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Status of SEL-100PW laser facility Project 

Jianda Shao 
Shanghai Institute of Optics and Fine Mechanics, China

Development of ultra-intense and ultrafast lasers 
have promised scientists with unprecedented extreme 
physical conditions and new experimental techniques. In 
2017, the Station of Extreme Light (SEL) project was 
approved and is under construction at Shanghai now. In 
parallel, the invention of X-ray free electron laser (XFEL) 
has broad applications in many disciplines including bio-
science and material science. XFEL is a light source of-
fering outstanding resolution in space, time, energy and 
momentum, providing an ideal probe for high energy 
density state. The SEL project is the product of the mar-
riage of the most two powerful lasers 100 PW optical 
laser and hard XFEL, for quantum electrodynamics 
(QED) physics and other high energy density physics 
researches [1], powered by the unprecedented capability 
first in the world. 

In this project, a 100 PW laser facility based on all 
optical parametric chirped pulse amplification (OPCPA) 
will be developed, which can provide the focused inten-
sity of more than 1023 W/cm2. Benefiting from small 
thermal effect, broad gain bandwidth and the availability 
of large aperture devices, OPCPA pushes forward the 
development of hundred-level PW laser systems (project 
or in plan), such as OPAL-75PW [2], XCELS-200PW 
[3], GEKKO-EXA [4] and ELI-200PW. And the SEL-
100PW is also based on OPCPA, which will deliver  
1.5 kJ energy in 15 fs pulse width. As we know, DKDP 
crystal is one of the few nonlinear crystals which can be 
grown to large size with over 400 mm and has been used 
in the inertial confinement fusion (ICF) laser facilities. So 
DKDP based OPCPA is a promising approach for the 
generation of the hundred-level PW femtosecond laser. 
Studies showed that non-collinear optical parametric am-
plifiers (NOPA) comprised of DKDP produce broadband 
gain for supporting pulses as short as 10 fs centered near 
920 nm. 

The SEL project has been approved by Chinese gov-
ernment in 2017 and is under construction since April, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2018. According to the schedule, the facility will be com-
pleted in 2027 and then open to users. At present, most of 
engineering designs have been finished, and the frontend 
of the facility is being developed which can be regarded 
as a small prototype of the SEL facility [5]. 

The repetition-rate OPCPA consists of three OPCPA 
stages: the first stage amplifiers the seed energy from  
0.01 mJ to 10 mJ with pump energy of 100 mJ at 100 Hz, 
corresponding to an energy gain of 1000. The second 
stage further boosts the energy to 0.5 J with the pump 
energy of 2 J at 1Hz, corresponding to a gain of more 
than 50. And the third stage will increase the chirped 
pulse energy to 5 J with pump energy of 25 J. These 
OPCPAs are all based on LBO crystals. After three stage 
OPCPAs, the laser pulses are amplified to over 5 J with 
~25 J pump energy, which can meet the design very well. 
And output full spectrum width keeps 200 nm, which can 
support a Fourier transform limited compressed pulse 
width of ~13 fs. And this prototype system will be in-
stalled as the frontend for SEL-100PW. 

In addition, the optical components such as the coat-
ing, DKDP crystal and grating is under researching and 
development which will be also reported in this talk. 
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Efficient solution of physical problems using modern methods: 
neural networks, tensors, hybrid approaches? 

Ivan Oseledets 
AIRI; Skoltech, Russia 

Numerical modelling of complicated physical phe-
nomena with computers has a very long story. If we know 
the governing equations, this typically leads to the numer-
ical solution of systems of partial differential equations 
(PDEs) in two, three and more dimensions. This is also a 
very well-developed field: finite element, finite difference, 
finite volume methods. Many challenges are also present, 
especially for high-dimensional and non-stationary prob-
lems and modeling can take a lot of time. On the other 
hand, the models themselves can also be inaccurate, lead-
ing to bad predictions. A good example are climate mod-
els, where many terms in the equations are determined 
empirically.  

The rise of machine learning / artificial intelligence 
techniques from 2012 make it very tempting to adapt 
those techniques for the numerical solution of PDEs. The 
use of neural networks to approximate the solution direct-
ly has a long story, and has been tried many times; now it 
has a new rise under then name ‘physics-informed neural 
networks’ or PINNs, which are just the idea of approxi-
mating the solution of a given PDE by a neural networks. 
If we want to learn not the solution of a PDE, but an in-
verse operator, which approximates the data → solution 
map, a pioneering work is the work on so-called Fourier 
Neural operators (FNO) which has been proposed recently, 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and has attracted numerous attention and follow-up ap-
proaches. 

Finally, there are quite a few tasks, where one has to 
combine the solution of a PDE with learning part of the 
parameters; a recent DeepMind paper on climate modeling 
in Nature is a step in this direction. 

The current state of the field is very interesting: from 
one hand, we have people from machine learning that 
claim that new methods are ‘100x – 100 000x’ faster, than 
the classical ones; from the other side, people that work 
with real applications are not often impressed, because 
such models are difficult to learn, do not come with the 
same approximation, stability and convergence guarantees 
as the classical numerical methods and when compared 
with the numerical methods of the same quality, often 
loose.  There is a movement of two communities towards 
one each other, which results in the development of hybrid 
approaches that combine the best of both words: ad-
vanced, nonlinear function approximation and classical 
physics and its properties. A lot of challenging problems  
results and achievement lie ahead. In this talk I will give: 

a) overview  of the basic concepts and definitions; 
b) Outline current successful applications 
c) Specify challenges. 
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Formation and stability of magnetic filaments in convective zone of the Sun 
E. A. Kuznetsov1,2,3 and E. A. Mikhailov1,3,4 

1 Lebedev Physical Institute of RAS, Moscow, Russia; 
2 Landau Institute for Theoretical Physics of RAS, Chernogolovka, Russia; 

3 Skolkovo Institute of Science and Technology, Moscow, Russia; 
4 Physics Department, Lomonosov Moscow State University, Moscow, Russia 

As is well known, magnetic fields in space are dis-
tributed very inhomogeneously. Sometimes field distribu-
tions have forms of filaments with high magnetic field 
values. As many observations show, such a filamentation 
takes place in convective cells in the Sun and another 
astrophysical objects. This effect is associated with the 
frozenness of the magnetic field into a medium with high 
conductivity that leads to compression of magnetic field 
lines and forming magnetic filaments. Based on the gen-
eral consideration of the convection top flows only, with-
out knowledge of the cell structure, we demonstrate that 
the magnetic field intensifies in the regions of downward 
flows in both two-dimensional and three-dimensional 
convective cells. These regions of the hyperbolic type 
play a role of a specific attractor for the magnetic field. 
This theoretical analysis was confirmed by numerical 
simulations for 2D convective cells of the roll-type. 
Without dissipation the magnetic field grows exponen-
tially in time and the growth rate does not depend on the 
aspect ratio between horizontal and vertical scales of 
a cell. An increase due to compression in the magnetic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

field in the high conductive plasma is saturated due to the 
natural limitation associated with dissipative effects when 
the maximum magnitude of the magnetic field is of the 
order of the root of the magnetic Reynolds number Rem. 
For the solar convective zone Rem is about 106−108, and 
the mean kinetic energy density exceeds mean magnetic 
energy density at least for two orders of magnitude that 
allows one to use the kinematic approximation for the 
MHD induction equation. On the basis of the stability 
analysis we explain why downward flows influence mag-
netic filaments by making them flatter with orientation 
along interfaces between convective cells [1]. 
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Extreme field physics and the 10/100 PW lasers at SIOM 

Liangliang Ji 
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai, China, jill@siom.ac.cn 

The peak intensity of petawatt lasers on target has 
approached or even reached 1022 W/cm2, bringing new 
opportunities for the development of laser particle accel-
eration. Currently, the Shanghai Ultra-intense and Ultra-
short Laser Facility (SULF) is in normal operation, with 
its 10-petawatt laser experimental platform providing on-
target peak power reaching several petawatts. By using 
new types of targets such as micro- and nanostructures, 
the cutoff energy of protons has been effectively in-
creased to beyond 60 MeV [1]. The acceleration efficien-
cies over 8% have been achieved [2]. A comparison be-
tween experiments and simulations reveals that the large-
charge electron beams generated by direct laser accelera-
tion in micro- and nanostructures are the primary reason 
for achieving efficient proton acceleration. Additionally, 
through the interaction of the 10-petawatt laser with high-
density gas targets, a hybrid acceleration mechanism has 
produced hundreds of MeV electron beams with charges 
of several tens of nC. These experimental results provide 
guidance for further improving the energy and efficiency 
of particle acceleration and lay a significant foundation 
for their application in fields such as laser nuclear physics 
and high-energy density physics. 

A new 100PW laser station is also under construction 
by SIOM. The design, manufacturing and installation of 
the experimental vacuum chamber has been finished. 
Here the 100PW laser will collide with hard XFEL pulse 
to measure the “vacuum birefringence” effect [3], which 
relies on the materialization of quantum vacuum under 
extreme laser fields. Based on these ultra-intense lasers, 
we pointed out via strong-field QED theory and simula-
tions that the efficient gamma-emission, electron-poistron 
pair production and high energy particles with quantum 
vortex states [4] can be achieved. For the latter, the 
wavefunction of relativistic electrons can be twisted using 
intense lasers, leading to vortex electrons carrying large 
orbital angular momentum, providing a novel source for 
particle and nuclear physics. 
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Fig. 1. Acceleration of protons beyond 60 MeV  

with SULF laser 

 
Fig. 2. Measuring vacuum birefringence using 100PW laser 

colliding with XFEL 

  
 

Fig. 3. The generation of relativistic quantum vortex electrons 
with circularly-polarized intense laser pulse 
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Superheavy elements at JINR, Dubna 

Alexander Karpov 
Flerov Laboratory of Nuclear Reactions, JINR, Dubna 

The journey to the borders of the world of atoms and 
nuclei began about 80 years ago and continues to this 
day. During this time, 24 artificial elements heavier than 
uranium were synthesized and they found their places in 
the Periodic Table of Chemical Elements. Over the past 
twenty years, outstanding success has been achieved in 
the synthesis and study of the properties of superheavy 
elements (SHE) of the Periodic table, as well as in under-
standing the laws governing nuclear reactions leading to 
their formation. These results obtained primarily at the 
Joint Institute for Nuclear Research (JINR) in Dubna, 
gave a powerful impetus to the development of this area 
of nuclear physics. 

Until now, fusion reactions at energies near the Cou-
lomb barrier have remained the only method for produc-
ing superheavy nuclei. In the reactions of the so-called 
"cold" fusion, based on the use of strongly bound lead 
and bismuth nuclei as a target, it was possible to synthe-
size SHE up to the atomic number Z = 113. The cross 
sections for "cold" fusion reactions fall extremely rapidly 
with an increase in the mass of the projectile nucleus. 
A record low cross section of about 0.08 pb was achieved 
in the synthesis of the element nihonium (Z = 113) by 
irradiation of the 209Bi target with 70Zn ions. 

The cross sections for SHE formation are much high-
er when more asymmetric and “hotter” reactions of fu-
sion of 48Ca nuclei with actinides are applied. Using the 
hot synthesis method, JINR has succeeded to discover six 
new elements with Z = 113–118 and more than 50 new 
isotopes of heaviest elements from 104 to 118. Element 
118 – oganesson completes the seventh period of the Pe-
riodic table and is currently the heaviest known. These 
experiments were performed at the Dubna gas-filled re-
coil separator (DGFRS-1) utilizing 48Ca beams provided 
by the U400 cyclotron. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Despite the fact that the hypothesis of the existence 
of an island of stability of SHE can already be considered 
experimentally proven, a number of fundamental ques-
tions remain unclear. What are the boundaries of the SHE 
stability island? How long do the nuclei in its center live? 
What reactions should be used to synthesize the longest-
lived nuclei of the island of stability? The synthesis and 
study of the properties of new SHE and their isotopes 
continues in the world's leading centers, which is associ-
ated with the development of an experimental base. At 
JINR, a record-breaking new-generation accelerator 
complex has been commissioned – the world's first Su-
perheavy Element Factory, which should become the 
center of future SHE research [1, 2]. The basic facility of 
the SHE Factory is the high-current cyclotron DC-280 
providing beams of 48Ca up to 10 pμA (6×1013 s–1). To-
day, earlier discovered superheavy elements have become 
available for a detailed study of their properties [3]. 

The synthesis of new even heavier elements and the 
related search for the limits of the existence of chemical 
elements remains an urgent task for the nuclear physics. 
Unfortunately, the heaviest available target is californi-
um. It being fused with calcium leads to element 118. In 
order to synthesize heavier elements one needs to use 
heavier beams such as titanium or chromium. 
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Gyro-devices. State-of-the-art and trends of development 

G. G. Denisov 
A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia,  

den@ipfran.ru 

A gyrotron is an oscillator – a source of powerful co-
herent electromagnetic radiation in the range of millime-
ter and submillimeter waves, using the maser effect of 
stimulated electron emission in a constant magnetic field, 
associated with the bunching of electrons in rotation 
phases due to the relativistic dependence of the cyclotron 
frequency on particle energy. The electrodynamic system 
of the gyrotron can significantly exceed the radiation 
wavelength in transverse dimensions (for example, 30 
times) while maintaining the single-mode single-
frequency generation mode, which makes it possible to 
obtain a high level of power at very high frequencies up 
to the THz range. Priority in the development of the phys-
ical principles of gyrotron operation and the creation of 
the first operating devices belongs to A.V. Gaponov-
Grekhov with his students and collaborators. 

The first and, of course, the most important object of 
application of gyrotrons is electron cyclotron heating 
(ECH) of plasma in nuclear fusion installations. Such 
experiments were started at the Kurchatov Institute and 
the Ioffe Institute in the early 70 s. Following the publica-
tion of the results of the first ECRH experiments, similar 
work was followed by large industrial companies and 
fusion laboratories around the world, so that by the early 
1990s, gyrotrons had become an established and sought-
after tool in fusion research. At the same time, interna-
tional competition among gyrotron manufacturers was 
intensified due to the entry of the Russian company 
GYCOM Ltd into the world market, which offers devices 
with “more advanced parameters.” Despite this relative 
progress, at the beginning of the International Thermonu-
clear Experimental Reactor (ITER) project, the gyrotron 
was considered by the expert community only as a radia-
tion source for initiating plasma in a tokamak due to its 
parameters (maximum power, limited pulse duration, 
generation efficiency, high cost of power density of the 
device ) and the gyrotron was inferior to sources of other 
methods of heating and current generation – ion cyclotron 
and lower hybrid heating, injection of neutral beams. In 
subsequent years, gyrotron developers solved a number 
of key problems – the development of highly efficient 
operating mode converters, energy recovery systems, 
diamond radiation output windows – which remove the 
above-mentioned limitations and determine the construc-
tion of the modern gyrotron for thermonuclear research. 
Currently, gyrotrons are capable of continuously (genera-
tion duration more than 1000 seconds) generating coher-
ent radiation with a power of up to one megawatt in the 
frequency range (70–170) GHz with an efficiency of 
more than 50 percent. 

 

A number of large-scale fusion facilities are equipped 
now with multi-megawatt ECRH complexes based on 
similar gyrotrons. The ITER installation under construc-
tion is planned to include 24 MW gyrotron complex with 
a frequency of 170 GHz, the supply of which should be 
provided by Japan (8 gyrotron systems), Russia (8), EU 
(6), India (2). Gyrotrons developed in Russia and Japan 
fully comply with the ITER specification. As part of Rus-
sian cooperation between the IAP RAS and GYCOM, 
8 gyrotron systems have already been manufactured, 
which have been accepted by an international organiza-
tion. In terms of readiness, the ECRH complex is ahead 
of the ion-cyclotron heating and neutral injection com-
plexes created at ITER. The ECRH is also currently being 
considered as the primary means of plasma heating and 
current generation in the DEMO fusion power demonstra-
tion prototype designs, which will require significant 
progress in the development of gyrotron physics and 
technology to provide the required frequency increases 
(up to 230–240 GHz) and the desired power increase, 
efficiency and reliability. 

The report provides a brief overview of the operating 
principles, current state and parameters of megawatt 
gyrotrons produced in the world. The presented research 
results are aimed at increasing the generation power, cre-
ating multi-frequency gyrotrons, and further advancement 
in the terahertz range. Options for ensuring stable single-
mode oscillation in essentially multimode systems by 
locking the frequency (phase locking) by an external sig-
nal are considered, which in principle opens up also the 
possibility of coherent radiation from many gyrotrons. 

Some examples of non-thermonuclear applications of 
gyro devices in plasma physics and plasma technologies 
are also given: high-current ECR ion sources, ceramic 
sintering, extreme ultraviolet light sources, high-speed 
deposition of diamond films and single crystals, THz 
microwave sources for spectroscopy, power amplifiers 
for modern radars and communications. The use of 
broadband gyro-amplifiers in combination with a nonlin-
ear saturating absorber in the feedback circuit allows for a 
very interesting oscillation mode, similar to passive 
mode-locked lasers: a device with a continuous electron 
beam produces a sequence of very short coherent pulses 
with high power, which can exceed the average power of 
the electron beam. 
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Key technologies for XCELS 

M. V. Starodubtsev 
A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia,  

mstar@ipfran.ru 

The XCELS (eXawatt Center for Extreme Light 
Studies) project [1] aimed to create a large scientific in-
frastructure based on lasers with giant peak power. The 
planned infrastructure will include a unique 12-channel 
light source with a total peak power of 600 PW. The pro-
ject relies on the significant progress achieved in the last 
decade in creating extremely high peak power femto-
second laser systems. The talk will provide an overview 
of the key technologies underlying the XCELS project, 
which include optical parametric chirped pulse amplifica-
tion; ultra-wideband phase matching of parametric ampli-
fication around the 910 nm wavelength discovered in 
DKDP (KD2PO4, deuterated potassium dihydrogen phos-
phate) crystals; and the use of a wide-aperture neodymi-
um glass slab laser with multikilojoule pulse energy for 
pumping the parametric amplifier. 

Each of the 12 identical laser channels will produce 
20 fs pulses of kilojoule energy, corresponding to a peak 
power of 50 PW in each channel. When using F/1 focus-
ing optics, the peak intensity achieved when focusing one 
laser channel will be on the order of 0.44×1025 W/cm2. 
All 12 beams will be directed to the main target chamber, 
in which they are focused in a dipole geometry with the 
focal intensity of almost 1026 W/cm2. The pulses are as-
sumed to be coherently combined, which will increase the 
focal intensity to 3.2×1026 W/cm2. Thus, the XCELS pro-
ject implies the creation of a unique laser system with 
record-breaking total power, while the multichannel na-
ture of the XCELS laser system enables to achieve the 
highest possible laser field intensity at the focal point. 

The interaction of such intense laser radiation with 
matter and even with vacuum represents a completely 
new fundamental physics. The direct study of the space–
time structure of vacuum and other unknown phenomena 
at the frontier of high-energy physics and the physics of 
superstrong fields will be challenged during the proposed 

experiments at the XCELS laser facility; its multi-channel 
architecture will also be actively used in the proposed 
experimental program. Thus, one of the most important 
goals of the XCELS project, which is of fundamental 
importance, is research in the field of the physics of 
strong EM fields, including the quantum electrodynamics 
(QED) processes in a strong laser field. Among such 
QED effects, we can single out vacuum polarization in a 
strong EM field, QED cascades, plasma dynamics with 
allowance for QED effects, etc. 

In addition to QED effects, the experimental program 
of the project presents experiments aimed at generation 
and acceleration of particles; generation of secondary EM 
radiation; laboratory astrophysics; high energy density 
(HED) processes; diagnostics of HED plasmas and ultra-
high-intensity laser fields; and other phenomena.  

Expected applications will include the development 
of compact particle accelerators, the generation of 
ultrashort pulses of hard X-ray and gamma radiation for 
material science enabling one to probe material samples 
with unprecedented spatial and temporal resolution, the 
development of new radiation and particle sources, etc. 
Moreover, additional channels can be used both for diag-
nostic purposes and for generating intense fluxes of sec-
ondary radiation and particles, which may be needed in 
various experiments. Thus, a number of experiments are 
possible at the XCELS facility, which are inaccessible for 
other facilities, both existing and under construction.  
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High intensity ion beams for HIAF: challenges and perspectives 
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High Intensity Heavy-ion Accelerator Facility, HIAF, 
is one of the next-generation heavy ion accelerators, the 
major scientific goals of which are to explore the frontiers 
of nuclear physics [1]. It is expected that the facility can 
deliver heavy ion beams with unprecedented intensities to 
the experimental stations both in CW mode and in pulsed 
mode. To attain the expected beam intensities, it requires 
the ion source to produce very extensive high-charge-
state ion beams, which is one of the most critical and also 
challenging components of HIAF.  

To meet the requirements of HIAF for high intensity 
heavy ion beams, the Fouth generation ECR ion source, 
FECR [2], has been under intensive development since 
2015 and has been fabricated and assembled completely  
 

this April. Now the FECR ion source is under commis-
sioning. This talk will present the latest results of the 
FECR, and the perspectives on more powerful high inten-
sity ion source solution will be discussed.  
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Decay of a strong discontinuity and current filamentation in plasma 
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The review aims at the classical problem of the decay 
of a strong plasma discontinuity and a similar problem of 
the injection of a plasma with hot electrons into a vacuum 
or a rarefied cold plasma with a magnetic field in the 
absence of significant particle collisions. The main goal is 
to elucidate the transient phenomena of the formation of 
an anisotropic electron velocity distribution leading to 
quasi-magnetostatic turbulence associated with Weibel-
type instabilities. We focus mainly on the formation and 
decay of current filaments and sheets (see, e.g., Figs. 1, 2) 
and outline the theoretical and numerical results on this 
account obtained previously for space and laser plasmas, 
especially related to the collisionless phenomena.  

 

 
Fig. 1. Two-dimensional (2D) modeling of the magnetic struc-
tures after 7.5 ps expansion of a plasma layer with hot electrons 
into vacuum (the decay of the discontinuity). The initial plasma 
density is n0 = 1.7·1022 cm–3. The horizontal and vertical axes 
correspond to the x and y coordinates respectively (given in 
microns). On the left is the simulation with an external magnetic 
field Bz = 13 T orthogonal to the simulation plane: the top panel 
shows the Bz component of the magnetic field minus the exter-
nal field (in Tesla) in color, the level lines show the plasma 
density normalized to the initial one, n/n0, with gradations of 
0.01, 0.1, 1; the bottom panel shows the Bx component of the 
magnetic field. Right panels show the same for the simulation 
with an external magnetic field Bz = 250 T 

 
We demonstrate and analyze in detail the original 

results of particle-in-cell modeling of a collisionless 
expansion of an anisotropic plasma cloud with hot 
electrons from a flat surface into a background 
magnetoactive plasma in different settings entailing [1]  

(i) a hot-electron spot of a circular or cylindrical form 
within an initial-value problem or a finite-time injection 
of electrons from the surface;  

(ii) an external magnetic field with three orthogonal 
orientations: perpendicular to the surface or along it, 
directed either across or parallel to a long axis of the hot-
electron spot; and  

(iii) inhomogeneous layers of cold background 
plasma of different spatial scales and densities.  

