultra-short pulses have attracted the attention of many researchers in the
ﬁeld of optical imaging. These pulses, through the saturation of absorption and change in the
frequency distribution of the pulse, can aﬀect the interaction of light with the target matter
and to a good extent solve the important challenge of attenuating light in the matter. Recent
studies based on the analysis of the frequency distribution of the pulse, have shown that the
attenuation probability, which is the superposition of the frequency distribution of the pulse
and the attenuation of matter, can undergo signiﬁcant changes in the ultra-short pulse regime.
As a result, in some matters where the attenuation coeﬃcient for lateral frequencies is greater
than the attenuation coeﬃcient of the central frequency, decreasing the pulse width in the
ultra-short regime leads to an increase in attenuation, while for matters with a lower attenuation coeﬃcient at lateral frequencies, the pulse width reduction reduces the attenuation.
In this talk, the light attenuation coeﬃcient in terms of pulse width for two phantoms with
diﬀerent characteristics has been reported theoretically and computationally by semiclassical
method, and the eﬀect of changing the pulse width in optical imaging methods such as optical
coherence tomography (OCT), photoacoustics tomography (PAT) time-resolved tomography
and two photon microscopy has been investigated.
This work is based upon research funded by Iran National Science Foundation (INSF)
under project number 98029460.
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Precise thermometry inside biological organisms with high spatial resolution is the foreground problem1, since temperature is the most fundamental factor regulating all chemical reactions in vivo. Here we present all-optical measurement of temperature with high-resolution
based on germanium-vacancy GeV color center in diamond. This method opens a way to produce microscale back-action-free temperature measurements in a wide range of temperatures.
Living are likely to change their internal temperature during such natural processes as
gene expression, division etc. Therefore, precision cells thermometry opens the door for
understanding intra-cell chemistry. However, most biological temperature changes expected
be transient, due to interactions with its environment. Hence, detecting this temperature
change is quite challenging.
We present the systematic study of GeV spectra and diﬀerent samples demonstrating
similar behavior of zero-phone line with temperature for microscale. Based on these studies
we demonstrate all-optical thermometry with resolution well below 10mK. Achieved resolution
together with chemical and physical inertness of udiamond passes the way for understanding
of thermal function of living organisms and cells.

Figure 1: High-resolution temperature dependence of the GeV center zero-phonon line position
with 10 second integration time at each point. And principal implementation in mircoscale.
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Bacterial bioﬁlms represent a huge danger in the modern world, which is associated with
their high resistance to antibiotics and various disinfectants [1]. In the environment, bioﬁlms
are most often formed by several types of bacteria, and not by one, thereby forming mixed
bioﬁlms. Therefore, the study of such bioﬁlms, ﬁrst of all, is of great fundamental and practical
importance [2].
In this work, the antibacterial eﬀect of copper subgroup metal nanoparticles obtained
by laser ablation on mixed bacterial bioﬁlms of gram-positive and gram-negative foodborne
pathogens was investigated.
The research was supported by the Ministry of Science and Higher Education of the
Russian Federation (Project No. 075-15-2020-775).
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The incidence of the population of Russia with malignant skin lesions occupies one of the
leading places among all malignant tumors. Morbidity statistics testify to the insuﬃcient
eﬀectiveness of the methods and tools used in clinical practice for the early diagnosis of
malignant skin tumors [1-3]. Therefore, a promising way to solve this problem is the use of
2-D scanning confocal photoluminescence and Raman microspectroscopy with excitation in
the visible - near infrared ranges (405, 532, 785, 1064 nm) [4, 5].
In this work, we developed and tested an original technique for recording 2-D maps of
luminescence and Raman spectra in vitro skin lesions, in normal and pathological conditions.
We also analyzed 2-D maps of the luminescence and Raman spectra of pigmented skin lesions
in vitro, in normal and pathological conditions, upon excitation at diﬀerent wavelengths (405,
532, 785, 1064 nm).