Bearing in mind typical laser-plasma experiments, 
we outline the development of the principal structures of 
currents and highly inhomogeneous magnetic fields 
linked with distinct forms of the anisotropic electron 
velocity distribution and sophisticated dynamics of the 
instability process for diverse sets of attributes (i)–(iii). 

 
Fig. 2. 2D modeling of the expansion of a plasma with hot elec-
trons (with initial density n0 = 1020 cm-3) into an external mag-
netic field Bx = 13 T at time t = 20 ps. Top left panel shows the 
magnetic field component Bz (in Tesla). Top right panel shows 
the magnitude of the in-plane magnetic field (in Tesla), arrows 
show the direction of the in-plane field. Lower left panel shows 
the field component Bx minus the external field. Lower right 
panel shows the logarithm of normalized plasma density 

 
Strong magnetic fields generated at the main 

transition stage are turbulent in nature, can reach, in 
typical laser experiments, mega-Gauss and higher values, 
and modify interaction between charged particles notably. 
In particular, according to the analytical estimates, 
numerical simulations and laser ablation experiments, the 
magnetic fields of self-consistent currents of cold and hot 
electrons quickly lead to the spatial separation of particle 
counter flows and suppress the beam instability of plasma 
(Langmuir) waves. This situation is qualitatively different 
from the well-studied decay of a weak plasma 
discontinuity, where the electrons obey a Boltzmann 
distribution and the formation of magnetic turbulence is 
replaced with the generation of ion-acoustic solitons.  

We discribe possible applications of the obtained 
results to the analysis of laboratory and space plasma 
problems involving an explosive development of the 
small-scale magnetic turbulence due to the filamentation 
of electric currents in the presence of a large-scale 
magnetic field and an inhomogeneity of plasma density.  
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National model of the Earth's climate system: current state, 
areas of use and development prospects 

A. S. Gritsun 
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In this report we discuss problems related to predic-
tions of the state of the Earth's climate system at various 
time intervals. The concept of “climate” and “potential 
predictability” are formulated. We discuss two general 
sources of predictability – predictability that comes from 
the right hand side and the one from information provided 
by the system initial conditions.  

We briefly describe the history of creation of the 
family of climate models INM-CM, developed at the 
Marchuk Institute of Numerical Mathematics of the Rus-
sian Academy of Sciences [1], and representing a com-
plex of coupled models of the dynamics of the atmos-
phere, the World Ocean, sea ice and the active layer of 
land soil. 

The prospects for the development of the model are 
discussed, including within the framework of the Re-
search Center “Modeling and Forecasting of Global Cli-
mate”, created for the purpose of conducting scientific 
research in the areas of the Federal Scientific and Tech-
nical Program in the field of environmental development 
of the Russian Federation and climate change and the 
 

Government Innovative Project of National Importance 
“National system for monitoring of climate-active sub-
stances.” 

Next we present the main experiments of the interna-
tional program for comparing climate models (CMIP6) 
[2]. The results obtained using the current version of the 
Earth system model when simulating climate change in 
1850–2014 and forecasting possible climate changes in 
the 21st century according to IPCC scenarios are dis-
cussed. We also discuss the capabilities of the model for 
seasonal and ten-year prognostic calculations.  
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Open type magnetic traps in the World and Russia 

P. A. Bagryansky 
Budker Institute of Nuclear Physics of Siberian Branch RAS, Novosibirsk, Russia, p.a.bagryansky@inp.nsk.su 

Research in the field of open-type magnetic traps for 
plasma confinement towards controlled nuclear fusion 
has now received a new impetus due to several successful 
results obtained at experimental facilities in Russia and 
the USA in the next fifteen years [1–4]. The results of 
these experiments showed the possibility of solving key 
problems of confining hot plasma in such traps, which 
previously seemed insurmountable and led to an almost 
complete decrease in activity in this direction throughout 
the world in the late eighties of the last century.   

Key challenges that were successfully overcome are 
listed below. 

1. The possibility of overcoming MHD instabilities 
and achieving relative plasma pressure β ≈ 1 in an ax-
isymmetric configuration has been demonstrated [3, 4]. 
This radically reduces the engineering complexity of the 
magnetic system, makes the physics of transverse 
transport more transparent and opens up the fundamental 
possibility of developing fusion reactors that operate with 
alternative fuels that do not contain radioactive tritium 
and have a practically inexhaustible production resource. 

2. The physical processes that determine longitudinal 
thermal conductivity have been studied in detail, and 
a reliable method for limiting it to an energy level of 
≈ 6–8 electron temperatures, which is tolerated on aver-
age by one electron-ion pair leaving the trap, has been 
developed [2, 5–7]. 

3. It has been shown that it is possible to implement 
hot plasma confinement modes with a nonequilibrium en-
ergy distribution function, when the influence of develop-
ing kinetic instabilities turns out to be insignificant [3, 4]. 

These achievements have currently stimulated the 
emergence of a number of new projects abroad, which are 
being developed mainly by private companies, for exam-
ple: Copernicus (TAE Technologies, USA) [8], Wiscon-
sin HTS Axisymmetric Mirror (UW Madison, MIT and 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Commonwealth Fusion Systems, USA) [9], Novatron 
(Novatron Group, Sweden) [10, 11]. The planned report 
will present the status of these and possibly other emerg-
ing projects. 

Research in the field of hot plasma confinement in 
open-type traps in Russia is currently mainly concentrat-
ed at the Budker Institute of Nuclear Physics SB RAS 
(BINP), where the gas-dynamic multiple-mirror trap 
(GDMT) project is being developed [12]. This project is 
based on both the achievements outlined above and on 
new ideas proposed and currently being developed at the 
BINP [13]. To support the GDMT project, several exper-
imental installations have been developed and are in op-
eration, the latest results of which will be presented in the 
report. 
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Lightning: more and more puzzles 

E. A. Mareev 
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Lightning is one of the most impressive and at the 
same time dangerous natural phenomena. Although the 
history of instrumental observations and theoretical stud-
ies of lightning goes back several centuries (see for re-
view, e.g., [1]), a large number of questions related to 
thunderstorms and lightning still remain open. Moreover, 
recent decades have brought many new discoveries, 
achievements, and mysteries in this area. Some of these 
advances and mysteries are briefly highlighted in this 
report. 

The first part of the report is a brief introduction to 
the terminology. Different types of lightning discharges 
and the effects associated with them are discussed here. 
Particular attention is paid to the differences between 
cloud-to-ground discharges, intra-cloud discharges and 
discharges between the cloud and the middle atmosphere 
and ionosphere (a whole family of such discharges, in-
cluding jets, giant jets, sprites, halos, and elves, was dis-
covered only at the very end of the 20th century). 

The second part of the report is devoted to the prob-
lems of describing “classical” cloud-to-ground lightning, 
transferring a negative or positive charge to the ground. 
This part covers the problems related to the leader break-
down and to the stepwise propagation of negative and 
positive leaders, as well as of dart leaders [1, 2]. From the 
perspective of practical applications, problems associated 
with the analysis of the so-called main stage of lightning 
(comprising the return stroke) are of particular interest, 
and a review of recent experimental and theoretical work 
on this topic is given here. For example, а two-
dimensional model of high-current pulsed arc discharge 
in air, which takes into account gas dynamics of the dis-
charge channel, real air thermodynamics in a wide range 
of pressures and temperatures, electrodynamics of the 
discharge including the pinch effect, and radiation, has 
recently been proposed [3]; it is especially interesting for 
the return stroke modelling. When the model was applied 
to simulate the discharge for the currents in the range 
1–250 kA and characteristic rise times in the range 13– 
25 µs, the results turned out to predict well most character-
istics of the discharge (compared to the experimental data). 

Much attention has recently been paid to high-energy 
phenomena associated with thunderstorm and lightning 
activity, including terrestrial gamma flashes (TGFs) and 
thunderstorm ground enhancements (TGEs); transient 
luminous events (TLEs), such as sprites, jets, halos, and 
elves, are also adjacent to them. The third part of the re-
port is dedicated to a brief analysis of recent work in this 
direction, including the studies related to observations of 
lightning from space. Modern investigations in this direc-
tion are focused on problems associated with the interpre-
tation of physical mechanisms underlying the generation 
of hard electromagnetic radiation from lightning dis-
charges, understanding the nature of terrestrial gamma 
flashes, analyzing the results of satellite observations, and 
further progress in laboratory experiments with long 

sparks, which simulate electrical discharges in thunder-
clouds and lightning (e.g., [4]). 

Finally, the fourth part of the report can be entitled 
“Lightning, climate, and life.” This rapidly developing 
field of knowledge covers the possible role of thunder-
storms and lightning in the Earth’s climate system. 
Lightning with extreme parameters and lightning as an 
indicator of dangerous meteorological phenomena also 
attracts much attention. 

It has now become common to regard the global elec-
tric circuit (including both the so-called DC circuit, com-
prising global quasi-stationary currents maintained by 
thunderstorms and other electrified clouds, and the so-
called AC circuit, comprising Schumann resonances—
that is to say, global electromagnetic resonances excited 
by lightning in the Earth—ionosphere cavity) as part of 
the Earth system. Recent studies have shown that global 
circuit parameters reflect climate variability on Earth 
(responding, in particular, to the El Niño—Southern Os-
cillation signal [5]). 

The fact that Schumann resonances are permanently 
present in the atmosphere (being supported by global 
lightning activity) and accompanied the development of 
living organisms throughout evolution motivates a search 
for biological effects in living organisms associated with 
them. This is interesting from both evolutionary and eco-
logical viewpoints, since the spectrum of Schumann res-
onances can be modified due to changes in lightning ac-
tivity in a changing climate; in addition, radical changes 
in the usual electromagnetic environment will take place 
for artificial ecosystems at space. Recent studies have 
indicated that the effect of extremely low frequency mag-
netic fields on light-induced electrical reactions in wheat 
is more pronounced at the frequency of the second Schu-
mann harmonic (14.3 Hz) than at surrounding non-
resonant frequencies [6]. These results in particular sup-
port the hypothesis that signaling in plants may be a uni-
versal process with the high sensitivity to various low-
intensity environmental factors, acting on living systems. 
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Research at ITER, TRT creation and participation in BEST – 
the next step on the way to creation of thermonuclear fusion reactor in Russia 

A. V. Krasilnikov 
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With the goal to solve the main problems of design-
ing a thermonuclear tokamak reactor, such as the experi-
mental demonstration of quasi-stationary thermonuclear 
burning, generation of non-inductive quasi-stationary 
current; development of plasma technologies and materi-
als of the first wall and divertor, the International Ther-
monuclear Experimental Reactor ITER [1] is being de-
signed, projects of DEMO demonstration reactors are 
being developed, and a Tokamak with Reactor Technolo-
gies TRT [2] is being developed in Russia (Fig. 1 & Ta-
ble 1) and tokamak BEST [3] is under construction in 
ASIPP, China.  

 

 
Fig. 1. Tokamak with Reactor Technologies 

 
Table 1  

Main characteristics and features of TRT 
 

B (T) 8 High B, HTS 
R/a 2.15 / 0.57 Classical tokamak,  

compact, low cost 
Δt (c) > 100 Quasi-   

stational  
First wall  Options: 

Be, 
W coved by B4C 
TiB2-AlN 

Divertor  Innovative, 
W, gas puff 

Ip (MA) 4–5 High  
Current 

ne (1020м-3) 1–2 High  
density  

Paux (МВт) 
 
NBI 
ECRH 
ICRH 

30~40 
 
20–25 
10 
5 

Reactor  
relevant  
500 keV 
230 GHz 
60-80 MHz 

Q (DT) > 1 Reactor  
Plasma 

 

The main components of the technology platforms of 
ITER (superconducting electromagnetic system (EMS) 
made of Nb3Sn and NbTi, the first wall of W coated with 
a low-Z material, systems for additional plasma heating, 
experimental modules of a breeder blanket, plasma con-
trol systems, etc.), TRT (EMS of high-temperature super-
conductors, first wall options of: W with B4C coating, 
TiB2-AlN composite and liquid metal lithium, well up-
graded additional heating and quasi-stationary non-
inductive current drive systems, innovative divertor, ex-
perimental breeder and hybrid blanket modules, reactor-
compatible diagnostics and remote plasma control sys-
tems, etc.) and BEST (superconducting EMS from Nb3Sn 
and NbTi, W first wall, systems of additional plasma 
heating, tritium complex, fusion plasma with Q = 5 and 
others) are presented. The technological platforms of the 
ITER being under construction, the TRT being designed 
and constructing BEST contain an almost complete, ac-
cording to modern understanding, set of technologies 
required for the future thermonuclear reactor.  

Creation of the TRT is the creation of the largest sci-
ence and technology project with international participa-
tion in Russia. It will provides keeping the Russian lead-
ership in science, engineering, technology and education 
of new generation of scientists.   

Russian participation in BEST will provide participa-
tion of Russian scientists and engineers in experimental 
studies of fusion plasmas with Q = 5 in 2028–2040 
(well before full scale ITER DT operation) at biggest and 
closest to future fusion reactor thermonuclear complex 
BEST. The number of BEST/CRAFT technologies (HTS 
and LTS conductors, cryogenics, power supply systems 
and antennas for ICRH, robots and others) could be effi-
ciently applied at TRT with very high cost containment 
effect.  

Construction and experimental operation of the tech-
nology platform of ITER, TRT и BEST, together with 
experience of the realization of the other large thermonu-
clear experiments of the ITER partners, will provide at 
later step the successful creation both the pure thermonu-
clear fusion and hybrid (fusion-fission) reactor. 
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The problem of determination of fermion vacuum content  
in quantum electrodynamics.  

The potential experiments with collisions of heavy ions 

V. P. Neznamov 
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At present, there are versions of quantum electrody-
namics (QED) with empty fermion vacuum. It is the QED 
in the Foldy-Wouthuysen representation and the QED 
with the spinor Klein-Gordon-type equations for elec-
trons and positrons. 

In the standard QED, the fermion vacuum is a con-
tinuum for creation and annihilation of virtual electron-
positron pairs. In this case, the spontaneous creation of 
real electron-positron pairs in intense electromagnetic 
fields is possible. In particular, in the standard QED, the 
Schwinger effect in a strong uniform electrical field is 
realized. 

In this report, we suggest to carry out the series of 
experiments in the colliders with collision of heavy ions 
for unambiguous determination of fermion vacuum con-
tent in quantum electrodynamics. The experimental re-
sults will be the significant fundamental achievement in 
the quantum field theory and in the elementary particle 
physics. 
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NICA collider complex at JINR: physics and lyrics 
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The present status of the project of NICA project, 
which is under construction at JINR (Dubna), is given in 
report. The main goal of the project is to provide ion 
beams for experimental studies of hot and dense strongly 
interacting baryonic matter and spin physics. The pro-
posed physics program concentrates on the search for 
possible manifestations of the phase transitions and criti-
cal phenomena in the energy region, where the excited 
matter is produced with maximal achievable net baryon  
 

density, and clarification of the origin of nucleon spin. 
The NICA collider will provide heavy ion collisions in 
the energy range of √sNN=4÷11 GeV at average luminosi-
ty of L=1⋅1027cm−2⋅s−1 for 197Au79+ nuclei and polarized 
proton collisions in energy range of √sNN=12÷27 GeV at 
luminosity of L ≥ 1032cm−2⋅s−1. Time-line of the complex 
construction, details of start-up configuration, challenges 
of beam parameters and luminosity preservation are pre-
sented. 
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fundamentals, recent results and prospects for lithography 
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Narrowband extreme ultraviolet (EUV) light generat-
ed as line radiation of highly charged ions and focused by 
Bragg multilayer mirrors is used in high-volume manu-
facturing of chips [1]. The only supplier of the EUV li-
thography equipment now is ASML Holding N.V. In 
their lithographer, required plasma with multiply charged 
ions is supported by radiation from CO2 laser in evapo-
rated tin droplet [2]. The plasma emits EUV light at 
13.5±1% nm with about 6% conversion efficiency of the 
laser pulse energy. Such high efficiency for this narrow 
wavelength band is obtained due to 4d-4f unresolved 
transition array (UTA) in spectra of highly charged tin 
ions which peak is located near 13.5 nm [3].  

Xenon plasma is a promising alternative source of 
EUV light for lithography. For xenon ions, the analogous 
UTA peak is located near 11 nm. At this wavelength, 
Ru/Be multilayer mirrors have been developed with re-
flection coefficient even higher than this of Mo/Si mirrors 
used to focus EUV light at 13.5 nm [4, 5]. At normal 
conditions, xenon is gaseous and chemically inert. This 
prevents mirror contamination which is a major problem 
for the sources based on tin droplet evaporation [6].  

Xenon EUV light source may be realized as a dis-
charge supported by focused beam of laser radiation in 
high-pressure xenon jet. In a series of experiments, it was 
shown that the discharge is characterized by a high con-
version efficiency of up to 4% into light at 11.2±1% nm 
[7–10]. Spatial structure of the EUV emitting region was 
studied with purposely developed microscope [11]. It was 
demonstrated that the emitting region had dimensions of 
several hundred microns meeting the requirements to 
EUV light source size [1]. 

In this paper, we discuss fundamentals of the laser 
discharge in high-pressure jet of xenon, review recent 
experiments, develop a relevant theoretical description 
and verify it on available experimental data. We pay spe-
cial attention to discovered effect of the discharge expan-
sion beyond laser focal spot due to photoionization of a 
surrounding neutral xenon and consecutive electron heat-
ing by a conductive thermal flux from the region of the 
laser power deposition [11, 12]. Basing on the theory, we 
propose a strategy to maximize EUV emission. In this 
context, we introduce Alpha-Machine, a project aimed at 
demonstration of a working lithographer based on xenon 
EUV light source supported by Yb:YAG laser and Ru/Be 
optics, being under development at IPM/IAP RAS. The 
results of simulation with the developed theoretical model 
allow us to obtain parameters that ensure optimal source 
performance for Alpha-Machine (see Table 1). 

Acknowledgements. The work was supported by the 
Russian Science Foundation grant No. 23-22-00270. 

Table 1 
Optimization of xenon EUV light source  

for Alpha-Machine 

Source parameters  

Laser pulse energy/duration 60 mJ / 1.2 ns 
Laser  focal waist (D4σ) 110 µm 
Laser  focal distance (2×Rayleigh length) 500 µm 
Radius of xenon jet 600 µm 
On-axis jet gas density 1.0×1019 cm−3 

Calculated discharge characteristics  

Average ion density* 0.7×1019 cm−3 
Average electron density 7.1×1019 cm−3 
Average electron temperature 40 eV 

Energy balance   
(% of laser energy per pulse)  

Absorbed laser energy 80% 
Total radiation losses 72% 
EUV radiation at 11.2 ±1% nm into 2π 
(conversion efficiency) 

7.5% 

*Of which, 40% Xe9+, 33% Xe10+, 23% Xe11+, 2% Xe12+. 
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We construct climate networks based on surface air 
temperature data to identify distinct signatures of tropical 
cyclones in the region of the Indian Ocean, which have 
serious economic and ecological consequences. The cli-
mate network shows a discontinuous phase transition in 
the size of the normalised largest cluster and the suscepti-
bility during cyclonic events. We analyze these quantities 
for a year (2016) which had three successive cyclones, 
viz. Cyclone Kyant, cyclone Nada and cyclone Vardah, 
and compare these with a year (2017) where a single cy-
clone, cyclone Ockhi was seen. The microtransitions in 

these two cases show distinct patterns. The signatures of 
the cyclones can be seen in other quantities like the de-
gree distributions and other network characterizers. The 
distribution of teleconnections show a distinct behaviour 
in the cyclonic periods. Similarly, the distribution of 
nodes of high degree shows distinct behaviour in cyclonic 
and recyclonic periods. These three cyclones were seen in 
the Bay of Bengal. We also compare these with a cy-
clone, cyclone Ashoba (2015), seen in the Arabian sea 
where cyclones are rarer. We discuss the implications of 
these results for further analysis. 
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The invention of maser by N. Basov and A. Prokho-
rov marked the beginning of a laser era. The principle of 
stimulated emission was brilliantly implemented in mi-
crowave radiation in molecular beams. Nowadays, solid 
state media are used to obtain visible and NIR laser radia-
tion. At the same time, obtaining coherent microwave 
radiation has been neglected. In recent years, rapid devel-
opment of molecular crystal growth technology has ena-
bled to describe new mechanisms of maser origin for 
generating coherent microwave radiation in solid state. In 
my lecture I’m going to give the historical overview of 
the development of ideas in microwave and later THz 

radiation in solid state. I’ll speak about the unique proper-
ties of molecular crystals as if specially created for the 
development of coherent THz radiation. The special role 
in such crystals is played by time resolved behavior of 
phonons and polaritons. In some cases they are capable of 
emitting electromagnetic radiation, and in some cases 
even enhance it. I’ll also discuss the main mechanisms 
for narrow- and broadband coherent THz radiation. 
Sometimes such processes require phase-matching condi-
tions. In the concluding part of the lecture I’ll talk about 
the application of molecular crystals for the creation of 
broadband metamaterial-based chemical sensors. 
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Various high-power laser experiments, including 
those involvinglight matter interaction, vacuum 
nonlinearities, quantum electrodynamics, and nuclear 
transmutation, requires lasers pulses with irradiance le-
vels surpassing 1023 W/cm2. Post-compressing ultra-
short, ultra-intense laser pulses offers a versatile solution 
to this requirement. This study delves into the post-
compression methods ranging from terawatt (TW) to 
petawatt (PW) scale, aiming to demonstrate reliable and 
reproducible few cycle pulses. 

We will present the development and a complete 
characterization (nonlinear response, wavefront defor-
mation, dispersion) of the nonlinear materials used for 
spectral broadening which includes various glass and 
plastic materials. Using these materials for spectral 
broadening up to 5-fold compression at 100s TW peak 
power was achieved. Therefore, we succeed to post com-
press laser pulses ranging from 350 fs–25 fs [1–4] down 
to sub 10 fs for J level input energies.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The wavefront distortions, small scale self-focusing, 
temporal and spatial shape, temporal and spatial Strehl 
ratio will be discussed in details while showing the pro-
gress towards single cycle regime at J level. 