It is shown that Raman microspectroscopy with the original analysis of Raman spectra
has high sensitivity and speciﬁcity. Thus, this method can be eﬀectively used as an objective
non-invasive method for diagnosing skin lesions, which allows, without disturbing the skin,
to identify the characteristic pathomorphological signs of malignant skin lesions, including
features of histological types, which greatly facilitates the diﬀerential diagnosis and veriﬁcation
of skin lesions.
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Nanostructured Au and Ag ﬁlms on Si substrate demonstrate high antibacterial eﬀect
against food pathogens S. aureus and P. aeruginosa under 6-V voltage exposition for 15 min.
Nanostructures on metal ﬁlms were formed by laser ablation (ﬁber laser Satsuma, Amplitude
systems, wavelength 1.03 µm, pulsewidth 300 fs). A 5×5 mm2 array of microspots was written
by raster-scanning of the focused laser beam (spot 10 µm) across the sample surface with speed
vscan = 25 mm/s, pulse repetition rate f = 2 kHz, ﬁlling 0.05 lines/mm, average pulse energy
E ≈ 2 µJ and 3.5 µJ for Au and Ag ﬁlm ablation, respectively. Electrical resistivity of the
nanostructured area increased up to ∼ 20 times. Constant voltage 6 V was applied to the
sample, which corresponds to the current of ∼ 70 mА through the metal-semiconductor-metal
transition (Fig. 1a).

Figure 1: Schematic representation of experimental setup (a) and SEM image of the sample
with P. aeruginosa bacteria after the exposure at U = 6 V (b).
Visualization of the control samples by scanning electron microscopy showed that after the
treatment of samples with 6 V voltage bacteria formed conglomerates along the nanostructured areas of silver ﬁlm (Fig. 1b), which is caused by electro-taxis eﬀect - negatively charged
bacteria in, aﬀected by electric ﬁeld, are moving away from negatively charged electrical
contact with metal ﬁlm.
The observed eﬀect is caused by emerging of submicron, laterally periodical static electric
and magnetic ﬁelds, adjacent to metal ﬁlm, causing the abrupt voltage drops, which induce
the hyperpolarization of the cell membrane and increase its permeability, resulting in the
formation of pores (electroporation) in the membrane and the subsequent apoptosis of the
bacterial cell.
This research was funded by Russian Science Foundation (project № 22-25-00185).
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Inactivation of pathogenic bacteria by mid-IR radiation
S. N. Shelygina1 , V. O. Kompanets2 , M. P. Frolov1 , E. R. Tolordava1,3 , S. I. Kudryashov1 ,
Y. K. Yushina4 , A. A. Ionin1 and S. V. Chekalin2
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The emergence of new forms of pathogenic bacteria, the development of their antibiotic
resistance, as well as the growing requirements for the environmental friendliness of disinfectants require the search for new approaches to disinfection. Current antimicrobial methods
have their drawbacks. For example, traditionally used ultraviolet radiation has a mutagenic
eﬀect, some types of nanoparticles are toxic and can accumulate in the body, chemical disinfectants are toxic to humans and the environment. The use of mid-IR radiation makes
it possible to overcome the above limitations, namely: to carry out direct inactivation of
pathogenic bacteria in the absence of mutagenic eﬀects.
In this work, we investigated the possibility of inactivation of pathogenic bacteria by
exposing it to femtosecond and nanosecond laser pulses of mid-IR range a low average power
and wavelength of 3 and 6 µm. Mechanism of inactivation is the selective denaturation
of functional proteins of bacteria as a result of the destruction of hydrogen bonds, which
responsible for the secondary and tertiary structure [2]. The dynamic transmission spectra
of femtosecond laser pulses show the presence of a blue shift, indicating the destruction of
hydrogen bonds. The mechanism of denaturation by mid-IR radiation was conﬁrmed by
model experiments with DNA and RNA. Results of microbiological investigated showed a
decrease of the number of colony-forming units depending on peak intensity of laser pulses.
The research was supported by the Ministry of Science and Higher Education of the
Russian Federation (Project No. 075-15-2020-775).
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Ultrafast laser fabrication of multifunctional glass microﬂuidic chips
Jian Xu1 and Ya Cheng1,2
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As one of the most representative substrates for microﬂuidic chips, glass has distinct advantages in terms of its good optical transparency, chemical stability, and biological compatibility. By focusing the ultrafast laser beam inside the glass, spatially selective modiﬁcation
of the glass interior can be created under proper conditions. With subsequent selective chemical etching of the modiﬁed glass, three-dimensional (3D) fabrication of hollow structures
embedded in glass can be realized. However, due to the inherent limitation of laser-induced
etching selectivity of glass, the manufacture of 3D customized, large-scale, and high-precision
microchannel structures using conventional ultrafast laser-assisted etching of glass remains a
challenge, which hinders practical applications of laser-manufactured glass microﬂuidic chips.
In this talk, we present some new progress on ultrafast laser fabrication of microchannels in
fused silica glass, such as polarization-insensitive space-selective etching based on picosecond
laser irradiation [1], manufacture of large-scale and high-precision microchannels using ultrafast laser-assisted chemical etching combined with carbon dioxide laser irradiation [2], and
centimeter-length, 10 µm diameter circular microchannels enabled by spatially shaped femtosecond laser pulses [3]. Further, multifunctional microﬂuidic applications of fabricated glass
chips such as 3D mixing [4], free-ﬂow electrophoresis [5], temperature-control microﬂuidics [6],
and optoﬂuidic waveguides [3] are demonstrated.
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Antibacterial properties of electroactive nanostructured metal ﬁlms
D. A. Zayarny, S. I. Kudryashov, E. R. Tolordava, A. A. Nastulyavichus, I. N. Saraeva,
L. F. Khaertdinova, S. N. Shelygina, N. I. Busleev and A. A. Ionin
P. N. Lebedev Physics Institute of Russian Academy of Sciences, Moscow, Russia
e-mail: zayarniyda@lebedev.ru

Eﬀective antibacterial properties against Salmonella typhimurium strain were observed
during a weak electric ﬁeld (≤ 6.5 V) exposure of laser-nanostructured metal (Au, Ag, Pd)
ﬁlms, magnetron-sputtered on monocrystalline silicon. An array of microdots (Fig. 1, a)
was written on one side of metal-coated Si wafer by fs laser ablation (ﬁber laser Satsuma,
Amplitude systemes, λ = 1030 nm, τ = 300 fs, f = 500 kHz, energy 10 µJ). Bacterial culture
was put on the nanostructured or smooth metal ﬁlms in form of 10-µl drops and subjected
to voltage for diﬀerent time. Processed samples were then moved to the separate test tubes
with saline and shaken intensively for 30 min. The resulting suspension was cultured on the
dense nutrient medium and was put in the thermostat for 24h at temperature 37 ◦ C. After
24h bacterial colony was counted for the deﬁnition of CFU number and the recalculation to
CFU/ml value (Fig. 1, b).

Figure 1: (a) – SEM image of microspots on the Ag ﬁlm surface; (b) - CFU table of nanostructured (NS) and initial ﬁlms on silicon (Si) and glass substrates with Ag, Au, Pd ﬁlms,
additionally covered by dielectric ﬁlms (CuO) with and without exposure to voltage.
For Pd ﬁlms without NS we observed a moderate antibacterial eﬀect (10 2 CFU/ml), which
enhanced (103 CFU/ml) after the sample exposition to 6.5 V. Magnetron sputtering of the
additional (< 500 nm) copper oxide layer on the Au structured ﬁlm, which was used as a
non-conducting covering, did not diminish antibacterial eﬀect, which allows concluding that
bactericidal properties of the structures are not connected to the contact electric interactions
between metal ﬁlm and bacteria. The main eﬀect in the bactericidal properties is caused
by the laser-written array of microspots with the periodical electric resistivity, resulting in
bacteria electroporation [1].
This research was funded by Russian Science Foundation (project № 22-25-00185).
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