Insights gained can be further applied to lasers of dif-
ferent parameters, revealing method constraints and ap-
plicability [5], aiding high-power lasers advance towards 
implementation at 10 PW power level. 
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We consider a magnetar flare model for fast radio 
bursts (FRBs). We show that millisecond bursts of suffi-
cient power can be generated by synchrotron maser emis-
sion ignited at the reverse shock propagating through the 
weakly magnetized material that forms the magnetar 
flare. If the maser emission is generated in an anisotropic 
regime (due to the geometry of the production region or 
presence of an intense external source of stimulating pho-
tons), the duration of the maser flashes is similar to the 
magnetar flare duration even if the shock front radius is 
large. Our scenario allows for relaxing the requirements 
for several key parameters: the magnetic field strength at 
the production site, luminosity of the flare, and the pro-
duction site bulk Lorentz factor. To check the feasibility 
of this model, we study the statistical relation between 
powerful magnetar flares and the rate of FRBs. The ex-
pected ratio is derived by convoluting the redshift-
dependent magnetar density with its flare luminosity 
function above the energy limit determined by the FRB 
detection threshold. We obtain that only a small fraction, 
~10–5, of powerful magnetar flares trigger FRBs. 
This ratio agrees surprisingly well with our estimates: 
 

we obtained that 10% of magnetars should be in the evo-
lutionary phase suitable for the production of FRBs, and 
only 10–4 of all magnetar flares in the Universe are ex-
pected to be weakly magnetized, which is a necessary 
condition for the high-frequency maser emission. 

It is shown that only during a fraction of the orbital 
period, radio emission can escape the system inde-
pendently of the emission machanism. This explains the 
duty cycle of the three repeating FRB sources with peri-
odic activity. The width of the transparency window de-
pends on the eccentricity, stellar wind properties, and the 
viewing angle. To describe the properties of the known 
sources, it is necessary to assume large eccentrici 
ties ≳0.5. We apply the maser cyclotron mechanism of 
the radio emission generation to model spectral properties 
of the sources. The produced spectrum is not wide: 
Δν/ν ~ 0.2 and the typical frequency depends on the radi-
us of the shock where the emission is generated. The 
shock radius changes along the orbit. This, together with 
changing parameters of the medium, allows us to explain 
the frequency drift during the phase of visibility. 
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Consider 1D NLSE for the field 𝑞(𝑥, 𝑡)  
 𝑖𝑞̇ + 𝑞𝑥𝑥 + |𝑞|2𝑞 = 0  (1) 

in the periodic domain of 2π. Making Fourier 
transformation of (1) one can get: 
𝑖𝑞̇𝑛 − 𝑛2𝑞𝑛 + ∑  𝑛1,𝑛2,𝑛3 𝑞𝑛1

∗ 𝑞𝑛2𝑞𝑛3δ𝑛+𝑛1,𝑛2+𝑛3 = 0. (2) 
Here  

𝑞(𝑥, 𝑡) = �  
𝑛

𝑞𝑛(𝑡)𝑒𝑖𝑛𝑥 ,  

𝑞𝑛(𝑡) = =
1

2π
�  
2π

0
𝑞(𝑥, 𝑡)𝑒−𝑖𝑛𝑥𝑑𝑥. 

Wave numbers are integers in the periodic domain of 2π. 
The Hamiltonian of the equation is the following:  

𝐻 = �  
𝑛

𝑛2|𝑞𝑛|2 −
1
2

�  
𝑛,𝑛1,𝑛2,𝑛3

𝑞𝑛∗𝑞𝑛1
∗ 𝑞𝑛2𝑞𝑛3δ𝑛+𝑛1,𝑛2+𝑛3 

Some canonical transformation 𝑞𝑛 → 𝑏𝑛 is applied 
to (2). This transformation has the following form 
of infinite series:  

𝑞𝑛 = 𝑏𝑛 + 
+∑  𝑛1,𝑛2,𝑛3 𝐵𝑛2𝑛3

𝑛𝑛1 𝑏𝑛1
∗ 𝑏𝑛2𝑏𝑛3𝛿𝑛+𝑛1−𝑛2−𝑛3 + …   (3) 

The transformation was constructed using the technique 
described in. 

The series converges only for small values of 𝑏𝑛:  
|𝑏𝑛|
Δ𝑘

< 1,    (Δ𝑘 = 1       for  domain   2π) 

Coefficients 𝐵𝑛2𝑛3
𝑛𝑛1  (and others) of the canonical trans-

formation are chosen to simplify the Hamiltonian. 
 
 

The transformation removes all nonresonant terms in the 
Hamiltonian and (what is the most important thing) 
simplifies the fourth order term. So, that  

𝐻 = 1
2
∑  𝑛 𝑘𝑛2|𝑏𝑛|2 − ∑  𝑛,𝑛1 𝐷𝑛𝑛1|𝑏𝑛|2|𝑏𝑛1|2 + 𝒪(𝑏8)   (4) 

𝐷𝑛𝑛1     = �2  𝑖𝑓   𝑛 ≠ 𝑛1 ≤ 0,
1  𝑖𝑓   𝑛 = 𝑛1.

�   

Six order term in the Hamiltonian vanishes also 
(See [2]). For small values of 𝑏𝑛 one can consider 
a reduced Hamiltonian in which only the terms of 
the fourth order are kept. Then the equation for 𝑏 is also 
very simple: 

𝑖𝑏̇𝑛 − 𝑛𝑛2𝑏𝑛 + 2[∑  𝑛1 𝐷𝑛𝑛1|𝑏𝑛1|2]𝑏𝑛            (5) 
The solution of the equation (5) is trivial:  

𝑏𝑛(𝑡) = 𝑏𝑛(0)𝑒𝑖�𝛿𝐾𝑛−𝑛2�𝑡                     (6) 
Here 

δ𝐾𝑛 = 2[�  
𝑛1

𝐷𝑛𝑛1|𝑏𝑛1|2] 

does not depend on 𝑥 and is defined by initial conditions 
only. 
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Particle acceleration plays a crucial role in the expla-
nation of observed hard X-ray and gamma emission dur-
ing solar flares. However, a pointing out the accelerating 
mechanism and localization of the accelerating area is 
still challenging. According to the observational data 
[1, 2], in some cases a number of accelerated particles 
exceeds a total number of particles occupying a typical 
coronal loop. So, the models of solar flares face with a 
problem of high efficiency of the acceleration process. 
Necessary amount of particles, for example, is contained 
in a chromospheric part of magnetic loops, namely, in 
area between the temperature minimum and the transition 
region, where plasma is much denser than in the corona. 
Moreover, combined observational data from New Solar 
Telescope (NST) in the Big Bear Solar Observatory 
(BBSO) and Atmospheric Imaging Assembly (AIA) on 
the Solar Dynamics Observatory (SDO) [3] revealed in-
jection of hot dense plasma from footpoints of magnetic 
loops to their coronal parts. It indicates that particle ac-
celeration and plasma heating can take place directly in 
the chromosphere.  

A model of chromospheric accelerator based on a 
generation of super-Dreicer electric field by a nonlinear 
Alfven pulse, which was excited due to Rayleigh — Tay-
lor instability in a footpoint of a magnetic loop, was first 
considered by V. V. Zaitsev et al. in [4, 5]. However, it 
was done without taking into account an expansion of 
magnetic loops with increase of height and, hence, the 
results can be applied only for bases of magnetic tubes.  

This model is developed in the present work. A prop-
agation of an Alfven wave in an exponentially expanding 
magnetic tube, which is expected to be close to the real 
conditions, is analytically investigated within a 
magnetohydrodynamic (MHD) approach. A differential 
equation, describing the propagation of the Alfven pulse 
under the abovementioned restrictions, is obtained and its 
“self-similar” solution is found. Analytical estimation of 
the electric field, which is generated by this nonlinear 
pulse and has a component along the ambient magnetic 
field lines, is given. It is found, that the value of the in-
duced electric field exceeds the super-Dreicer limit [6]:  

                                       𝐸𝐷 =
𝑒
𝑟𝐷2

lnΛ                                (1) 

Here 𝑒 is an electron charge, 𝑟𝐷 the Debye length, and 
lnΛ the Coulomb logarithm.  

Therefore, almost all particles can be involved in the 
acceleration process in a footpoint region that guarantees 
a strong injection of energetic electrons into a coronal 

part of the magnetic loop. Also, the exponential expan-
sion of a magnetic tube leads to an increase of the value 
of generated electric field with increase of height. 

 

 
Fig. 1. Schematic illustration of the electron acceleration by the 
Alfven wave, propagating in the footpoint of the magnetic loop  

 
Thus, we confirm the general conclusions that were 

made in [4, 5] and discuss possible outcomes of the de-
scribed scenario in all perspectives, paying particular 
attention to a modification of the electric current and 
magnetic field structure by the energetic electrons inject-
ed in the coronal loop.  
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Various types of high-altitude discharges were dis-
covered relatively recently, and by now there is an under-
standing of the basic mechanisms of initiation and there is 
a generally accepted classification. High-altitude dis-
charges of all types are associated with lightning activity 
in the troposphere, and naturally in the equatorial regions 
their number is significantly higher than in the middle 
latitudes. This work is devoted to the analysis of the dis-
tribution of sprites over the territory of Russia, which can 
be used to plan field observations and estimate the total 
number of high-altitude discharges. Previously, a parame-
terization for studying the global distribution of sprites 
based on data from the WWLLN lightning detection sys-
tem was proposed and applied to analyzing sprite activity 
in 2016 [1]. The initiation of each sprite is associated 
with a powerful lightning discharge, which is called the 
parent, which makes it possible to propose a parameteri-
zation for the distribution of sprites based on the light-
ning detection data. In this work, a similar approach is 
applied to study sprites over the territory of Russia for the 
period 2015–2021 [2]. 

Due to the location of the Russian Federation in the 
mid-latitudes of the Northern Hemisphere, the seasonality 
of thunderstorm activity here is more pronounced than 
the global average. The total number of lightning dis-
charges for the period November–March in each of the 
years under study is in the range of 1000–2000 discharg-
es, i.e., no more than 0.3% of the annual number of dis-
charges; thus, these months can be excluded from consid-
eration. 

For the study, only lightning discharges with a cur-
rent of more than 15 kA were taken, as for the global 
distribution. Maximum currents were observed in 
2015–2016 (70–80 kА), with minimums in 2019 and 
2020 (40–45kА). Due to its geographical location in the 
mid-latitudes of the Northern Hemisphere, average cur-
rents in the Russian Federation only in the summer 
months are comparable to average global currents; in the 
spring-autumn periods, they are 20% lower, which direct-
ly influences the number of sprites. 

The study shows that the number of sprites over Rus-
sia varies significantly from year to year: from 394 in 
2019 to 2354 in 2015, which could be assumed immedi-
ately from the analysis of the WWLLN data. The dynam-
ics of the number of sprites over Russia is unexpectedly 
close to the global one: from 2015 to 2019, there was a 
gradual decline in the number of sprites, with a subse-
quent increase in 2020–2021. One might expect that the 
change in sprite activity in mid-latitudes has a larger am-
plitude, but comparison with the global sprite distribution 
shows that the trend is quite close to the global trend. 

Sprite activity over Russia has a pronounced season-
ality (fig. 1): the largest number of high-altitude dis-
charges occurs from June to August, while the number of 

sprites from November to March is negligible and 
amounts to less than 2% of the total. 

 

 
Fig. 1. Seasonal dynamics of the sprite number for 2015–2021 

 
An increase in the number of sprites with decreasing 

latitude is clearly visible, which is typical for atmospheric 
electricity phenomena in general since lower humidity 
and the intensity of convection at higher latitudes do not 
allow active separation of charges (fig. 2). Taking into 
account the calculation data for different years, we can 
conditionally distinguish three areas with high sprite ac-
tivity: Krasnodar Territory, Altai, and the Far East. It is 
well known that mesoscale convective systems, due to 
their structure and large horizontal dimensions, are capa-
ble of accumulating large charges, which, on the one 
hand, contribute to high lightning activity and, on the 
other hand, allow the development of positive lightning 
discharges, characterized by high current and transferred 
charge. Due to the characteristics of the relief and under-
lying surface in Altai (forest-swamp and forest-steppe 
zones with a high degree of swamping are complemented 
by a mountain system in the southeast), conditions for the 
formation of MCS and high sprite activity are created 
annually, and in the Far East and Krasnodar Territory, 
sprite activity is determined by incoming convective sys-
tems and has high year-to-year variability. 

 

 
Fig. 2. Sprite density over Russia in 2016 
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The 2021 Nobel Prize in Physics was awarded to 
Syukuro Manabe, Klaus Hasselmann, and Giorgio Parisi 
for their “pioneering contributions to our understanding 
of complex physical systems”. The first two made 
significant achievements in the area of physical modeling 
of Earth’s climate, quantifying variability, and reliable 
predictions of global warming. As a complex adaptive 
system, the Earth may have multiple potential tipping 
elements. The interactions among these elements can 
have stabilizing or destabilizing effects on other 
subsystems, potentially leading to abrupt cascading 
 

failures, thereby increasing the threat of sudden and 
irreversible climate changes. It is imperative that 
effective actions are taken to mitigate the negative 
impacts of climate change. However, the complex 
structure of the Earth's system and the presence of 
numerous nonlinear interactions make it exceedingly 
difficult to understand and predict such catastrophic 
events. This is a topic of great concern to both the 
scientific community and policymakers. In this report,I 
will elaborate and discuss recent applications of statistical 
physics and network theory to Earth's complex systems. 
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Earth climate is a complex nonlinear system with a 
lot of feedbacks on different time scales, subjected to 
external forcing. For example, in the 20th – 21st centuries 
the forcing can be associated with the growth of green-
house gas concentration in the atmosphere (global warm-
ing), global aerosol variations due to volcanic activity, 
anthropogenic CO2 emissions, solar activity etc. Detec-
tion and attribution of forced and internal dynamics in 
this system is an important problem which is hard to 
solve primarily because there is only one single realiza-
tion of this system available for observation. 

One possibility to move forward in this problem is to 
use state-of-the-art Earth system models which are able to 
generate many climate simulations under the same forc-
ing. Although each of these models has its own climate, 
altogether they can be used to extract the dynamical laws 
which are common in different model climates, and, 
hopefully, in real climate. In this work we focus on the 
problem of forced climate response detection. Hereinaf-
ter, we think of the forced response as the mean signal 
across the (infinite) ensemble of realizations which can 
be generated by the system starting from infinitely far (in 
time) random initial conditions, if it exists and unique. 
Note that for a linear system it would be equivalent to its 
forced solution, while for nonlinear system it is just an 
additive signal which the system evolves around in aver-
age, but it still may be useful for some applications. We 
develop a two-step method able to extract information 
about forced responses from given ensemble of realiza-
tions of many models and then estimate forced response 
in a new (unseen) climate realization. 

As a first step, our method analyses multi-model en-
semble of spatially distributed realizations (training set) 
and estimates the forced response in each model. This is 
done by modification of a recently developed Bayesian 
ensemble linear dynamical mode (LDM) decomposition 
[1–3] which is able to disentangle components of forced 
and internal variability in ensembles of realizations of a 
single model, assuming that the forced components are 
the same in all realizations while the internal components 
are independent of each other. Essentially, the time scales 
of all components are optimized during the procedure. 
Here we generalized LDMs for the multi-model ensemble 
case by assuming that the forced components are only the 
same within sub-ensembles corresponding to particular 
models, and after that the same Bayesian optimization 
procedure is applied. 

The second step of our method approximates a map-
ping from one single realization to the forced LDM com-
ponents corresponding to it. To do it, initial single reali-
zation is at first smoothed in time by boxcar running-
mean filter, and then each forced component is linearly 
regressed on it. The smoothing time scale is optimized 

separately for each forced component, and altogether this 
procedure is called smoothed linear regression (SLR). 
Note that due to training across many models and single-
model realizations SLR tends to be robust with respect to 
both internal variability and inter-model differences, and 
can be applied to new unseen data after training. 

Altogether, our method is called LDM-SLR. We also 
developed an alternative method in which the first step is 
simpler but much more computationally fast: the forced 
components are determined there by ensemble model-
wise empirical orthogonal function (EOF) decomposi-
tion; it is called EOF-SLR. Being conceptually simpler, it 
is also expected to have good performance for large train-
ing  ensembles. Fig. 1 exemplifies the first results of both 
methods tested on the ForceSMIP [4] ensemble of 5 
models. The first 10 realizations of each model were used 
to train LDM-SLR and EOF-SLR. The other 135 mem-
bers were used for testing. In general, both of our meth-
ods give good results and can be compared with other 
statistical approaches. 

 

 
 

Fig. 1. Forced signal estimation (projected onto leading EOF) 
by LDM-SLR, EOF-SLR and simple multi-model ensemble 
mean (MME mean) from testing realizations. Black: “true” 
forced signal estimation (from all realizations). Blue: LDM 
forced signal estimation from 10 realizations of each model 
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In this study, the theory of stratified turbulent flow 
developed and discussed earlier by the authors [1–2] is 
applied to data from different areas of the ocean. The 
kinetic model of turbulence is used to describe the evolu-
tion and structure of the upper turbulent layer with the 
parameters taken from in situ observations. Particular 
attention is paid to the cases of the large Richardson 
number and the role of turbulent potential energy in ex-
plaining the observation data. It is shown that turbulence 
can be amplified and supported even at large gradient 
Richardson numbers. The cause of that is the exchange 
between kinetic and potential energies of turbulence. 

 

 
Fig. 1. Profiles of turbulent kinetic energy dissipation rate for 
cruise D306. Light grey – interpolated data of [3]. Dark grey – 
theory 

 
As an example, we used some data from the paper [3] 

that provided a relatively detailed set of measurements 
for three cruises taken in 2006-2009 in different areas of 
the world ocean: North Atlantic (cruise D306, June-July 
2006 and cruise D321, July – August 2007) and Southern 
Ocean (cruise JC29, November – December 2008). These 
experiments were aimed at studying turbulent mixing in 
the presence of a stratified shear flow associated with 
mesoscale motions such as eddies and fronts. With 
 

the given profiles of current shear and buoyancy frequen-
cy taken from [3], the theory developed in [1] yields the 
results that satisfactorily agree with the measurements of 
the turbulent dissipation rate given in [3] (see, for exam-
ple, Fig. 1).  

These results were obtained in neglection of vertical 
turbulence diffusion. To verify this approximation, we 
solved the full system, adding boundary conditions for 
fluxes of kinetic and potential energy. In all cases, the 
local and full models are practically identical. 

We demonstrated that including the potential energy 
of turbulence (associated with density fluctuations in the 
presence of stratification) in the semi-empirical, Reyn-
olds-type equations of a turbulent flow allows to explain 
the existence and evaluate the parameters of small-scale 
turbulence at large Richardson numbers. We have also 
shown that the contribution of turbulent diffusion to the 
level of turbulent pulsations is insignificant in the above 
case. 
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In condensed matter physics, fluid dynamics, chemi-
cal and biological physics, many systems are governed by 
the mathematical models which can be called “stiff” sys-
tems – the systems where some modes are fast oscillating 
or decaying. The topics dealing with such systems in-
clude, but not limited to: problems of Anderson localiza-
tion [1], macroscopic description of spinodal decomposi-
tion [2, 3], heat-masstransfer in active media [4, 5], Fok-
ker-Planck dscription for chemical oscillations [6] and 
neuronal networks [7]. 

Numerical simulation of these systems with conven-
tional methods is generally too much CPU-time consum-
ing. Two-three decades ago, a family of nonconventional 
methods was introduced – exponential time differencing 
(ETD) ones [8] – which is a tool for very accurate high-
performance simulation for conservative systems, and 
stable high-performance simulation for dissipative sys-
tems. However, practical implementation of these meth-
ods for the systems with nondiagonal linear part of equa-
tions is exacerbated by infeasibility of an analytical cal-
culation of the exponential of a nondiagonal linear opera-
tor; in this case, the coefficients of the exponential time 
differencing scheme cannot be calculated analytically. 
We develop a universal approach for fast and easy practi-
cal implementation of the ETD methods [9, 10]. 

We suggest an approach, where these coefficients are 
numerically calculated with auxiliary problems. We re-
write the high-order Runge – Kutta type schemes in terms 
of the solutions to these auxiliary problems and practical-
ly examine the accuracy and computational performance 
of these methods for a heterogeneous Cahn – Hilliard 
equation, a sixth-order spatial derivative equation govern-
ing pattern formation in the presence of an additional 
conservation law, and a Fokker – Planck equation gov-
erning macroscopic dynamics of a network of neurons. 

Employment of the presented approach greatly 
helped us with numerical studies of several problems of 
nonlinear dynamics: a conclusive study with demanded 
accuracy was simply infeasible with conventional meth-
ods or required many months of simulation on high-
performance computer clusters. 

Algorithms 

For the numerical integration of equation system 
 ( , )t  u L u f u , (1) 

auxiliary problems are to be integrated numerically over a 
reasonably small time interval τ in order to calculate ma-
trices Q and Mn: 

 ( | (0), 0) ( ) (0)t     u u f Q u , (2) 

 1( | (0) 0, ( ) ) ( )n
n

t t t     u u f g M g . (3) 

Technically, one calculates these matrices from the fol-
lowing definition: 
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With calculated matrices Q and Mn one can employ the 
multi-step Runge–Kutta type schemes for exponential 
time differencing. For instance a fourth order scheme 
ETD4RK: 
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where subscript τ/2 for matrices indicates that they are 
calculated for a half stepsize of the ETD scheme. 
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Modeling the neuronal processes that underlie short-
term working memory represents a persistent challenge 
and a focal point for numerous theoretical investigations 
in neuroscience. Recently, we present a novel mathemati-
cal model featuring a spiking neural network integrated 
with astrocytes [1]. This model effectively simulates the 
maintenance of a fragment of information as a resilient 
activity pattern over several seconds, while elucidating 
the mechanisms by which this pattern dissipates in the 
absence of additional stimuli. Our findings shed light on 
the potential neuro-astrocytic mechanisms governing 
working memory and provide insights into the functional 
role of astrocytes in this cognitive process (the prole-
gomena to this work were published earlier in [2]).  

Working memory, often referred to as the brain's 
“operative memory”, plays a pivotal role in rapidly stor-
ing and managing information patterns during cognitive 
tasks. While the conventional belief centered around syn-
aptic connections and plasticity among neurons as the 
primary carriers of memory functions, a critical element 
seemed to be missing in the construction of mathematical 
models attempting to replicate these phenomena. 

Astrocytes, cells that accompany neurons and pro-
vide trophic and metabolic support, have emerged as cru-
cial players in the working memory process. Not only do 
they function as slow buffers with signals lasting seconds 
– thousands of times longer than neuronal spikes – 
but they also modulate synaptic transmission, akin to 
synaptic plasticity. Decoding the spatial-temporal calci-
um signaling in astrocytes and understanding its impact 
on neuronal signaling present major challenges in modern 
neurobiology. We proposed a novel bio-inspired two-net 
spiking neuron-astrocyte network (SNAN) for more 
complex learning tasks. The concept of the proposed situ-
ation-based memory model is schematically summarized 
in fig. 1. This SNAN, implemented for associated learn-
ing, was designed to address issues related to overlapping 
patterns and enhance memory performance. The model 
was tested using a novel approach to temporal non-IID 
data organization for machine learning in spiking neu-
ronal networks. The synergistic interplay between the fast 
spiking neuronal network and slow astrocytic events 
demonstrated a remarkable enhancement in memory per-
formance. We believe that the team's findings [1, 2], not 
only deepen our understanding of the brain's working 
memory but also pave the way for the development of 
brain-inspired artificial intelligence systems. 

 
 

Fig. 1. Concept of the situation-based memory operation in the 
SNAN model. SNAN topology. The SNAN includes three lay-
ers: the layes of pyramidal neurons, the layer of interneurons, 
and the astrocytic layer. The first layer (79 × 79) consists of 
synaptically coupled pyramidal neurons. The pyramidal neurons 
bidirectionally communicate with the interneurons from the 
second layer (40 × 40). The ratio of pyramidal neurons to inter-
neurons in the model is chosen in accordance with the experi-
mental observations and computational model of the cortex, 
where 80% of the CSN neurons are pyramidal neurons and 20% 
are interneurons. Astrocytes are connected by a local gap junc-
tion diffusive couplings and represent a 2-D square lattice with 
a dimension 26 × 26. We focus on the bidirectional interaction 
between the first neuronal and astrocytic layers. Each astrocyte 
is interconnected with an ensemble of Na = 16 pyramidal neu-
rons with dimensions 4 × 4 (red lines) overlapping in one row 
and one column. An input signal encoded as a 2-D pattern is 
applied to the first layer 
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During growth and development, plants are exposed 
to environmental factors that can affect the activity of 
various processes occurring in a living organism. Some 
of these factors, such as, for example, ionizing radiation 
(IR) and magnetic fields (MF), are relatively stable under 
normal conditions, but their parameters can vary greatly 
due to natural and man-made disasters [1]. Significant 
differences also occur in space station environments, 
where sustainable plant growing is a major challenge [2]. 
According to established tradition, the study of the influ-
ence of such factors on living organisms is carried out in 
the range of factor intensities that significantly exceed 
natural limits [3]. The possibility of extrapolating such 
data is limited, since for many physiological processes in 
the range of low intensities of the acting factor there is a 
loss of linear connection. In addition, different physiolog-
ical processes in the low-intensity and low-dose range 
demonstrate different sensitivity to factors. The purpose 
of this work was to identify the most sensitive plant pro-
cesses to ionizing radiation and magnetic fields in the 
Schumann resonance range.  

Experiments were performed on 14-15-day-old wheat 
plants (Triticum aestivum L). At the first stage of the ex-
periment, plants were subjected to acute irradiation (IR) 
in high doses to identify the sensitivity of various pro-
cesses. Irradiation of dry seeds was performed on a 
Novalis Tx linear accelerator (Varian, USA) at the Nizh-
ny Novgorod Regional Clinical Hospital named after 
N. A. Semashko. Irradiation was carried out in doses of 
25, 50, 75, 100 Gy, the dose rate was 10 Gy/min. At the 
second stage, the identified most sensitive processes were 
tested under the chronic action of low-intensity factors. 
Irradiation (IR) was carried out using a β-radiation source 
(90Sr–90Y) with a dose rate of approximately 
0.52 μGy/min. The MF was set by Helmholtz coils. The 
field frequency was 14.3 Hz, the magnitude was 18 µT. 
The plants were exposed to low-intensity exposure to IR 
and MF throughout the entire growing period.  

The status of plants was assessed based on morpho-
metric indicators, photosynthetic activity and parameters 
of stress signaling systems. Chlorophyll fluorescence 
indicators, reflecting the activity of the light stage of pho-
tosynthesis, were recorded using a PlantExplorerPro+ PAM 
fluorometer (PhenoVation, the Netherlands). To measure 
the level of CO2 assimilation, an infrared gas analyzer 
GFS-3000 with a Dual-PAM gas-exchange Cuvette 

3010-Dual measuring head (Heinz Walz GmbH, Germa-
ny) was used. The parameters of the signaling systems 
were assessed by the amplitude of electrical reactions 
caused by an additional stimulus. Electrical reactions 
were recorded extracellularly using glass macro-
electrodes. Changes in illumination and a local increase 
in temperature were used as model stimuli causing elec-
trical reactions. 

It has been shown that morphometric parameters, ac-
tivity of physiological processes and signaling processes 
of plants differ in their sensitivity to IR over a wide range 
of doses. Signaling systems have been the most impacted 
by IR. Electrical reactions parameters began to show dif-
ferences with non-irradiated controls even at the lowest 
doses tested. To change the parameters of photosynthesis 
and the linear size of plants, many times larger doses of 
IR are required. 

For experiments with low-intensity chronic exposure, 
a range of IR doses was used in which there is no effect 
of radiation on morphometric parameters and photosyn-
thetic activity. Under such conditions, a significant in-
crease in the amplitude of heating-induced electrical sig-
nals was shown.  

For plants exposed to low-intensity MF, similar ef-
fects are shown. At field values at which there is no pro-
nounced effect on morphometric parameters and photo-
synthetic activity, a significant increase in light-induced 
electrical reactions was found. 

Thus, signaling may be a universal process with the 
highest sensitivity to various low-intensity environmental 
factors. The high sensitivity of signaling systems can lead 
to the formation of altered plant resistance to unfavorable 
conditions under the influence of astro- and geophysical 
factors. 
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The autonomic control of circulation, attributed to 
the sympathetic and parasympathetic branches of the au-
tonomic nervous systems, is important for maintaining 
homeostasis. Dysfunction of the autonomic control could 
lead to the development of various cardiovascular and 
other diseases, including myocardial infarction and arteri-
al hypertension, therefore diagnostics of the autonomic 
control is important for prevention and therapy of cardio-
vascular diseases [1, 2]. 

The dynamics of the sympathetic branches can be de-
scribed using time-delayed feedback oscillators with 
~0.1 Hz frequency [3]. The oscillations are evident in the 
real RR-intervalograms (sequence of the time intervals 
between the electrocardiogram R-spikes) and photo-
plethysmogram. Several experimental and model studies 
[4] suggest that the 0.1 Hz exhibit intervals of phase syn-
chronization, which can last up to hundreds of seconds 
and alternate with the intervals of asynchronous behavior. 
Relative duration of the synchronous intervals is smaller 
in people with impaired autonomic control and is per-
spective for medical diagnostics and therapy of myocar-
dial infarction and arterial hypertension [4]. 

However, the real-world signals of the cardiolocial 
origin are heavily influenced by the noises of central 
origin and artifacts, the signals are nonstationary, multi-
modal and broadband, making introduction of the phases, 
needed to detect the phase synchronization, a non-trivial 
task. 

Careful selection and parameterization of the data 
analysis techniques is necessary. 

Therefore, we proposed mathematical models for the 
electrocardiogram and photoplethysmogram signals with 
functionality to preset the pattern of synchronization be-
tween the phases of the ~0.1 Hz oscillations. The simu-
lated phase difference reproduce the statistical and spec-
tral characteristics of the experimental data, including the 
alternating horizontal and sloped sections, corresponding 
to the intervals of synchronous and asynchronous behav-
ior [6]. The shape of the model signals also closely 
 
 
 
 
 
 
 
 
 
 
 
 

resembles experimental electrocardiogram and photo-
plethysmogram time series. The developed models were 
used to generate the testing dataset. 

The previously proposed method [4] for detection of 
phase synchronization between the abovementioned 
~0.1 Hz oscillations, based on automated detection of the 
horizontal sections of the phase difference, was tested 
against the model dataset. The parameters of the method 
were refined to achieve better accuracy. The refined 
method reached the sensitivity of 0.69, specificity of 
0.60, and AUC of 0.75. The performance improved, since 
the unmodified approach reached the sensitivity of 0.64, 
specificity of 0.63, and AUC of 0.71. 

The results suggest that accuracy of the method is 
lower, than previously assumed, but we consider this es-
timation to be more credible, due to a more accurate sim-
ulation of the real data processing routine, including fil-
tration of the broadband experimental signals and intro-
duction of the phases using the Hilbert Transform. 
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It is well known that the concept of complete 
integrability of nonlinear wave equations plays an ex-
tremely important role in nonlinear physics. In this talk, 
we shall consider a much weaker property of nonlinear 
wave equations called their asymptotic integrability. 
In physical terms, it means that two asymptotic limits of 
the wave motion, namely, the dispersionless evolution of 
smooth pulses and the propagation of high-frequency 
wave packets, are consistent in the following sense: The 
Hamiltonian dynamics of a wave packet is preserved by 
the dispersionless evolution of the background flow [1]. 
Being weaker than the condition of complete 
integrability, asymptotic integrability turns out to be more 
flexible and has important consequences in various areas 
of nonlinear physics. (i) It allows one to develop a quite 
detailed analytical theory of the propagation of high-
frequency wave packets along large-scale smooth waves 
[2]. (ii) Combined with the Stokes expression for a 
soliton's velocity in terms of the dispersion law for linear 
waves, it leads to the theory of propagation of narrow 
solitons along large-scale background waves. After add-
ing some plausible assumptions, this theory can be gener-
alized to the Hamiltonian dynamics of solitons under the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

action of smooth potentials [3–5]. (iii) It is shown that the 
condition of asymptotic integrability applied to complete-
ly integrable equations in the Ablowitz-Kaup-Newell-
Segur scheme yields the quasi-classical limit of the corre-
sponding Lax pair [6]. An approximate extension of this 
property to non-integrable equations allows one to formu-
late the generalized asymptotic “Bohr-Sommerfeld quan-
tization rule,” which determines the asymptotic velocities 
of solitons produced from an initially intensive and 
smooth wave pulse. We illustrate the different aspects of 
the theory with concrete examples of nonlinear wave dy-
namics. 
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Application of the methods of nonlinear dynamics to 
study the coupling of oscillations in the signals of the ob-
jects of biological nature has important fundamental and 
applied significance. The functioning of the body in-
volves various complex interacting oscillatory processes 
that ensure the adjustment of the body's systems to 
changing external conditions. Analysis of the strength 
and structure of couplings between such processes is a 
useful tool for constructing quantitative indices that char-
acterize changing physical and psychophysiological states 
[1, 2]. Methods for detecting the interaction of various 
body systems have been successfully applied to estima-
tion of the biological age [3], classification of sleep stag-
es [4–6], diagnostics of the severity of diseases of the 
cardiovascular system [7–9], and stress diagnostics [1, 2]. 
The latter is important for the implementation of continu-
ous monitoring of the level of stress in everyday life, and 
the identification of people who are at risk of developing 
stress-related disorders.  

A change in a human psychophysiological state, in 
particular, caused by stress, affects the processes of auto-
nomic control. The activity of the processes of autonomic 
control is reflected in infraslow oscillations of brain po-
tentials with a frequency of less than 0.5 Hz and in low 
and high oscillations in the signals of a sequence of RR-
intervals, the photoplethysmogram (PPG) and respiratory 
signal. We studied the low and high oscillations in the 
signals in the frequency ranges of 0.05–0.15 Hz and 
0.15–0.50 Hz in healthy subjects at rest and during stress-
inducing cognitive tasks. This oscillations associated with 
the processes of sympathetic and parasympathetic control.  

We analyzed the power spectra of EEG signals, a se-
quence of RR-intervals and the PPG in different frequen-
cy ranges. We revealed that, compared with the state of 
rest, the stress state during stress-inducing cognitive tasks 
is characterized by a significant decrease in the power of 
infraslow oscillations in EEG, increase in the power of 
low oscillations in RR-intervals, decrease in the power of 
high oscillations in PPG. We analyzed the phase coher-
ence coefficients and indices of directional coupling be-
tween oscillations in the signals of different EEG leads, 
RR-intervals and the PPG in different frequency ranges. 
We found the change of structure of couplings between 
the infraslow oscillations in EEG leads. In particular, 
under stressful conditions, a decrease both of 
intrahemispheric and interhemispheric couplings between 
EEG leads takes place in the range of 0.05–0.15 Hz, 
while in the range of 0.15–0.50 Hz, a decrease of 
intrahemispheric and an increase of interhemispheric 
couplings is observed. Also we found decrease the cou-
plings between of the respiratory and cardiovascular sys-
tems during stress-inducing cognitive tasks.  
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One of the most fundamental problems in multidi-
mensional chaos theory is the study of strange attractors 
which are robustly chaotic (i.e., they remain chaotic after 
small perturbations of the system). It was hypothesized in 
[1] that the robustness of chaoticity is equivalent to the 
pseudohyperbolicity of the attractor. Pseudohyperbolicity 
is a generalization of hyperbolicity. The main characteris-
tic property of a pseudohyperbolic attractor is that each of 
its orbits has a positive maximal Lyapunov exponent. In 
addition, this property must be preserved under small 
perturbations. The foundations of the theory of 
pseudohyperbolic attractors were laid by Turaev and 
Shilnikov, who showed that the class of pseudohyper-
bolic attractors, besides the classical Lorenz and hyper-

bolic attractors, also includes wild attractors which con-
tain orbits with a homoclinic tangency. 

In this talk, using the pseudohyperbolicity notion, we 
will explain how to check whether the attractor is robustly 
chaotic or not. We will describe the corresponding numeri-
cal methods and apply them for the study of model systems 
(the Lorenz and Shimizu-Morioka systems) as well as sys-
tems arising in applications (optical laser model, model of 
thermal convection, ensembles of oscillators, etc.)  
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A nonlinear dynamic model of the alpha-Omega dy-
namo has been developed that takes into account the evo-
lution of magnetic helicity. The model is directly based 
on systematic observations of solar activity [1]. Based on 
this model, we have developed a method that allows us to 
predict 13-month smoothed sunspot numbers with high 
accuracy. Our method uses a nonlinear dynamic dynamo 
model as a control signal source for the neural network. 
The developed neural network actually plays the role of 
an additional link connecting our dynamo model with an 
array of existing and newly arriving observational 
data. 

The monthly forecast has been produced since the 
end of 2017 (and posted monthly online https:// 
github.com/rodionstepanov/SolarActivityPrediction since 
October 2021) and indeed demonstrates high accuracy. 
We qualitatively compared our results with those of other 
forecasting methods. 

We have shown that it is quite possible to forecast 
13-month smoothed averages with a lead time of 6–12–
18 months, even in the absence of correction of these 
forecasts based on current observations; its accuracy re-
mains on par with existing methods developed by other 
authors. It is noteworthy that the use of a neural network 
in conjunction with a nonlinear dynamic dynamo model 
to correct these forecasts based on current observations of 
13-month smoothed averages allows us to achieve predic-
tion accuracy over a horizon of 6–18 months, comparable 
to the accuracy of monthly forecasts. 
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Electrical activity of neuronal populations provides a 
substrate for information processing and cognitive func-
tions in central neural system. Mathematical modelling 
has been a guide on this way for more than 30 years. One 
of the promising approaches in mathematical modeling of 
neural networks is the development of reduced models 
describing large populations of coupled neurons in terms 
of low-dimensional dynamical systems for the averaged 
variables. Such macroscopic or “neural mass” models can 
be obtained heuristically or derived from the microscopic 
dynamics using the refractory density approach, master 
equation formalism or other techniques. Recently, the so-
called next generation of neural mass models won much 
attention of the researchers. The theoretical ground for 
this type of models is provided by the application of Ott-
Antonsen theory to populations of theta-neurons or quad-
ratic integrate-and-fire neurons [1]. A distinctive feature 
of these models is their capability to account for the de-
gree of synchrony in neuronal populations. Next-
generation models were proved useful in a number of 
contexts including the whole-brain simulations. 

Being exact in the thermodynamic limit, neural mass 
models are considered as a good proxy of finite neuronal 
populations of sufficiently large size. However, whether 
and to what extend the population dynamics is amendable 
to finite-size effects is an open question. We address this 
point and consider the effect of the network size on the 
output signal it generates [2]. We demonstrate that in 
analogy to electronic circuits, the discrete rather than 
continuous nature of neurons constituting the network 
leads to the emergence of the shot noise. We show that 
adding this noise to the neural mass model transforms the 
latter into a system of stochastic differential equations 
reproducing the dynamics of a finite-size population. The 
core ingredient of the theory is calculation of the power 
spectrum of the shot noise, which consists of the shot 
noise for an uncoupled network plus macroscopic fluctua-
tions induced by coupling, as demonstrated in Fig. 1. Our 
results allow to obtain a modified neural-mass model in 
the form of a stochastic differential equations which de-
scribes the coarse-grained dynamics of the finite-size 
network. 

 

 
Fig. 1. Power spectrum of the shot noise of a network from Ref. 
1 with the parameters J = 10, η = 0, Δ = 1. Red dashed line: 
theoretical predictions. Blue solid line: numerical results for 
N = 104. Ocher dotted line: the noise of the uncoupled network. 
Black solid line: coupling-induced fluctuations 

Another key approximation often used assumption is 
the Lorentzian distribution of the parameters of neurons 
inside the population which makes the reduction especial-
ly efficient. However, the Lorentzian distribution is often 
implausible as having undefined moments, and the col-
lective behavior of populations with other distributions 
needs to be studied. We propose a method which allows 
effective reduction for an arbitrary distribution and show 
how it performs for the Gaussian distribution. We 
demonstrate that the dynamics of the population depends 
significantly on the form of the distribution. Namely, the 
dynamics of the populations with Lorentzian and Gaussi-
an distributions differ drastically even if their mean and 
width are equal. 
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The numerical simulations of reflection index dy-
namics coursed by an electromagnetically driven Lang-
muir turbulence is carried out in the frameworks of non-
linear Schrodinger equation which we supplement by 
boundary condition for an incident and reflected wave 
calculation. The incident wave is responsible for an elec-
tromagnetic field pumping into a smoothly inhomogene-
ous plasma layer, which we consider to be with unper-
turbed linear density profile and partial inverse radiation 
losses. The inverse radiation losses are added with the 
volume field dissipation in turbulence regions. The non-
linear Schrodinger equation in inhomogeneous plasma 
layer  

iut + uxx + ε0+|u| 2u = 0                        (1)   
with incident electromagnetic wave pumping and back 
scattered radiation damping [1, 2]  

ux  = –iu + 2iu0(t)x = –l                              (2) 
is extended with the imaginary part of plasma dielectric 
constant ε0 (volume damping), which is should be taken 
into account in strong electromagnetic field plasma re-
gions and results the energy transformation from electro-
magnetic waves to plasma ones at resonance interaction 

[3].  Electromagnetic wave volume field dissipation due 
to electromagnetically driven Langmuir turbulence we 
simulate by the nonlinear one, dependent on the local 
field amplitude and plasma-field evolution.  

ε0=1 – n0(1 – iν/ω),                            (3) 
n0 is normalized density profile and  the volume damping 
ν at the vicinity of the turning region reproduces the basic 
wave-particle energy transformation peculiarities: hard 
excitation, nonlinearity, hysteresis [4]. We also take into 
account the “on” and “off” absorption thresholds different 
in several times and the volume damping hysteresis as 
well.  

ν/ω= γΘ(|u|2 − uth)|u|α,                             (4) 
where the parameter γ determines the amplitude of the 
effective collision frequency, uth is the normalized 
threshold field, and Θ is a Heaviside (step) function. 
As a result the dependence of the thresholds of the 
steady-state, periodic and chaotic regimes of plasma- 
 
 
 
 
 
 
 
 
 
 

incident wave interaction is obtained and the number 
of scenario of reflection and absorption dynamics and 
turbulence evolution is demonstrated, for example, on the 
Fig. 1, 2. The obtained results may be used to interpret 
the experiments on the observations of Langmuir stage 
ionosphere modification. 

 

 
Fig. 1. Dynamics of the reflection coefficient |R(t)|2 

for u0 = 0.15, uth = 0.12, and γ = 0.1, α = 2 
 

 
Fig. 2. Distribution |u(x, t = 500)|2 for the same as Fig. 1 

parameters: u0 = 0.15, uth = 0.12, and γ = 0.1, α = 2 
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Decline in the Arctic sea ice due to global warming 
has profound socio-economic implications and is a focus 
of active scientific research. Of particular interest is pre-
diction of September Arctic sea ice on subseasonal time 
scales, i.e. from early summer into fall, when sea ice cov-
erage in Arctic reaches its minimum. Forecasting of Sep-
tember Arctic sea ice is very challenging due to the high 
variability of ocean and atmosphere over Arctic in sum-
mer, shortness of observational data to develop robust 
statistical and ML models, as well as inadequacies of the 
physics-based models to simulate sea-ice dynamics.  

Here we present retrospective forecasts of regional 
summertime Arctic sea ice as part of Sea Ice Outlook 
(SIO) assessment of the multi-model predictive skill [1]. 
using theory-informed ML method of data-adaptive har-
monic decomposition (DAHD) [2–5], see Fig. 1.  

 

 
 

Fig. 1. Real-time predictions of monthly averaged September 
2022 pan-Arctic Sea Ice Extent (SIE) by the nonlinear stochas-
tic DAHD-based model [4] (annotated by box) at the beginning 
of June, July, August and September, respectively, and adapted 
from the 2022 SIO report [9]. The observed September 2022 
SIE was 4.87 million square kilometers, annotated by thick 
black line in the figure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Unlike standard statistical and ML methods, DAHD-
enabled modeling explicitly incorporates nonlinear, 
memory and synoptic (stochastic-like) weather effects 
within a universal parametric family of simple nonlinear 
stochastic models – coupled Stuart-Landau oscillators 
synchronized at different frequencies by the noise. 
It is theoretically guided by Mori-Zwanzig formalism of 
statistical mechanics and Koopman theory aimed at opti-
mal modeling of partially observed complex and nonline-
ar dynamical systems [6–8], – such as dynamics of Arctic 
sea ice as subsystem of ice-atmosphere-ocean climate 
system.  

Our results provide yet another evidence, that DAHD 
is very competitive, and are consistent with its real-time 
SIO predictions over the past 7 years. The average of 
summertime DAHD-based predictions (June, July, and 
August) was within 0.3 million km2 of the observed Sep-
tember pan-Arctic Sea Ice Extent (SIE), and typical mul-
ti-model SIO spread of lower–upper quartiles ≈ 0.6 mil-
lion km2. Figure 1 shows multi-model Pan-Arctic SIO 
submissions in 2022 and adapted from its post-season 
report [9], where DAHD-based predictions were very 
accurate and consistent from early through late summer.  
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The problem of determining a mean flow induced by 
longitudinal libration of a rapidly rotating fluid-filled 
container bounded by the surfaces of two oppositely ori-
ented right circular cones is considered. The effect under 
consideration is due to nonlinearities in the Ekman 
boundary layers, which develop on the librating conical 
surfaces. It is shown that the problem is reduced, through 
introducing a cosine of the angle between the normal to 
the conical surfaces and the axis of rotation, to the prob-
lem of determining a mean flow induced by libration of a 
fluid-filled rotating cylindrical container of infinite radi-
us. A theoretical scenario is proposed of how the solved 
problem can be applied to the approximate determination 
of the differential mean rotation in a significant part of a 
rotating spherical and/or oblate spheroidal cavity under 
the action of longitudinal libration forcing. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In a plane passing through the axis of rotational 
symmetry, the geometry considered in this work can also 
be seen as a low-order polygonal approximation to an el-
lipse, and a container bounded by two oppositely directed 
conical surfaces can be seen as a rough first approxima-
tion to a spheroidal cavity. Besides possible technical 
applications, the results of this work can also be used in 
geophysics and astrophysics for a rough estimation of 
differential mean rotation characteristics within celestial 
bodies subjected to longitudinal libration without needing 
to invoke the full spherical/spheroidal geometry [1]. 
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Anisotropic velocity distributions of electrons subject 
to aperiodic instability of the Weibel type are characteris-
tic of various problems in the physics of space 
collisionless plasma, including the solar wind and the 
magnetospheres of stars and planets. The instability leads 
to the formation of small-scale current filaments and qua-
si-magnetostatic turbulent fields consistent with them, 
which significantly change the particle kinetics in plasma. 

This report is devoted to the study of the evolution of 
the spatial spectrum of Weibel turbulence in two-
dimensional approximation for a nonrelativistic plasma 
with an axially symmetric anisotropic electron velocity 
distribution. We focus on the quasilinear collective ef-
fects in the dynamics of the spectrum [1, 2]. For certainty, 
we choose the bi-Maxwell initial particle distribution 
with higher temperature along one direction (the axis of 
anisotropy) and lower temperature along the other two. 

An original quasilinear system of equations is de-
rived from the Maxwell-Vlasov equations and describes 
the evolution of spatial modes (harmonics) of particle 
velocity distribution and associated electromagnetic 
fields. The interaction of modes is taken into account 
through their integral effect on the particle-velocity dis-
tribution homogeneous in space. In a wide range of the 
initial electron-velocity anisotropy, including both small 
and large values compared to unity, the equations are 
solved for many hundreds of modes with the help of 
Leapfrog method. The selected modes tightly cover the 
two-dimensional calculation plane, which is taken in two 
ways. In one case, the anisotropy axis is perpendicular to 
the calculation plane, and in the other – belongs to it. 

The obtained solutions of the quasilinear system were 
compared with the results of similar calculations using 
the particle-in-cell code EPOCH, which takes into ac-
count the direct nonlinear interaction of modes. It is 
found that in the first case, when a calculation plane is 
perpendicular to the axis of anisotropy, the quasilinear 
interaction is a decisive factor of nonlinear turbulence 
development over a long period of time. In the second 
case the two-dimensional quasilinear approach works not 
so well, presumably, due to specific role of the oblique 
modes. Comparing with EPOCH modeling, we find the 
contribution of direct interaction of modes to some parts 
of the turbulence spectrum at some stages of its evolu-
tion, e.g., at the saturation stage, especially in the second 
case. Also, the modeling confirms validity of the recently 
found integral relation linking the root-mean-square tur-
bulent magnetic field, the anisotropy parameter, and the 
characteristic wavenumber of turbulence [2]; see Fig. 1. 

The advantage of our quasilinear approach is a very 
low noise level as compared to the particle-in-cell code, 
which does not allow one to calculate the spectrum of 
turbulence with the same accuracy as we do when study-
ing the dynamics of individual modes. This made it pos-
sible for the first time to establish and study various stag-

es of their evolution, including exponential, superfast and 
power-law growth as well as their oscillatory decay. 
Some properties of the nonlinear evolution of the whole 
turbulence spectrum have also been established, including 
its quasi-self-similar character and well-defined power-
law slopes at the long- and short-wavelength wings. Also, 
typical patterns of deformation (flattening) of the particle 
velocity distribution are picked out and typical evolution 
of both the electron anisotropy parameter and magnetic 
field energy are investigated (Fig. 1). 

 

 
 

Fig. 1. Typical evolution of (a) the root-mean-square magnetic 
field, bav, [1] (solid lines) and estimates of this quantity [2] 
(dashed lines) and (b) the anisotropy parameter, A, according to 
numerical modeling by means of the quasilinear approach (red 
lines) and the particle-in-cell code EPOCH (blue), respectively 

 
The scattering of particles by the turbulent magnetic 

fields is essential for the direct nonlinear interaction of 
modes, including both the resonant or non-resonant inter-
action, which is not accounted for in the quasilinear ap-
proximation. To describe this process in the quasilinear 
modeling, we estimate analytically a scattering cross-
section and add the anomalous collisions to the Vlasov 
equation within the simplest BGK tau-approximation. For 
the simulation in the case when the calculation plane is 
perpendicular to the anisotropy axis, the result shows 
only minor refinements of the turbulence dynamics. For 
another case when the anisotropy axes lies in the calcula-
tion plane and the influence of direct nonlinear interac-
tion of modes is stronger, the result of the improved 
quasilinear modeling is changed notably and becomes 
more close to the result of the particle-in-cell modeling. 

All the results obtained indicate the prospects of us-
ing a quasilinear approach for a detailed study of the dy-
namics of magnetic-turbulence spectrum, especially in 
plasma with a low anisotropy, where the particle-in-cell 
method is difficult to apply due to a high level of noise. 
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At high wind speeds, a large amount of sea aerosol is 
formed, containing droplets of sea spray of various sizes 
and formation mechanisms. The presence of these drop-
lets changes the state of the air-sea interface in the sea 
surface boundary layer, affecting the processes of mo-
mentum and heat exchange between air and sea and 
changing the drag coefficients of the sea surface. Accu-
rate description of air-sea interaction processes is im-
portant for improving the forecast of the development of 
severe storm systems. 

Today in the atmosphere and wave models the ex-
change coefficients for momentum, CD, don't consider the 
influence of sea aerosol at high wind speeds. Additional-
ly, the spray generation function can also be taken into 
account in emission and aerosol transport models.  

Taking into account the designated importance of 
small-scale processes in extreme weather events (storms 
and hurricanes), detailed studies have recently been car-
ried out in the framework of laboratory modeling on ex-
perimental stands. The obtained results demonstrated the 
great influence of marine aerosol on the Earth system, 
including the physics and chemistry of the atmosphere 
above the oceans, and marine geochemistry and biogeo-
chemistry in general. It affects atmospheric transparency, 
remote sensing and air quality. The effect of sea spray 
can be considered as a plausible reason for the decrease 
in the surface drag coefficient in hurricane-force winds. 
For the calculations, the parameterization of the aerosol 
particle size distribution function proposed in [1] is used. 
This spray generation function (SGF) depends on the 
dynamic wind speed, radius of the drop, Reynolds num-
ber and Weber number. 

The WRF-Chem model is modified to account for 
sea spray droplets of different sizes. The particles radius 
range values are considered in bins (10–30, 30–75, 
75–200, 200–500 μm). The parameterization of the aero-
sol particle size distribution function in the WRF-Chem 
model was refined using the GOCART module. In addi-
tion to the splash size distribution function, a spray distri-
bution function has been added to the sea salt concentra-
tion distribution calculation module, taking into account 
drops from “bags” and floating bubbles. 

 

 

 

 

 

 

 

 

Results 

The implementation of the obtained parameterization 
of the size distribution function of aerosol particles is 
implemented; Hurricane Irma simulations in WRF-Chem 
model are made [2]. In addition, model calculations are 
performed using a new drag parameterization using 
GOCART chemistry model. For data on wind speed U10, 
a comparison of the data obtained at the buoy location in 
the Atlantic Ocean with the data obtained at buoy 41043 
location is made, and at the same point the data on wind 
friction speed u* is compared. The results of WRF calcu-
lation without taking into account aerosol, taking into 
account aerosol using the GOCART method, taking into 
account aerosol using the GOCART method with an im-
plemented parameterization of the aerodynamic drag co-
efficient, taking into account aerosol using the GOCART 
method with an implemented spray generation function 
are shown. For wind speed U10, a comparison is given 
with measurement data from NDBC buoy No. 41043. 

All calculation results overestimate the buoy meas-
urements. The implementation of the spray generation 
function leads to a slight decrease in wind friction speed 
values, while the results of wind speed calculations differ 
from the default GOCART aerosol module to a lesser 
extent, since they are regularly use as input to the calcula-
tion model from wind reanalysis data. The calculation of 
the WRF-Chem model taking into account aerosol using 
the GOCART method with the implemented parameteri-
zation of the aerodynamic drag coefficient CD demon-
strates at the location a rapid increase in wind speed and a 
sharp peak, followed by a sharper decrease in wind speed 
than in the case of using other calculation methods. 
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In this work we using relatively recent development 
non-local stability measure (interval stability) to real-
world systems, based on their observational data, for the 
study of changes in the global stability of the Earth's cli-
mate during the Pleistocene epoch. Interval stability [1] is 
a method for the estimation complex system's stability to 
strong perturbations. This method describes how large 
perturbation should be to disrupt the stable dynamical 
regime of the system. The main interval stability method 
remains unaltered but we propose to use an empirical 
modelling approach [2] to apply the interval stability 
measure for the characterization of real-world systems. 
An empirical model let us possibility to study the re-
sponse of the investigated system to strong perturbations, 
to analyze the structure of various regions in phase space, 
and to investigate the internal dynamics of a system far 
from its attractor. Of course, we would not have this pos-
sibility if we had only one observable time series of the 
real-world system in our hands. We used this method for 
study the properties of a real natural system: to analyze 
the stability of the Earth’s climate system during last 
2.6 million years. As a data source we used composite 
stack LR04 [3] which consists of the time series of the 
relative content of the δ18O isotope in shells of deep-sea 
organisms from the group of protists (benthic foraminif-
era) recorded from 57 cores from deep sea drilling wells 
at different sites of the world ocean fig. 1a). Based on 
statistically optimal nonlinear stochastic model (fig. 1b) 
extracted from observational data (fig. 1a), it is shown 
that the stability of the global climate to any disturbances 
decreases throughout the Pleistocene period, enhancing 
its response to fast (with a millennial scale or less) inter-
nal disturbances. This is consistent with the assumption 
made in the work [2] that a decrease in the stability of the 
internal dynamics of the Earth’s climate is a probable 
cause of the middle Pleistocene transition [4] that oc-
curred about a million years ago. The proposed approach, 
 
 
 
 
 
 
 

combining the interval stability method with optimal em-
pirical reconstruction of the system under study, can be 
used to study a wide range of complex dynamic systems 
of various natures. 

 
Fig. 1. (a) Oxygen isotopic records over the past 2.6 million 
years; (b) one of the time series of empirical model based on the 
LR04 stack 
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The talk aims to presents concise survey of basic dis-
crete and semi-discrete nonlinear models which produce 
two- and three-dimensional (2D and 3D) solitons, and a 
summary of main theoretical and experimental results 
obtained for such solitons. The models are based on the 
discrete nonlinear Schrodinger (DNLS) equations and 
their generalizations, such as a system of discrete Gross-
Pitaevskii (GP) equations with the Lee-Huang-Yang cor-
rections, the 2D Salerno model (SM), DNLS equations 
with long-range dipole-dipole interactions, a system of 
coupled discrete equations for the second-harmonic gen-
eration with the quadratic nonlinearity, a 2D DNLS equa-
tion with a superlattice modulation opening mini-gaps, 
a discretized NLS equation with rotation, a DNLS cou-
pler and its PT-symmetric version, a system of DNLS 
equations for the spin-orbit-coupled (SOC) binary 
 

Bose-Einstein condensate, and others. Following a recent 
review article [1], the talk presents a review of basic spe-
cies of multidimensional discrete modes, including fun-
damental and vortex solitons, their bound states, gap 
solitons populating mini-gaps, symmetric and asymmetric 
solitons in the conservative and PT-symmetric couplers, 
cuspons in the 2D SM, discrete SOC solitons of the semi-
vortex and mixed-mode types, 3D discrete skyrmions, 
and some others. 
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The Carrier-Greenspan (CG) transform has become 
incredibly popular for describing the waves rolling onto 
the flat slope within the framework of the nonlinear shal-
low water theory (see, for example, [1, 2]). The amazing 
fact that this transformation (and its linearization) gives 
us is that a linear and nonlinear shallow water system will 
be reduced to the same (Euler-Darboux-Poisson) equation 
(1) for some function Φ [1]  

                        
              (1)

 
through which all elements of the wave field are ex-
pressed (u is the depth-averaged flow velocity, η is the 
water surface displacement), as well as variables (x is a 
spatial coordinate, t is time) 

 

 
    (2)

 
We decided to generalize this approach for arbitrarily 
change the bottom h(x), while considering the linear ver-
sion of the shallow water equations (3) 

    
    (3)

 
by representing the components of the wave field as 

    
    (4)

 
where φ, ψ and Φ are new arbitrary functions, λ and σ are 
new variables (T and L are dimensional constants). After 
applying certain conditions to the new introduced func-
tions, we get that our system (3) can be reduced to a sin-
gle equation (5) from which solutions of the system (3) 
can be obtained  

                 (5)
 

However, in the general case, it is not so easy to obtain 
[3] an accurate analytical solution of equation (5). For 
certain functions ψ, this equation (5) becomes the Euler-
Darboux-Poisson equation, which is easily solved pre-
cisely, and its solutions coincide with the results obtained 
in the works [4, 5], however, in a different way. Thus, a 
solution has been obtained for a countable family of pow-
er-law profiles, as well as for some configurations of 
seamounts (Fig. 1) that are set parametrically. 

The report discusses the behavior features of waves 
over seamounts. It is shown that when moving from 
 

a more gentle slope to a sharper one, the waveform will 
integrate a certain number of times, and the maximum 
amplitude is not reached at the very top of the mountain. 
The solution for such seamounts is presented in the form 
of two generalized traveling waves, which indicates a 
non-reflective spread of waves (and energy) over such a 
bathymetry. Thus, this study demonstrates that the pres-
ence of seamounts in the coastal zone does not guarantee 
protection from tsunami waves. 

 

 
Fig. 1. Wave propagation over an underwater mountain 

 
It is possible that for the obtained profiles, as well as 

for the linear slope profile, it will be possible to find a 
nonlinear analogue of the generalization of CG transform. 
At the same time, we have already found the linear parts 
of these transformations for mapping into the Euler-
Darboux-Poisson equation. In that way the authors hope 
that it will be possible to correctly determine the nonline-
ar parts of this transformation in the future.   
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Low-frequency variability (LFV) of the atmosphere, 
that is behavior on time scales greater than meteorologi-
cal forecasting time, is poorly understood and hardly pre-
dictable. The LFV of the extratropical atmosphere in-
volves hemispheric-scale recurring, often persistent, 
structures of atmospheric circulation known as 
teleconnection patterns or regimes, which form the back-
bone of low-frequency atmospheric variability and can 
have a profound impact on predictability on intra-
seasonal and longer timescales [1–3]. Having the spatial 
scales of circulation anomalies of the order of 10,000 km, 
they strongly modulate the routes and intensity of synop-
tic structures in the atmosphere, and hence determine 
long-term weather over large areas. Although modeling 
and analysis of the mid-latitude climate is closely related 
with modeling regimes, both the identification and the 
understanding of their dynamics continue to be a contro-
versial issue due to different definitions of regimes and 
many different methods used.  

According to quasi-geostrophic theory of large-scale 
baroclinic atmospheric motions, the LFV is largely driven 
by essentially nonlinear dynamical system. Experiments 
with quasi-geostrophic atmospheric models uncovered 
high-dimensional chaotic dynamics of the atmospheric 
flows, that includes a set of metastable states which mani-
fest themselves as the persistent patterns [4, 5]. Relying 
on this, we treat the regimes as metastable states in the 
phase space of the system and use an approach of hidden 
Markov models (HMM) [6] to find and analyze them. 
A method we present here consists of three main steps: 
(1) constructing of a low-dimension embedding space 
efficient for the LFV representation, based on nonlinear 

principal component analysis, (2) training and optimizing 
the structure of the HMM, and (3) using an original 
method for decomposing the HMM state space into a set 
of metastable subsets associated with the regimes. A 
thorough analysis of the significance of the detected re-
gimes is an integral part of the proposed method. In addi-
tion to detecting regimes, the method allows one to esti-
mate the expected lifetime of each regime, the probabili-
ties of transitions between regimes, and the probability 
that an observed pattern belongs to a certain regime. The 
results of applying the method to analysis of geopotential 
heights of the troposphere (500 hPa) and stratosphere 
(100 hPa) over the winter Northern Hemisphere are 
demonstrated, the properties and impact on the weather of 
the obtained regimes as well as the interannual evolution 
of their statistics are discussed.  
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Complex multiscale dynamics of the atmosphere 
in extratropical latitudes includes various persistent at-
mospheric regimes with the residence time up to several 
weeks. Identification, modeling and prediction of such 
regimes remains one of the unsolved problems. Rapid 
development of statistical methods and algorithms allows 
to tackle this problem with the help of modern machine 
learning approaches. In the current work we develop a 
Bayesian stochastic model for large-scale atmospheric 
dynamics based on recurrent neural networks (RNNs).  

RNN is a network which has a hidden state reflecting 
the dynamical properties of the observed system which 
are helpful for the prediction of the next system’s state 
(target variable). The core element of RNN structure is 
recurrent cell which allows to update the current hidden 
state using the current observed state. It has a fixed num-
ber of trainable parameters and can be applied recursively 
many times, allowing to model dependencies with large 
memory depth (and thus multiscale dynamics) without 
increasing the number of RNN parameters, i.e. without 
overfitting. However it becomes more tricky to train be-
cause of arising deep learning challenges. Here we con-
struct a model in the form of evolution operator with the 
sum of RNN as deterministic part and multidimensional 
Gaussian stochastic part, generalizing Bayesian stochastic 
model framework from our previous works [1–3]. To 
train the model, we employ the same Bayesian posterior 
probability density as a cost function, but change the nu-
merical algorithm and optimization criterion: instead of 
Laplace approximation of Bayesian evidence optimality 
(which becomes bad for deep networks), we cross-
validate the model likelihood to choose optimal 
hyperparameters; and we use stochastic gradient algo-
rithm with cross-validation-based early stopping during 
the maximization of the Bayesian posterior. Both strate-
gies are well-known in deep learning but the chosen cost 
functions are taken from the Bayesian framework.  

The proposed model involves variables obtained by 
nonlinear dimensionality reduction via kernel principal 
component analysis – kernel principal components 
(PCs) – and aimed at characterizing the target regimes 
[4]. At first we construct the “classic” variant of stochas-
tic RNN-based evolution operator which maps a sequence 
of past values of kernel PCs to their current values. How-
ever, we note that kernel PCs are actually defined by an 
implicit highly nonlinear mapping from high-dimensional 
space of observed variables which makes them represent 
a very distorted version of the original phase space and 
 
 
 
 
 

potentially be less appropriate for evolution operator con-
struction. To reflect this idea, we modify the classic vari-
ant and use an undistorted linear projection of original 
variables to form a low-dimensional phase space for 
RNN. We train the RNN to stochastically map a sequence 
of the past linear PCs to their current values and, addi-
tionally, to the current values of kernel PCs. In this way 
our modified stochastic RNN combines the evolution 
operator in the undistorted projection of the original 
space and the low-dimensional approximation of mapping 
from the original space to the target variables – kernel 
PCs. 

As a proof of concept, we illustrate the method for 
the mid- and high-latitude data in the Northern hemi-
sphere in winter, see e.g. Fig. 1 for the geopotential 
height at 70 hPa whose kernel PCs represent the main 
regimes of polar vortex. It is seen that the modified sto-
chastic RNN provides the better representation of the 
observed density of the system states in the space of ker-
nel PCs, rather then the “classic” one. It can also be 
shown that it provides a good low-dimensional recon-
struction of the mapping from the original variables to 
kernel PCs. Thus, this model may serve as a good simula-
tor and, possibly, predictor of atmospheric dynamics 
which also captures the important regimes.  

     
 

Fig. 1. The density of polar vortex states (invariant measure) in 
the space of leading kernel PCs for the observed data (left), the 
modified Bayesian stochastic RNN (middle), and the classic 
Bayesian stochastic RNN (right), see text for details 
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We present analytical kinetic models of multicompo-
nent current sheets of a magnetopause type allowing for 
arbitrary particle energy distributions [1, 2]. These one-
dimensional models satisfy stationary Vlasov – Maxwell 
equations and describe a kinetic-scale distributed bounda-
ry between two regions of plasma with different number 
densities and magnetic field values, e.g., between the 
solar (stellar) wind and a planet's magnetosphere.  

To test the stability of the constructed models, we 
carry out particle-in-cell numerical simulations, in which 
the analytically found self-consistent solution to the ki-
netic equations is set as an initial condition, and the evo-
lution of the magnetoactive plasma is calculated. Analyti-
cal estimates predict that, depending on the free parame-
ters of a sheet, the aperiodic Weibel-type instability is 
completely inhibited within its central part or can suc-
cessfully develop despite the presence of the self-
consistent magnetic field. Both cases are investigated 
numerically and compared for two choices of the particle 
energy distribution, Maxwellian and Kappa. 

 

 
Fig. 1. Initial structure of the 4-component Maxwellian current 
sheet, comprised of 2 electron and 2 proton components: (a) 
magnetic field profile Bz (solid line), current densities of ions 
and electrons in the y direction, jey and jiy (dots and dashes 
respectively), all normalized to their maxima; (b) normalized 
number densities of current-carrying ions and electrons, ne and 
ni (dots and dashes respectively), and their difference (solid 
line), proportional to the charge density. Model ion-electron 
mass ratio is 18. 

 
Simulations confirm the theoretical predictions and 

show that the simplest sheets without particle countercur-
rents are stable against the Weibel instability. In a model 
with countercurrents (Fig. 1) the magnetic field of the 
 
 
 
 
 
 
 
 
 

sheet can be made weak enough, so that the particles 
areunmagnetized and the Weibel perturbations can grow 
effectively (Fig. 2). However, the instability saturates at a 
relatively low level and is confined within the region of 
suppressed magnetic field between the countercurrents, 
so the large-scale current structure remains stable. 

 

 
Fig. 2. Snapshots of the simulated evolution of the sheet 
presented in Fig. 1 at the moments of time (a)–(c) t ≈ 3400/ωp, 
(d)–(f) t ≈ 7500/ωp. Panel columns show normalized total 
current density in projections on axes x, y, z (from left to right) 

 
We show that for both Maxwellian and Kappa parti-

cle energy distributions, the global structure of the current 
sheet and the character of the Weibel-type instability in 
its inner part are similar. The presence of the inhomoge-
neous self-consistent magnetic field and gradients of the 
plasma's local properties significantly influence the evo-
lution of the Weibel turbulent spectrum from short to 
long wavelengths in comparison with the case of a homo-
geneous magnetoactive plasma.  

The proposed current sheet models and the results on 
their small-scale instability can be used to interpret phe-
nomena observed in the vicinity of planetary magneto-
pauses and the coronas of late-type stars.  
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Cortical traveling waves paradigm has relatively re-
cently replaced the more traditional point view stating 
that neuronal sources and the recordings of brain’s elec-
trical activity can be modeled as a linear superposition of 
space-time separable rank-1 components. Cortical travel-
ing waves of electrical activity accompany both normal 
and pathological workings of the brain. Most of the cur-
rent studies of cortical traveling waves are performed 
using invasive recordings as the methods for detecting 
and localizing traveling waves in the non-invasively col-
lected electroencephalographic data are missing. 

I will present two approaches solving this problem 
and demonstrate their utility in both simulated and real 
EEG and MEG data analysis. The first approach is based 

on representing the observed vector time series data as a 
mixture of traveling waves propagating over cortex in 
various directions regularized by the L1 norm on the mix-
ture coefficients which ensures sparsity of the traveling 
wave directions. I will show the results of applying this 
method to identify seizure onset zones in MEG data rec-
orded in patients with pharmacologically intractable epi-
lepsy. The second technique is based on the state space 
modeling approach operationalized by the unscented 
Kalman filter technique to infer the spatial and temporal 
components of the non-linearly observed cortical 
rhythms. The method allows us to resolve the controversy 
behind possible generative mechanisms of non-invasively 
observed traveling wave-like patterns. 
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Introduction 

The dynamics of the mid-latitude atmosphere has 
complex multiscale behavior. While modern meteorology 
successfully copes with forecasting the atmosphere for 1-
2 weeks, the predictability of atmospheric processes with 
large time scales is extremely low. Such time scales con-
stitute so-called low-frequency atmospheric variability. 
Experiments with atmospheric models of different com-
plexity levels and with observations show that low-
frequency atmospheric variability is characterized by 
repeating states - planetary-scale circulation structures 
(regimes). The lifetime of each state can reach 3-4 weeks. 
These structures determine dominant paths of evolution 
of synoptic eddies, which strongly influence on weather 
regimes over vast territories. Currently, a large number of 
studies are devoted to identifying and modeling repeating 
states of the mid-latitude atmosphere, but the results ob-
tained are contradictory and strongly depend on the 
choice of identification method. 

Methods 
This report proposes an original method for identify-

ing and analyzing regimes, based on the understanding of 
regimes as regions of slowing down of phase trajectories 
in the phase space of the system, or neighborhoods of 
metastable states [1]. The idea of the method is to con-
struct a Gaussian hidden Markov model from observed 
data and identify special subsets of model states. These 
subsets have a following property by definition. Their 
probability to leave themselves is abnormally low. Within 
the framework of this model, the dynamics of the system 
is parameterized by a Markov process, while both the set 
of hidden (not directly measured) states of the system and 
the probabilities of transitions between them are unknown 
a priori. The probabilistic connection of the hidden state 
with the measured values is specified by normal distribu-
tion with trainable parameters. To train the model, the 
Baum-Welsh algorithm [2] is used, which uses the for-
ward-backward method. After constructing the model, the 
set of states is divided into communities maximizing av-
erage difference between two probabilities. First one 
means that the system will remain in the current commu-
nity significantly. Second means the same but for random 
 

process which has stationary distribution similar to the 
system’s one. For purpose of identification communities, 
the transition matrix is divided into blocks using an ap-
proach specially generalized for this task, based on the 
spectral method of graph partitioning [3]. 

Implementations and results 
The report examines the reproducibility of winter at-

mospheric circulation regimes in the mid-latitudes of the 
Northern Hemisphere by the INM RAS Earth System 
Model (INMCM) based on data from historical and pre-
industrial experiments. It means that an analysis of char-
acteristics of atmospheric circulation regimes in the 
INMCM model is made in comparison with regimes 
found from reanalysis data (time series of geopotential 
height fields in the troposphere and stratosphere are 
used). In addition, the role of the own variability of mod-
el and the role of forcings in the formation and evolution 
of regimes are explored. 

Plans 
It is planned to generalize the model to the non-

stationary case and apply it to data with seasonal variabil-
ity. There is also the task of improving optimization by 
the number of hidden states. In this report the Akaike 
information criterion (AIC) is used for that purpose and it 
can be changed. 
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El Niño–Southern Oscillation (ENSO) is the most 
prominent mode of interannual climate variability, which 
originates in the tropical Pacific, but has a global impact. 
Some fundamental features of observed ENSO are still 
not satisfactorily simulated by the most of state-of-the-art 
Earth system models [1]. One of that feature is the 
asymmetry between hot (El Niño) and cold (La Niña) 
states of ENSO: El Niño events are often stronger than La 
Niña events, while the last ones tend to be more persis-
tent. Such an asymmetry is generally attributed to nonlin-
ear feedbacks between sea surface temperatures, thermo-
cline and winds in the tropical Pacific [2, 3]. At the same 
time, there are alternative conceptions highlighting the 
role of fast atmospheric processes associated with irregu-
lar zonal wind anomalies [4]. 

In this study we identify ENSO asymmetry via the 
analysis of upper ocean heat content (OHC) variability in 
the tropical Pacific from both high-resolution reanalysis 
dataset  and ensemble datasets, produced by the Earth 
system models participating in the Coupled Model 
Intercomparison Project (CMIP). It was demonstrated 
[5, 6] that observed tropical Pacific OHC variability is 
captured well by two leading modes, obtained using con-
ventional empirical orthogonal functions (EOF) decom-
position of OHC anomalies data. These modes reflect the 
fundamental recharge-discharge mechanism of ENSO [7] 
involving a recharge and discharge of OHC along the 
equator caused by a disequilibrium between zonal winds 
and zonal mean thermocline depth. Here we reveal and 
analyze interannual dependencies in ENSO dynamics 
from these leading empirical OHC modes. We obtain that 
corresponding interannual dependencies revealed from 
reanalysis OHC data are truly nonlinear that reflects 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

El Niño/La Niña asymmetry. We also examine how some 
Earth system models from CMIP reproduce the observed 
ENSO nonlinearity. Finally, we demonstrate that in con-
text of the conventional conceptual theory of ENSO [7] 
the observed nonlinear interannual dependencies are at-
tributed to nonlinear feedbacks inherent to internal ENSO 
dynamics rather than fast external forcing. 
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Showing the record strengths and growth-rates, a 
number of recent hurricanes have highlighted needs for 
improving forecasts of tropical cyclone intensities most 
sensitive to models of the air-sea coupling. Especially 
challenging is the nature and effect of the very small-
scale phenomena, the sea-spray and foam, supposed to 
strongly affecting the momentum- and heat- air-sea fluxes 
at strong winds. The present work is focused on our pro-
gress in understanding and describing these "micro-scale" 
processes, their physical properties, the spray and foam 
mediated air-sea fluxes and the impact on the develop-
ment of marine storms. 

 

 
 

 
 

Fig. 1. Photographs of TSWiWaT (a) 
and AELOTRON (b) facilities 

 
The starting points for this study were two series of 

laboratory experiments. The first one was designed for 
investigation of the spray generation mechanisms at high 
winds. The experiments were carried out on the two dif-
ferent wind-wave facilities: Thermostratified Wind-Wave 
Tank (TSWiWaT) of IAP RAS and AELOTRON circular 
wind-wave facility of Heidelberg university (Fig. 1). 
It allows us to obtain results for a wide range of wind 
rates and fetches conditions. We detected 3 dominant 
spray generating mechanisms: stretching liquid liga-
ments, bursting bubbles, splashing of the falling droplets 
and “bag-breakup”. We investigated the efficiency spray-
production mechanisms and developed the empirical sta-
tistics of the numbers of the spray generating events of 
each type (see [1]). Basing on the “white-cap method” we 
found out the dependence of the spray-generating events 
on the wind fetch. The main attention was paid to the  
 
 
 
 
 

“bag-breakup” mechanism. Here we studied in detail the 
statistics of spray produced from one “bag-breakup” 
event. Basing on these developments, we estimated heat 
and momentum fluxes from the spray-generating events 
of different types and found out the dominant role of the 
“bag-breakup” mechanism. 

To estimate the direct heat and momentum fluxes 
from the ocean surface to the atmosphere, we studied in 
the special experiment the foam impact on the short-wave 
part of the surface waves and the heat momentum ex-
change in the atmospheric boundary layer at high winds. 
Based on these results, we suggest a simple model for the 
aerodynamic and temperature roughness and the eddy 
viscosity in the turbulent boundary layer over a fraction-
ally foam-covered water surface (see [2]).  

The synergetic effect of foam at the water surface 
and spray in the marine atmospheric boundary layer on 
ocean surface resistance at high winds is estimated so as 
to be able to explain the observed peculiarities of the air-
sea fluxes at stormy conditions (see Fig. 2). Calculations 
within the nonhydrostatic axisymmetric model show, that 
the "microphysics" of the air-sea coupling significantly 
accelerate development of the ocean storm. 

 

 
(a) (b) 

 

Fig. 2. Aerodynamic drag coefficient (a) and enthalpy exchange 
coefficient (b) dependencies on the equivalent wind speed ve-
locity U10. Symbols – available data of field measurements. 
Lines – results of present work 
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The main feature of fluid motion in a rotating system 
is the two-dimensionalization along the axis of rotation. 
Due to the action of Coriolis forces, the flow becomes 
quasi-two-dimensional and directed in a plane perpendic-
ular to the axis of rotation, while being homogeneous 
along this axis. Similar to a purely two-dimensional flow 
[1], long-lived coherent vortices can form in a quasi-two-
dimensional flow [2–4]. 

 

 
                    a                            b                          c 

 

Fig. 1. The spatial distribution of vorticity for a regime with a 
large anticyclone in the center of the cube. Cube rotation speeds 
3.6, 6.8, 10.8 rpm. The cube rotates counterclockwise 
 

 
 

Fig. 2. Azimuthal velocity profile for anticyclones at different 
cube rotation speeds. The dotted line indicates the fit of the 
theoretical curve from the work [5] 

 
An experimental study of the characteristics of these 

vortices was carried out in [4]. In this experiment, flow 
was excited by mixers installed in the vertical corners of 
a rotating hermetically closed cube with water. As the 
speed of the cube decreased and the mixers mode re-
mained constant, an increase in size of cyclones and en-
ergy was observed, as well as a decrease in vortex num-
ber. Works aimed at theoretical [5] and numerical [1] 
studies of vortices in a quasi-two-dimensional system 
 
 
 
 
 

predict the presence of a single or pair of vortex conden-
sates, which conflicts with experimental observations. 
A possible reason is that, due to the nature of the excita-
tion, a regime was observed that does not match the pa-
rameters of the proposed models. It would be interesting 
to investigate what happens as the rotation rate continues 
to decrease relative to the intensity of turbulent pumping. 

It could be assumed that, as a result of an increase in 
forcing intensity, one cyclone would remain, with its cen-
ter located in the center of the flow. However, experi-
mental observations suggest otherwise. An super anti-
clone has been observed in the middle of the cube, whose 
lifetime is significantly longer than the dissipation time 
(Fig. 1, a). Around the anti-cyclone, a peripheral move-
ment in a cyclonic direction has formed. As the rotation 
rate increases, cyclones start to appear on the periphery 
and are carried away by the mean current (Fig. 2, b). At a 
certain threshold rotation rate, the anti-cyclonic structure 
disappears (Fig. 3, b). 

The report presents the results of an experimental 
study of a super anti-cyclone. In particular, the parame-
ters of the occurrence of this phenomenon have been 
studied, and it has also been shown that at low rotational 
speeds of the cube, the azimuthal velocity profile (Fig. 2) 
coincides well with the dependence of the type  

 ln( )rU A r
R

ϕ = ⋅ ⋅  (1) 

presented in [5]. 
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Introduction 

We analyze the spectral–correlation features (princi-
pal components) of the dynamic spectra of the radio pul-
sar PSR B0329+54 observed near a frequency of 
111 MHz in a band of almost 2.5 MHz at Pushchino Ra-
dio Astronomy Observatory (PRAO) [1]. The simple 
time-dependent spectral features of the PSR B0329+54 
have been investigated previously and demonstrate up to 
9 emission components [2, 3] and their Faraday modula-
tion [4, 5], i.e., the rotation of the plane of linear polariza-
tion of the broadband emission. Our observing band con-
tains about 6 Faraday periods of the pulsar emission. We 
develop the Periodic Principle Component (PPC) method 
which makes it possible to distinguish them very well 
using only a few minutes of observations. Yet, we find 
the period and dispersion measure of the pulsar, resolve 
nine spectral-correlation components and their Faraday 
structure, including rotation measure in each of them, 
their relative phases and the rates of frequency drift. 

Methods 

We convert the original 0.2 μs time series of the 
emission near a frequency of 111 MHz with duration of 
about several minutes into a dynamic spectrum which has 
a time resolution of about 0.2 ms and contains about 500 
frequency channels. Then we compensate the dispersion 
measure of the pulsar, do some other preprocessing [1], 
match the pulsar pulse repetition period (about 715 ms) to 
our data, and finally convert the 15-minute dynamic spec-
trum into a series of about 1350 smaller dynamic spectra 
of about 120 ms duration, one for each pulse. 

Then we generalize the Principal Component Meth-
od, which is widely used in mathematical statistics [6], to 
the PPC method, which is not so common and has not 
ever been applied to pulsar dynamic spectra. Both ordi-
nary and periodic methods are described in [7, 8]. 

Our PPC method treats the data as a matrix of “pulse 
number” and “frequency-time” dimensions, finds the data 
correlation and defines the best “spectral” functions that 
are orthogonal to each other and describe the maximum 
variation of the data. We decompose the data into them, 
multiplying each function by some time-dependent am-
plitude, and keep some of the first (most informative) of 
these functions, making a low-dimensional approxima-
tion to the data and investigating it. When we study em-
pirical data as a time series, we often call these functions 
as empirical orthogonal functions (EOFs), no matter what 
are actual (different) units of measurement of the data. 

In our case of the PPC method, both the time and 
frequency of the dynamic spectrum for a given pulse play 

on the same footing. So, we have about 1350 “pulse” 
points and about 300000 “frequency-time” points in our 
data. Although the pulses vary greatly, the pulsar's emis-
sion is periodic with fine precision, so the PPC method is 
well suited to the spectral-dynamical features. For the 
PSR B0329+54, we find about 20 EOFs that contain in-
formation concerning the pulsar emission components. 
The computer implementation of the PPC method is 
based on standard libraries of the Python programming 
language and provides data preprocessing, validation of 
the dispersion factors and the time scale, and an effective 
calculation of EOFs for data of several tens of gigabytes. 

Results 
By means of the PPC method applied to the radio 

emission of the pulsar PSR B0329+54, we (i) determine 
the dispersion measure of the pulsar, (ii) identify nine 
pulse (spectral-correlation) components with essential 
linear polarisation, (iii) investigate their mutual correla-
tions, (iv) evaluate an efficient frequency period of Fara-
day rotation for each of these components, (v) carry out 
their relative phases (which remain constant even though 
these frequency phases themselves change randomly), 
and (vi) discover the frequency-time chirp (drift) of vari-
ous elements in the dynamic spectrum of the pulsar.  

The PPC methods can be applied to the data of pul-
sar’s observations by various radio telescopes in various 
frequency ranges, and may prove very useful in solving 
the more than half a century old problem of the origin of 
the radio emission from the rotating neutron stars. 
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Sound scattering (according to Kirchhoff) is simulat-
ed, which occurs at the boundary of two media with a 
periodically grooved (sinusoidal, combed) surface shape 
of the contact boundary and sharply differing in sound 
velocity. The problem under discussion is in demand, for 
example, when searching for manganese nodules in the 
water area, during express control of the characteristics of 
the bottom irregularity in the water-bottom soil area, 
where hydroacoustic waves are used [1, 2]. The analysis 
is performed in a simplified formulation – as a two–
dimensional problem with an infinitely long boundary – 
with a sinusoidal comb shape cyclically repeated along 
the horizontal axis. The scattered field is calculated based 
on the Kirchhoff approach, using a ray representation of 
plane waves unlimited along the front – incident, reflect-
ed and transmitted [3–6]. Scattered waves penetrating 
through the boundary into the interior of the medium are 
also analyzed, both with harmonic and pulsed oscilla-
tions. The course of the rays and the reflection-passage 
coefficients in the Born approximation are regulated by 
the Snellius law and Fresnel formulas for reflection-
passage coefficients. Two models of bordering media are 
envisaged: 1 – “gluing” – two mutually contacting scalar 
media and 2 – “slip contact” – the water – solid (hard) 
bottom boundary. In the first case, the condition of equal-
ity of both components of the displacements at the 
boundary, in the second – the condition of non-flow 
(equality of the vertical component of the displacements) 
and the reversal of the shear component of the stress ten-
sor from the solid bottom boundary. The analysis uses 
constraints based on the small ratio of the height of the 
sinusoidal ridge corrugation to the spatial period of the 
border irregularity. In this case, it is permissible to ne-
glect the quadratic corrections describing the orts oriented 
along the normal at intermediate points on the period of 
the corrugated boundary and deviating from the axial 
directions in them. Multiple scattering of rays arising 
from their deep penetration into the area between the 
ridges at the interface is also excluded. The multiple scat-
tering of the wave – reflection from the slopes of the 
ridge significantly complicates the strict description of 
the scattering process. It is shown that the scattering 
characteristic in the harmonic oscillation mode has a mul-
ti-lobed shape, and the width of the petals is determined 
by the height of the ridge of the periodic structure of the 
boundary irregularity. The scattering indicatrix demon-

strates the lobe structure of the angular distribution of the 
wave amplitude. 

This characteristic is highly variable and varies with 
the change of frequency and the ratio of propagation ve-
locities, making it impossible to fix a stable feature for 
interpreting and diagnosing the properties of the medium. 
In this regard, the possibility of representing a scattered 
wave in the form of a short pulse response to a probing 
parcel is considered. A replica of the pulse is depicted on 
a panorama in which the polar angle is laid along the ab-
scissa axis, and the duration of the pulse delay in the me-
dia in contact is laid along the ordinate axis. In contrast, 
the panoramic image used for the pulse mode is an inte-
gral indicator that is stable and suitable for adequate op-
erational diagnostics of the parameter – the ratio at the 
boundary of acoustic velocities. 

Based on the application of the finite element meth-
od, numerical 3-D modeling of waves (analogous to aper-
ture apodization of waves limited along the front), or cre-
ated by a source of directional radiation, for example, an 
oscillating acoustic dipole installed near the boundary of 
media with a sinusoidal comb shape, is carried out. The 
possibility of angle scanning by the directivity of reflect-
ed and refracted scattered waves is demonstrated. The 
characteristic features in scattering indicatrises and in 
impulse responses are laid down as informative signs in 
the bottom soil diagnostic algorithm. 
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Seismic vibrations of low difference frequency emit-
ted parametrically when biharmonic waves are excited by 
a vibrating seismic source installed on the Earth's surface 
are analyzed. The vibrator acts on the ground with varia-
ble force, radiating deep into two coaxial collimated 
beams of high–frequency longitudinal waves - harmonics 
close in frequency. Due to the parametric interaction of 
biharmonics, a difference frequency wave is also generat-
ed in the medium. The interaction is caused by the mani-
festation of nonlinear properties of the medium in the 
sedimentary column – a quadratic deviation in the linear 
Hooke stress-strain relationship.  

Considering parametric effects during the propaga-
tion of seismic, i.e. elastic waves in the geomedium, we 
will start from the classical description of parametric in-
teraction in coaxial searchlight sonar beams, which can 
serve as a basic one, and therefore it is mentioned here. It 
is known that when creating narrowly directed low-
frequency sonar signals in an aqueous medium, paramet-
ric antennas are used, among other types of receiving and 
emitting devices, while quadratic nonlinearity is used in 
their work, characteristic of the compressibility of a liq-
uid and manifested during the propagation of an acoustic 
wave. The antennas work both for the emission of waves 
of difference frequency and in the mode of recording 
low-frequency sonar signals at combination frequencies. 
According to the literature, the relevant studies were ini-
tially carried out by American acoustics [1 – 3], then 
there were pioneering works by acoustics of the Russian 
school specializing in receiving antennas [4], as well as a 
series of studies in the field of parametric radiators, 
which were carried out, for example, by the authors men-
tioned in [5, 6]. 

The main interest is in the characteristics of a low-
difference frequency wave: the spatial and angular 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

distribution of the amplitude, the nature of the wave level 
decline with distance and its frequency dependence. One 
of the ways to obtain a narrow focus of low-frequency 
radiation (penetrating deep into the subsurface) is to use 
the parametric principle of generation. The virtual 
sourcesthat arise in this case create the effect of a signifi-
cant aperture. The spatial and angular characteristic of the 
radiation is graphically presented. Thus, the possibility of 
generating and emitting seismic vibrations at frequencies 
from units to several tens of hertz with a high angular 
directivity significantly exceeding that achievable with 
small (insignificant dimensions) dimensions of the radia-
tor is being investigated. Estimates of the level of low-
frequency vibrations generated parametrically in the soil 
are performed, while averaged values of the parameter of 
rock nonlinearity in the area of near-surface layers are 
used, and the possibility of achieving a radiation range 
practically acceptable for reliable registration is shown.  
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A flat horizontal free surface of a conducting liquid 
(liquid metal for applications) is unstable in a sufficiently 
strong external vertical electric field. This instability is 
known as the Tonks–Frenkel (TF) instability. In a super-
critical field, boundary perturbations begin to grow, 
demonstrating a tendency toward unlimited sharpening of 
the surface. It was experimentally established [1] that a 
cone with an opening angle close to 98.6o is formed on 
the surface in a finite time. This angle arises in the prob-
lem of possible stationary configurations of the charged 
surface of a conducting liquid: in 1964, Taylor [2] 
showed that, for a cone with the angle of 98.6o, the elec-
trostatic pressure can be balanced by the capillary pres-
sure. Despite the coincidence of the angle, one should not 
confuse stationary conical formations (conventional static 
Taylor cones [2]) on the surface of a liquid in an electric 
field and dynamic cones arising as a result of the devel-
opment of TF instability [1]. For the dynamic case, time-
dependent self-similar solutions to the equations of mo-
tion of an inviscid perfectly conducting fluid were re-
vealed in paper [3]. These solutions are responsible for 
the formation of conic cusps in a finite time.  

 

 
Fig. 1. Sketch of the problem geometry. 

 
For self-similar growth of conic cusps, the spatial 

scale λ (as such a scale, one can choose, for example, the 
radius of curvature of the protrusion apex) decreases with 
time t according to the power law λ ~ (t0 – t)2/3, where t0 
is the moment of singularity formation (see Fig. 1). As it 
turned out, a cone with the Taylor opening angle 98.6o is 
the asymptotic shape of the surface close to the singular 
point, i.e., the self-similar solution resembles in geometry 
the static Taylor solution. 

In the present work, we analytically study the dynam-
ics of the formation of a conic cusp due to the TF  
 

instability, taking into account the finite viscosity of the 
medium. As the system evolves, the Reynolds number 
(Re) at the tip of an accelerating protrusion decreases 
from large values, at which the ideal fluid model is appli-
cable, to zero, when viscous effects become dominant.  

As it turns out, in terms of the local field strength E 
at the cusp apex, the process of cusp formation can be 
divided into two main stages. At the first stage, when 
E << Ec and Re >> 1, the relations E ~ u ~ λ–1/2 ~ τ–1/3 
between the main parameters of the problem (spatial and 
temporal scales λ and τ, electric field strength E, fluid 
velocity u) hold. Here, Ec = α(ε0ρ)–1/2ν–1 is a certain 
threshold value of the electric field strength, α is the sur-
face tension coefficient, ε0 is the electric constant, ρ is the 
fluid density, and ν is the kinematic viscosity. At this 
stage, the cone angle coincides with the angle of the static 
Taylor cone, 98.6o. At the second stage, when E >> Ec 
and Re << 1, we have E ~ u3/2 ~ λ–3/4 ~ τ–1/2 with the lim-
iting angle value of 33.1o [4]. For the parameters of mol-
ten copper, the value Ec is approximately equal to 108 
V/cm. It is achieved when the characteristic spatial scale 
(for example, the rounding radius of the protrusion tip) is 
on the order of tens of nanometers. As an example of a 
situation where these conditions are realized, we can 
point out here the paper [5] that examined prebreakdown 
processes that occur in a cathode microprotrusion with a 
molten tip exposed to an external electric field.  

The obtained analytical result is consistent with the 
results of numerical modeling [6] of the TF instability 
development taking into account liquid viscosity, where a 
tendency was observed toward a decrease in the angle of 
the formed cone with decreasing Re. 
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Free electrons in a gas or plasma may undergo con-
tinuous acceleration (i.e., a transition to the runaway 
mode) if a sufficiently strong external electric field is 
applied [1]. In a homogeneous or weakly inhomogeneous 
field, free electrons enter the runaway mode if the field 
strength E at their origin site exceeds a certain critical 
value Ec that depends on the type of gas and its pressure 
[2]. In a strongly inhomogeneous field due to the use of 
pointed cathodes, this condition is not sufficient for con-
tinuous acceleration of electrons within the entire gas 
gap. The field decays rapidly with distance from the tip, 
and an electron accelerated in the near-cathode region 
may start decelerating at the periphery [3]. 

The present work is devoted to the study of how the 
degree of inhomogeneity of the electric field distribution 
in the interelectrode gap affects the conditions for the 
generation of runaway electrons. 

The one-dimensional motion of a free electron along 
the symmetry axis z of the electrode system can be de-
scribed by the nonlinear ordinary differential equation 

/ ( ) ( )d dz eE z Fε = − ε .                       (1) 
Here e is the elementary charge; F is the braking force, 
which acts on the electron in a medium and depends on 
its kinetic energy ε. We will use the nonrelativistic Bethe 
formula [4] for the dependence F(ε). For the field 
strength on a scale larger than the tip rounding radius, we 
can take E ~ 1/zγ, where the exponent γ characterizes the 
degree of inhomogeneity of the field distribution (the 
position of the cathode, from which electrons with initial-
ly low energy start, corresponds to z = 0). For electrode 
configurations used in experiments, γ falls within the 
range from zero (flat cathode) to one (needle cathode). 
For a conical cathode, the relation between the opening 
angle α and the exponent γ is given by the following 
equation [5]: Pγ(–cos(α/2) = 0, where Pγ is the Legendre 
function of order γ. For a tubular edge cathode, it can be 
taken γ = 1/2 [3]. 

Analysis of the equation (1) has shown [5] that the 
dynamics of free electrons is qualitatively different for 
different degrees of field inhomogeneity, i.e., for different 
values of γ. Indeed, let us assume that an electron is ac-
celerated at the periphery, i.e., the electric force eE domi-
nates over the braking force F at large z. Then the kinetic 
energy of the electron is determined by the difference of 
potentials passed by it, ε = eΦ ~ z1–γ, where we have tak-
en into account that E = –dΦ/dz. The braking force for 
high ε is estimated as F ~ 1/ε [4], so that F ~ zγ–1. Let us 
 

compare it with the electric force eE ~ 1/zγ. It can be seen 
immediately that, at large z, the condition eE >> F used 
by us is fulfilled only if γ < 1/2. Taking into account the 
inequality γ > 0, we find that the exponent lies within the 
range 0 < γ < 1/2. This condition is necessary for contin-
uous acceleration at the limit of large z. At 1/2 < γ < 1, 
the initial assumption that the accelerating force eE dom-
inates over the decelerating force F at large z is violated. 
It is possible to conclude that, in this case, the electron 
will not be continuously accelerated. Its behavior will be 
more complicated: initially, in the region of low z, it will 
be accelerated and, after moving far away from the cath-
ode, start to decelerate. In the absence of limitations on z, 
this will unavoidably result in it turning into a thermal 
electron. 

Hence, our analysis of the asymptotic behavior of 
free electrons in a gas under inhomogeneous field condi-
tions has shown that their dynamics is radically different 
at 0 < γ < 1/2 and 1/2 < γ < 1 (in relation to a conical 
cathode, the boundary case γ = 1/2 corresponds to the 
cone angle of 98.6o [5, 6]). It is clear that this will influ-
ence the conditions of electron runaway in a gas gap. As 
it turns out, for a weakly inhomogeneous field distribu-
tion (0 < γ < 1/2), the classical local condition of runaway 
is quite applicable, namely that the field strength E(0) at 
the electron starting position must exceed the critical val-
ue Ec, which depends only on gas properties. For a 
strongly inhomogeneous field distribution (1/2 < γ < 1), 
this condition does not ensure electron runaway in the 
entire gap, and a stronger nonlocal condition is required. 
The voltage U applied to the gap must exceed a certain 
threshold Uc, which depends both on the properties of the 
gas and on the geometry of the interelectrode gap 
(interelectrode distance). 
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Intense beams of photons and particles in the MeV 
energy range are effective tools in many areas of re-
search, such as the creation and diagnostics of matter in 
extreme states, nuclear physics and materials science, as 
well as in other applications. Currently, an efficient con-
cept for creating sources of γ-radiation and neutrons 
based on the generation of relativistic electrons in the 
Direct Laser Acceleration (DLA) mode is being dis-
cussed. PW-class laser systems capable of generating 
subpicosecond and femtosecond pulses focused to 
ultrarelativistic intensity, are good candidates for creating 
high-current beams of ultrarelativistic electrons in ex-
tended plasma with a density close to critical in the DLA 
process [1–3]. 

The generation of ultra-bright DLA-based secondary 
sources of MeV particles and radiation was successfully 
demonstrated at the sub-PW Nd:glass PHELIX laser fa-
cility in Darmstadt. The interaction of the PHELIX sub-
ps pulse of ~1019 W/cm2 intensity with pre-ionized low-
density polymer foam led to an increase in the effective 
electron temperature, electron energy and beam charge by 
a factor of 10–20 compared to shots on conventional foil 
with the same laser parameters, Fig. 1 [4, 5].  

 
Fig. 1. Electron energy distributions are normalized to the cor-
responding laser energy inside FWHM of the focal spot in 
Joules. Shots were made onto the pre-ionized low density foam 
layer in combination with 10 µm Au-foil at 1.5×1019 Wcm-2 
laser intensity (red) and onto 10 µm thin Ti-foils irradiated by 
the 9×1020 Wcm-2 (green) and 1.6×1019 Wcm-2 (gray) laser in-
tensities. In all cases, spectra were measured along the laser axis  

The resulting mega-ampere current beam of DLA 
electrons penetrates a high-Z converter attached to the 
foam on the back side and generates directed gamma rays 
with an effective temperature of 10–15 MeV and photon 
energies exceeding 50 MeV, Fig. 2, as observed in the 
detection of short-living isotopes Au192 and Ta176 and 
high-yield neutrons [6–8]. 

The dependences of the parameters of laser-generated 
electron bunches and radiation on the laser intensity and 
plasma density are obtained and analyzed taking into ac-
count current and future experiments [2–10]. The results  
 

 
 

Fig. 2. Spectra of bremsstrahlung γ-rays measured (circles with 
errors) and simulated using GEANT4 (dots), solid line – two-
temperature approximation of the simulated spectrum 

obtained show a way to improve the efficiency of a broad 
class of secondary laser sources, such as sources of elec-
trons, positrons, betatron and bremsstrahlung radiation as 
well as sources of protons and neutrons for various appli-
cations.  
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Multicore fibers (MCFs) are treated now as a per-
spective medium which is able to extend limited capaci-
ties of singlemode fiber in optical communications, fiber 
lasers and sensors. With recent implementation of the 
technology of point-by-point refractive index modifica-
tion by femtosecond (fs) laser [1] it became possible to 
inscribe fiber Bragg gratings (FBGs) at arbitrary position 
in the selected fiber core (both in longitudinal and trans-
verse direction) that offers new opportunities for devel-
opment of advanced multicore fiber lasers.  

Here we review our recent results on the fabrication 
of FBG arrays in passive and active multicore fibers and 
their application as complex reflectors of Raman [1] and 
Yb-doped [2] MCF laser cavities. In such complex cavi-
ties the generated waves (transverse and longitudinal 
modes) behave sufficiently differently from those in 
singlemode single-core fibers due to specific linear and 
nonlinear interaction of modes in MCFs. We demonstrate 
new opportunities of tailoring spatial and spectral charac-
teristics of the continuous-wave (CW) MCF laser genera-
tion with an emphasis on intracavity beam combination 
with single output beam (that means spatial localization) 
and laser spectrum narrowing due to the interaction of 
transverse modes of individual cores and supermodes 
formation and hybridization which results in the collapse 
of individual core lines into the single narrow line (that 
means spectral localization), see Fig. 1 [2].  

The effects have been studied theoretically and ex-
perimentally demonstrating their qualitative agreement. 
Further development of the theoretical model and poten-
tial practical applications of the demonstrated MCF lasers 
will be discussed. 
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Fig. 1. Individual lines generated in central (C0) and 
peripherical (C1–C6) cores of Yb-doped MCF laser with FBG 
cavity in each core without (a) and with (b) core coupling [2] 
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Femtosecond laser writing of birefringent subwave- 
length nanopatterns in solid dielectrics has been studied for 
almost two decades since it reveals a number of applica-
tions such as optical memory devices, micro-photonic 
crystals, couplers, binary storage elements etc [1]. Despite 
extensive both theoretical and experimental research in 
this area, there is still no universal theoretical model ex-
plaining the self-consistent dynamics of field and plasma 
subsystems in a particular regime of laser exposure. As a 
result, the obtained data are rather contradictory and their 
comparison is very complicated due to the very different 
experimental conditions. 

In this work we present the numerical study of dense 
plasma formation in the volume of fused silica exposed by 
intense tightly focused femtosecond IR laser pulse to ver-
ify the recently proposed hierarchical mechanism of 
plasma nanopatterns formation which involves the pulse 
reflection in the pre-focal region and generation of stacks 
of plasma «sheets» and subsequent excitation of interfacial 
(at the boundary between weakly/strongly photoexcited di-
electric layers) sub-wavelength plasmons [2]. For this pur-
pose, we develop the self-consistent algorithm for the nu-
merical integration of the second-order wave equation in 
the cylindrical geometry together with the rate equation for 
the electronic density in diffusion approximation. 

It was demonstrated that the plasma object with elec-
tron density at a level ~1 − 2 × 1020 cm−3 arises typical-
ly in the pre-focal plane, which is in qualitative agreement 
with the previously developed quasi one-dimensional 
modelling [3]. The formation of this plasma object is 
mainly associated with the direct field ionization in mul-
tiphoton or tunnel regime while the electron impact ioni-
zation is almost negligible. The plasma formed in the near- 
focal region effectively scatters the incident femtosecond 

laser pulse producing the region of effective wave inter-
ference. As a result, the spatial distribution of the electron 
production rate is characterized by rather sharp maxima 
located in the bunches of the standing wave. These max-
ima lead to the formation of periodic subwavelength re-
gions of dense plasma both in the ρ- and z-directions (see 
Fig. 1). It was found that the present mechanism is not 
associated with the plasmonic one predicted in [2], since 
the formed electron densities are essentially below criti-
cal. Optimal parameters of focused laser radiation were 
determined for regular plasma self-organized nanostruc-
tures. Concretely, it was shown that the most essential for 
the implementation of such nanostructuring regime is the 
presence of tight focusing. We also demonstrate that the 
energy absorbed during the laser pulse is sufficient for 
strong heating and sub- sequent melting of dielectric sam-
ple in the areas of dense plasma formation. Under the 
conditions of periodic pulse exposure in the volume of 
fused silica utilized in experiments [4], the processes of 
melting and solidification of the substance will be repeated 
and accumulated, leading to self-organized modifications 
of its optical properties. The obtained profiles of plasma 
nanostructures are found to be in good agreement with 
SEM images of micromodifications inscribed by Yb-
doped fiber laser of 0.3 and 0.6 ps duration and 1030 nm 
wavelength in accumulation regime [4]. Thus, we believe 
that the conducted studies shed light on the crucial mech-
anisms of plasma reorganization under the conditions of 
tightly focused laser exposure which can force further 
advancement in laser writing of volume nanopatterns in 
transparent dielectrics within the suggested regime. 
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Electron density in the volume of fused silica formed by tightly focused laser pulse with 1030 nm wavelength and 50 fs duration. 
Pulse energy is 0.24 mkJ, focal spot radius is 2.5 mkm. Pulse moves along the z-axis from the right to left 
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Interaction of relativistically intense (≳ 1018 W/cm2) 
laser radiation with solid targets is accompanied by the 
generation of powerful discharge currents caused by the 
formation of high positive potentials due to the escape of 
hot electrons from the interaction region into vacuum [1, 
2]. Such currents, when excited in a profiled micro-target, 
hold a promising potential as a source of strong magnetic 
fields and secondary electromagnetic radiation in the te-
rahertz (THz) frequency range. 

Generation of strong magnetic fields may be realized 
with the use of targets with curved geometry allowing for 
the formation of enclosed current loops. In this case, the 
magnetic field generated by the return current may persist 
on the time-scale greatly exceeding the laser pulse dura-
tion. “Snail” targets [3, 4] are one example of the geome-
try which can be used for efficient magnetic field genera-
tion. The results of the performed numerical modeling, as 
well as the analysis of experimental data, indicates that 
the amplitude of the magnetic field excited in the inner 
volume of the “snail” by sub-petawatt ultrashort  
(≃ 0,5 ps) laser pulse may reach ≃ 1 kT; the magnetic 
field is “frozen” into dense plasma and may exist in the 
target for ≃ 100 ps [3]. Transition to more powerful mul-
ti-petawatt laser driver enables the generation of even 
stronger magnetic fields of up to 105 T scale [4]. Some of 
the parameters of magnetized plasma achieved with the 
“snail” targets closely reproduce those of certain astro-
physical objects, such as accretion disks of close binary 
systems [5], allowing for their laboratory modeling. In 
addition, the generated electromagnetic structure can be 
employed for control of high-energy particle flows ena-
bling their efficient collimation and focusing [4]. 

Another interesting scenario of laser-matter interac-
tion may be realized with the use of intense laser pulses 
of femtosecond duration. In this case, the created return 
current also takes the form of an ultrashort femtosecond 
pulse, which according to the modeling remains well lo-
calized on the target scale [6–8] as the current travels 
along the target perimeter. Propagation of such a compact 
current pulse along a curved path is followed by creation 
of electromagnetic waves. Various target geometries were 
considered in this context via numerical simulations and 
analytical estimates, including both the targets where the 
current pulse propagated along the target surface follow-
ing an enclosed path, i.e. a circle [6] or an ellipse [7], as 
well as extended targets where the current pulse propa-
gated along continuous periodically curved trajectories, 

i.e. a sinusoid [8]. As the calculations showed, the pro-
posed mechanism allowed for the direct control of certain 
important properties of THz radiation, such as spatio-
temporal profiles of emission, radiation spectrum, angular 
distribution of the emitted power and polarization. The 
latter can be manipulated by exciting a directed discharge 
pulse via irradiation of an enclosed elliptic surface at a 
grazing incidence, since in this case parameters of the 
polarization ellipse are defined by the parameters of the 
elliptic surface [7]. More complex polarization states may 
also be obtained with more complex target geometries. 
The aforementioned advantages are coupled with the ca-
pability of obtaining terawatt levels of power emitted in 
the THz domain, provided a petawatt femtosecond laser 
pulse is used as a driver [8]. This makes the considered 
scheme attractive for various fundamental studies and 
perspective applications where intense sources of THz 
radiation with controllable properties are required. The 
shape of the discharge current pulse, its length and dissi-
pation in the process of propagation along the target re-
mains an open question, assuming more realistic interac-
tion conditions, which, however, is important for further 
applications such as generation of secondary radiation or 
particle guiding. 
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A widely-discussed laser-wakefield acceleration of 
electrons is replaced by a more promising regime of a rela-
tivistic self-trapping (RST) mode when it is necessary to 
have more sufficiently energetic electrons. Here, a diffrac-
tion divergence is balanced by the relativistic nonlinearity 
such that the laser beam radius stays unchanged during 
pulse propagation in a plasma over many Rayleigh lengths 
[1, 2]. Such a stable propagation regime in a rather dense 
target (near-critical density plasma) is favorable for genera-
tion of multi-nC high energy electron bunches with hun-
dred MeV range energy and is of strong demand for nu-
merous radiation-nuclear applications. The way to reach 
RST, the properties of the generated electrons, and differ-
ent radiation-nuclear applications is discussed.  

Despite the self-focusing regime in a nonlinear medi-
um was predicted in concept almost 60 years ago, the 
theoretically justified proof of the laser-plasma space 
matching condition for implementing RST in a plasma 
with relativistic nonlinearity has appeared only now, alt-
hough numerical PIC simulations (particle-in-cell) 
demonstrated this. Here, we present theoretical justifica-
tion for such matching condition (a0 – standard dimen-
sionless amplitude of the laser field with the frequency ω) 

 D ~ 𝑐
ω

 �𝑎0  𝑛𝑐
𝑛𝑒

 (1) 
using the nonlinear Schrödinger equation (NSE)-based 
analytical approach. The proposed analytical approach on 
the basis of NSE relied on the exact self-trapping solu-
tions makes it possible justify the results of PIC-
simulations.  

The example of the relativistically self-trapped laser 
pulse from the 3D PIC-simulation is illustrated in Fig. 1 
for the matched laser pulse transversal size, D = 2R, 
plasma density, ne, pulse duration τ and laser field ampli-
tude (red-blue). The space matching condition Eq. (1) is 
supplemented by the space matching one, i.e.  

 D ~ cτ ~  𝑐
ω

 �𝑎0  𝑛𝑐
𝑛𝑒

 (2) 

 

Fig. 1. Self-trapped laser pulse propagation in the x-direction 

The condition Eq. (2) guarantees a stability of the 
RST in relation to its filamentation and self-modulation.     

It has been performed the end-to-end coupled 3D PIC 
and GEANT4 Monte Carlo simulations applied to the 
final radiation-nuclear sources that is illustrated by Fig. 2.  

 
Fig. 2. Laser-targets design for radiation-nuclear applications 

As examples, we discuss therapeutic irradiation of 
the located targeted region in a biological tissue phantom, 
betatron or Bremsstrahlung gamma sources, gamma-
imaging of deeply shielded objects, nuclear gamma fluo-
rescence response of deeply shielded nuclear-hazardous 
materials, inverse Compton gamma source, medical iso-
topes production, positron and neutron generation and 
meson factory to demonstrate in favour of the attractive 
perspectives offered by the RST regime. Most of these 
applications are already available using modern short-
pulse TW of sub-PW lasers. 

Based on the 3D PIC simulations it has been demon-
strated how the best efficiency of electron acceleration in 
terms of the total charge of high-energy electrons and 
laser-to-electrons conversion rate can be achieved. For 
given laser pulse energy the universal way is a proper 
matching of laser hot spot size and electron plasma densi-
ty to the laser pulse duration. The recommendation to 
achieve the highest yield of high-energy electrons is to 
compress laser pulse as much as possible. As example, 
compression of the few tens fs pulse to the ~ 10 fs pulse 
leads to generation of the high-energy electron bunch 
with the highest total charge to exhibit conversion effi-
ciency exceeding 50% for the Joule-level laser pulse en-
ergies. Thus, our results have demonstrated good pro-
spects so-called pulse shortening technology CafCA 
(compression after compressor approach) [3] for different 
radiation-nuclear applications. 
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Highly-dispersive mirror (HDM) with properties of 
high reflection and large amount of dispersion has the 
potential to be used as pulse stretchers and compressors 
in laser systems. In this work, two kind of HDMs de-
signed for Ti:sapphire lasers and Yb-fiber lasers were 
developed. A pair of positive and negative HDM with the 
group delay dispersion (GDD) of ±1000 fs2 in the spectral 
range of 750 nm to 850 nm was designed based on the 
proposed modified Gires–Tournois interferometer 
(MGTI) structure. Pulse stretching and compression ca-
pacity of the positive and negative broadband HDM has 
been studied theoretically. The femtosecond laser-
induced blister structure of the HDMs was observed, the 
formation and evolution processes of the blister are eval-
uated. For the narrowband HDM at the wavelength of  
1 micrometer, a multi-cavities structure was proposed to 
design the −20000 fs2 HDM. The flat bottom pit structure 
induced by a 1064 nm nanosecond laser was observed. 
Based on the electric field of the HDM and the damage 
depth measured by scan probe profiler, the formation of 
flat bottom pit was explained. 

Design and production of HDMs 
For the broadband positive and negative HDM, Nio-

bium pentoxide (Nb2O5) and silicon dioxide (SiO2) were 
chosen as layer materials. A novel starting design based 
on a modified Gires–Tournois interferometer (MGTI) 
was employed. The MGTI consists of three parts: a high-
reflection stack, multi-G-T cavities, and conjugate cavi-
ties, which can be expressed as 
G/(HL)^n(HxL)^m(HyLH)^o(LyHL)^o/A, where G and 
A are the substrate and air, respectively, and H and L 
represent the high- and low-index materials (the optical 
thickness equals the quarter-wave of the reference wave-
length). Based on the MGTI structure, a pair of positive 
and negative HDM with the GDD of ±1000 fs2 from 
750 nm to 850 nm was designed. Moreover, to further 
increase the amonut of dispersion, a three cavities struc-
ture was proposed to design the narrowband HDM with a 
GDD of −20000 fs2 at 1 micrometer. 

Both HDMs were deposited on fused silica substrates 
using a Veeco Spector dual-ion beam sputtering plant. The 
metallic material was deposited on fused silica substrates 
by sputtering a pure metal target with O2, whereas the SiO2 
material was formed by sputtering a SiO2 target with O2. 
Owing to the stable deposition rates, a time-control tech-
nique was utilized to monitor the layer thickness. 

Characterization of HDMs 
The transmittance spectra and GDD were measured 

using a Perkin-Elmer spectrophotometer and commercial 
white light interferometer. The comparison between theo-
retical and measured characteristics are shown in Fig. 1. 
Great agreement can be observed from Fig. 1.  

To study the pulse stretching and compression capa-
bilities of the PHDM and NHDM, output pulses stretched 
by the PHDM and recompressed by the NHDM were 
simulated respectively. Pulse analysis showed a nearly 
Fourier-limited pulse with only a few percent loss after a 
total of 100 reflections on the PHDM and NHDM were 
obtained, which proved the great matching between the 
PHDM and NHDM.  

 

 
 

Fig. 1. Comparison of designed and measured characteristics 

 
 

Fig. 2. SEM and FIB images of typical blister in NHDM 
 

Laser induced damage properties of ±1000 fs2 HDMs 
were studied under the irradiation of 40 fs laser pulses. 
The laser-induced damage threshold (LIDTs) are approx-
imately 0.22 J/cm2 and 0.11 J/cm2 for the PHDM and 
NHDM, respectively. A higher damage threshold of the 
PHDM than that of the NHDM resulting from a lower 
electric field inside the layer structure, was observed. A 
blister structure was observed over a wide fluence range 
for both HDMs, which are shown in Fig. 2. The for-
mation and evolution of laser-induced blisters were 
demonstrated. Furthermore, the laser-induced damage 
mechanics of −20000 fs2 HDM was demonstrated. A flat 
bottom pit structure was observed at a wide fluence 
range. The formation of flat bottom pit was successfully 
explained with the electric field distribution and the dam-
age depth measured by scan probe profiler. 
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This work was inspired by the idea of intermediate 
asymptotics suggested by Barenblatt and Zeldovich as 
early as in 70’s [1] and further elaborated by Zeldovich 
and Sokolov in [2]. It was further inspired by Steven 
Pinker, especially the books [3, 4] offering in-depth anal-
ysis of human language semantics and relationship to the 
real world models and concepts.  

Intermediate asymptotics, also known in Western lit-
erature as “method of matched asymptotic expansions” 
[5] is known as finding several different approximate 
solutions, typically related to a different mathematical 
submodels, each being accurate for some part of the 
range of the independent variable, and then combining 
these different solutions together to give a single approx-
imate solution that is valid for the whole range of values 
of the independent variable.  

In the presentation this approach is expanded and      
generalized not only beyond the differential equations 
where it was originally proposed and elaborated, but also 
outside the mathematical models of the nature in general. 
All human concepts are considered as an approximate 
models of the nature. These models are becoming parts of 
the same continuum (in most cases multi-dimensional 
continuum), even when they are originally perceived as 
being separate or mutually exclusive.   

With the presented view all concepts are approximate 
models and they are approximately (albeit sometimes 

with very good accuracy) valid within some range of pa-
rameters and gradually becoming less valid when ap-
proaching the periphery if the validity area. As it hap-
pens, these concepts are evolving into the alternative con-
cepts, some of them normally considered as not compati-
ble or mutually exclusive with the original mod-
els/concepts.    

The suggested framework is then illustrated with 
multiple examples, starting with relatively simple and 
straightforward and continuing to complex philosophical 
issues. Then potential implications on scientific methodo-
logy, as well as epistemology and philosophy are dis-
cussed. 
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With the development of laser technology, laser 
power is continuously increasing. High-power laser irra-
diation on coatings results in thermal deformation [1, 2] 
due to the absorption of laser energy. In complex optical 
systems comprising numerous reflective mirrors, cumula-
tive surface deformations can degrade beam quality. To 
explore the damage mechanisms of high-reflectivity mir-
rors caused by high-power continuous laser exposure at 
different wavelengths, a thermal distortion simulation 
algorithm was developed to predict temperature rise, 
thermal distortion, and the stress distribution in coatings. 
The ultra-wideband, low-absorption, and high-reflectivity 
thin film (R>99.9% λ = 500–1100 nm) with various mul-
tilayer film structure was investigated, integrating algo-
rithms to validate simulation predictions. Theoretical 
investigations revealed that high-power laser beams could 
induce deformation at the center of coatings surfaces. 
Laser irradiation of different wavelengths on the same 
thin film structure will result in different temperature 
increases. The thermal optical and thermal expansion 
coefficients of materials play vital roles in determining 
the optical and mechanical characteristics of thin films 
when subjected to laser-induced temperature fluctuations.  
 

0
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      (1) 

Eq. 1 describes the deformation of the film. Lx, Ly, and Lz 
are the strain in the x, y, and z directions, respectively, E 
is the Young's modulus, t is the stress, and s is the Pois-
son’s ratio.  

0(1 ) / ( )( )t s E T T− = α −β −       (2) 
Where α and β are the thermal expansion coefficients of 
the substrate and the film, respectively [3–5]. The thermal 
distortion of the film at different temperature shifts (T – 
T0) is obtained from Eq. 2. Using this distortion, we can 
then compute the optical performance of the film through 
its optical matrix. 
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Fig. 1. Thermal distortion of film caused  
by laser-induced temperature rise 

  
 

Fig. 2. (a) Layer refractive index distribution of coating;  
(b) Reflectance of coating 

 
Fig. 3. (a) Film deformation diagram under laser irradiation 
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Optical parametric amplifiers have the potential to 
simultaneously increase the energy and average power of 
low-cycle pulses due to their wide bandwidth, high gain 
and low heat dissipation [1]. 

A parametric femtosecond laser system of 2-µm 
spectral range has been developed based on a sub-
picosecond ytterbium laser. The generation of a wide 
spectrum occurs when using the second harmonic of fun-
damental radiation, and the generation of a difference 
frequency allows for adjustment to the infrared range and 
passive phase stabilization relative to the envelope (CEP). 
Subsequent parametric amplification in the region of  
2 microns leads to an increase in pulse energy up to  
20 µJ. The generated radiation has a spectral width of 
more than 500 nm (Fig. 1.), and the pulse duration is 
close to spectrally limited and is 22 femtoseconds  
(Fig. 2.) or 2.7 field oscillations. The CEP stability meas-
urement performed by the f-2f interferometry method 
showed a standard deviation of 300 mrad. A parametric 
amplifier is being developed to amplify this signal to the 
mJ energy level. 

 
Fig. 1. Femtosecond pulse spectrum 

 
Fig. 2. Autocorrelation function 

The optical scheme described above with the addition 
of a second harmonic generation node from the difference 
frequency was tested on the PEARL complex as a femto-
second part of the starting system [2]. The synchronism 
angle of the nonlinear BBO crystals of the femtosecond 
system has been changed to form laser pulses with a cen-
tral wavelength of 1820 nm. This approach has an im-
portant advantage, since starting with an ytterbium 
femtosecond generator makes it easy to implement preci-
sion optical synchronization between the pulses of the 
pump channels and the femtosecond signal using fiber 
optics elements. Additionally, the use of a 2nd harmonic 
generation node allows you to increase the contrast of 
laser pulses. After the introduction of this system into the 
laser complex, the short-term energy stability increased 
from 40% to 3% RMS, and the duration of the fs pulse 
decreased by more than 2 times, to 30 fs. These studies 
formed the basis for the design of the launch part of the 
XCELS megascience installation. 

Another important application of the developed 
femtosecond laser system is the generation of high har-
monics of radiation, since the pulse duration in 2.3 field 
oscillations in combination with CEP stabilization poten-
tially allow the formation of single attosecond pulses. The 
first studies of the generation of high-order harmonics in 
solid-state targets allowed the formation of harmonics up 
to the 11th (with a wavelength of 190 nm).  Another di-
rection of development of the created femtosecond sys-
tem is the formation of femtosecond pulses in the region 
of 10 microns by generating a difference frequency be-
tween the spectral ranges of 1940 nm (wavelength of 
amplification of tullium lasers) and 2400 nm. Further, 
such radiation can be amplified in a high-pressure  
CO2 amplifier. 
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The pulse compressor has evolved to be a core 
module of 100 petawatt (PW) or exawatt laser facilities; 
however, the diffraction efficiency bandwidth, laser-
induced damage threshold (LIDT), and aperture of its 
currently deployed gratings strongly restrict the ultra-
intense and ultrashort pulse compression. Maximizing 
the energy-loading capability of gratings is a world-
wide challenge in the high-peak-power laser field. 
Here, for 10’s femtosecond-PW pulse compression, an 
ultra-broadband gold grating was developed to dramati-
cally broaden the high diffraction efficiency bandwidth 
from 100–200 nm to 400 nm. Moreover, a core mecha-
nism was elucidated whereby the high diffraction effi-
ciency combined with the deep penetration effect of elec-
trons under high-energy laser irradiation can tap the 
LIDT potential of metal grating. Accordingly, the elec-
trum grating was invented and demonstrated experimen-
tally with superior performance in terms of diffraction 
efficiency bandwidth and LIDT compared with normal 

gold gratings. In addition, for picosecond-PW pulse 
compression, a multilayer dielectric grating (MDG) 
design paradigm was proposed. The grating solution 
regions were classified into four regions based on the 
line density: incompatible, stable, anomalous, and tur-
bulent. Importantly, TM-polarized MDGs had the su-
periority of a high LIDT owing to the low electric field 
intensity. An energy scaling factor 7.09 times larger 
than that of NIF-ARC was obtained by taking ad-
vantage of TM polarization and a small incident angle. 
Meanwhile, the meter-scale grating fabrication campaign 
is well underway. These results make a pioneering 
technical reserve to facilitate future 100 PW-class ultra-
fast laser systems. 

Keywords: Ultra-intense and ultrashort laser, ul-
tra-broadband gold grating, electrum grating, multi-
layer dielectric grating, TM polarization, LIDT. 
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To reach maximum focal intensity, the laser radiation 
should be Fourier-limited not only in time, but also in 
space. For this purpose, an acousto-optic programmable 
dispersive filters and adaptive mirrors are used. But these 
technologies cannot compensate for space-time coupling 
in principle. Since diffraction gratings are not perfectly 
plane, any compressor inevitably introduces space-time 
coupling phase distortions, which reduce the focal inten-
sity. This reduction has been numerically studied in many 
works, for example [1], for specific compressor parame-
ters, but we are not aware of any analytical results.  

In this work, the focal intensity is found analytically. 
An expression has been obtained in the most general form 
for an arbitrary compressor – an asymmetric out-of-plane 
compressor with gratings of arbitrary surface shape. The 
focal intensity is most strongly affected by the linear an-
gular chirp caused by the spatial shift of different fre-
quencies on the second and third gratings. The second 
effect is that the shape of the wave front reflected from 
the grating repeats the shape of the grating, but the pro-
portionality coefficient is frequency dependent. This ef-
fect to the best of our knowledge, has not been studied in 
the literature before. 

In addition, a simple method of compensating for 
space-time coupling is proposed, which consists in two-
angle adjusting of the fourth grating, which allows us to 
significantly increase the focal intensity and/or reduce the 
requirements for the accuracy of grating manufacturing. 
The focal intensity of the compressor for the XCELS 
Project is shown in Fig. 1. 

It has been shown that the decrease in the focal inten-
sity depends on the product of the grating surface rms σ  

and the spectrum bandwidth Δω. For a given value of σ, 
with increasing Δω, the focal intensity changes in two 
ways: it increases in proportion to 1/Δω due to the short-
ening of the Fourier-limited pulse, but decreases due to 
an increase in space-time coupling. As a result, a decrease 
in Δω may not reduce the focal intensity, it may even lead 
to its slight increase.      

 

 
Fig. 1. Focal intensity without (solid line) and with (dashed 
line) compensation for the grating shaped as defocus or vertical 
astigmatism (blue), oblique astigmatism (red) and the sum of 
three Zernike polynomials (black) 
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All high-power femtosecond laser systems use 
chirped pulse amplification methods [1], the key element 
of which is an optical compressor. Traditionally, the Tra-
cy compressor [2] with two pairs of parallel diffraction 
gratings is used. In this case, the last fourth grating is in 
more severe conditions from the point of view of laser 
impact, since the diffraction gratings have a lower thresh-
old of breakdown by femtosecond pulses compared to 
nanosecond pulses. As a rule, the fluence in broad beams 
of high-power lasers is not uniformly distributed. “Hot 
spots” caused by defects in the optics upstream of the 
compressor limit the maximum energy of the output radi-
ation pulses, requiring its reduction below the optical 
breakdown threshold at these points.  

This paper presents the results of the study of the 
possibilities of smoothing the spatial modulation of 
fluence in laser beams due to the use of asymmetric 
nonplanar compressors of chirped pulses [3]. 

In the experiments performed, a Ti:sapphire laser in 
the femtosecond mode generated radiation pulses with a 
central wavelength of 905 nm and a spectral width at 
half-height of about 40 nm. The beam coming out of the 
laser was expanded by a telescope and passed through a  
4 mm diameter aperture, which provided a quasi-
homogeneous beam profile. The beam was then directed 
into a compressor. The compressor was a single-lattice 
analog of the four-lattice compressor of the PEARL laser 
system. 

  
a b 

Fig. 1. Profiles of beams that passed (a) a symmetric compres-
sor (γ3 = 0), as well as (b) an asymmetric compressor, at 
γ3 =1.11°  

The scheme of a single-lattice compressor is very 
convenient for its reconfiguration into a non-symmetric 
scheme, in which the beam direction on the return pas-
sage by means of an additional flat mirror can be deviated 
from the direction corresponding to the symmetric 
scheme. In particular, the scheme of a nonplanar com-
pressor was investigated when the angle γ3 of the third 
beam incidence on the grating in the vertical plane is not 
equal to zero.  

In practice, the spatial distribution of fluence in the 
beam is irregular. To investigate the efficiency of beam 
smoothing by an asymmetric compressor, we introduced 
into the beam an amplitude mask, which is a transparent  
 

glass plate with several opaque points of 0.5–1 mm diam-
eter applied to it in random places. Figures 1a and 1b 
show the profiles of beams that passed the symmetric and 
asymmetric compressors, Ti:sapphire laser operated in 
femtosecond mode. 

In Fig. 1b, the effect of smoothing the non -
uniformity along the y-axis at non-zero angle γ3 is clearly 
visible.  

For quantitative analysis, we compared the spatial 
fluence spectra obtained experimentally and theoretically. 
Fig. 2 shows the one-dimensional fluence spectra 𝑆𝑦�𝑘𝑦� 
calculated from the two-dimensional Fourier spectrum 
𝑆(𝑘𝑥 , 𝑘𝑦) using the formulas: 

S�𝑘𝑥, 𝑘𝑦� = �� 𝑤(𝑥, 𝑦)ei�𝑘𝑥𝑥+𝑘𝑦𝑦�dxdy
∞

−∞
�

2

, 

Sy�𝑘𝑦� =  ∫ S(𝑘𝑥, 𝑘𝑦)dkx
∞

−∞  , 
and the coefficient of suppression (transmission) of 
fluence fluctuations in the 𝑦 plane: 

𝑇�𝑘𝑦, 𝛾� =
Sy�𝑘𝑦, 𝛾�

Sy�𝑘𝑦 , γ = 0�
. 

To calculate the theoretical spectra 𝑆�𝑘𝑥 , 𝑘𝑦�, we 
used the experimentally measured spectrum at γ3=0 and 
multiplied it by the suppression factor. 

 
Fig. 2. Experimental (solid lines) and theoretical (dashed lines) 

fluence spectra of 𝑆𝑦�𝑘𝑦� 

In the horizontal plane, the fluctuations were practi-
cally independent of γ3. In the y plane, effective filtering 
occurred, and the larger the angle γ3, the larger spatial 
scales were filtered. 
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The problem of energy, momentum and orbital mo-
mentum exchange between light and charged particles is 
one of the fundamental problems with a long history. For 
simple models like, e.g. a plane wave and single particle, 
there are analytical solutions, though for realistic situa-
tions, like the case of irradiation plasma by focused laser 
beams or with applied stationary external fields, the lack 
of known integrals of motions makes even interaction 
with individual particles a nontrivial problem, where irre-
versible changes of dynamical particle characteristics, 
such as momentum and angular momentum may occur. In 
case when the light has an internal structure defining its 
orbital angular momentum, this nontrivial problem be-
comes specially intriguing due to the initial absence of 
the axial symmetry in the system. 

Recent numerical studies [1–3] demonstrate the pos-
sibility of the Orbital Angular Momentum (OAM) trans-
fer from a structured laser beam to a low-density plasma 
and generation of a strongly magnetized plasmoid with 
the poloidal magnetic field geometry. The actual transfer 
mechanism however is not evident, though an important 
role of the longitudinal particle motion was unraveled [2]. 
The problem of analysis of the OAM transfer is addition-
ally complicated by the need of accurate analytical ex-
pressions for the driving electromagnetic fields, as the 
main paraxial approximation and the simple approxima-
tion of the temporal envelope appear to be insufficient. 
This was demonstrated with use of a special case of the 
OAM beam, where the orbital momentum and the polari-
zation momentum of light were opposite, so that the inte-
gral of motion exists in the wave-particle system [4].  

To understand the overall OAM transfer to a system 
of interacting particles, a more simple case of the light 
wave interaction with a single particle was considered 
numerically in several works, see, e.g. [2, 5, 6]. The sys-
tem of non-interacting particles, which is the limiting 
case of low-density plasma, then can be achieved by av-
eraging over the initial particle positions. Form the 
known numerical results it follows, that in this case, the 
transferred angular momentum for an axially symmetrical 
particle distribution is the relativistic phenomenon, so for 
the analysis, the lowest order perturbation theory is insuf-
ficient. The case of relativistic intensities corresponds 
also to the simulation setups [1–3], where the average 
transferred OAM was high enough to generate the strong 
quasi-stationary magnetic fields. 

As an initial step in the analytical study of the OAM 
transfer to single particles, the perturbation theory on the 
amplitude of the driving laser pulse was developed up to 
higher orders [8]. It was found, that in general, i.e. for 
 

 
 

arbitrary spatially structured pulses with a slow time de-
pendence, for an axially symmetric initial particle distri-
bution, the OAM transfer may occur in the fourth order 
on the laser field amplitude. In the obtained general re-
sult, the approximate analytical expressions for the driv-
ing laser pulse, obtained in frames of the paraxial approx-
imation and the approximation of the slowly-varying 
temporal amplitude, were used to estimate the rate of the 
OAM transfer. It was found, that the actual parameter 
which defines the overall transfer rate, is a combination, 
which includes the laser wave amplitude and the paraxial 
parameter, which may be interpreted as a relation of the 
particle oscillation amplitude in the laser wave to the 
beam waist. This effectively extends the applicability 
range of the obtained result to the case of moderately 
relativistic interaction. The obtained analytical results 
were examined with the Monte-Carlo numerical simula-
tions, where the electromagnetic fields were obtained 
numerically with the Maxwell Yee solver incorporated in 
the open-source Partical-in-Cell code Smilei [9]. 

The obtained expressions for the single-particle ab-
sorption allows for estimates for the OAM absorption in 
low-density plasmas and consideration of some more 
complex collective effects in the system [10, 11].  
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QED cascading in a strong EM field is one of the strik-
ing phenomena that is still poorly studied in laboratory 
conditions. This manifests itself in the exponential growth 
of electron-positron pairs over time. It is generally believed 
that QED cascades develop in the polar cap of neutron 
stars while electron-positron plasma plays a key role in 
many astrophysical processes [1]. Progress in laser tech-
nology opens route to convert laser energy into electron-
positron plasma and gamma rays through QED cascading. 

There are a number of configurations were proposed 
to study QED cascade in the laser field experimentally [2, 
3]. It is known that the cascade does not develop in the 
plane EM field if it is initiated from a few seed particles. 
That is why the proposed schemes implies many laser 
pulses forming standing-wave-like configurations. How-
ever, such schemes require a space-time synchronization 
of the laser pulses which greatly complicates the pro-
posed schemes. Yet the standing wave configuration can 
be formed by the reflection of a single laser pulse from 
the solid targets. In this case there is no need in the syn-
chronization. Moreover, as a result of ponderomotive 
pressure of the incident laser pulse, the reflection surface 
turns into a concave mirror there by providing additional 
focusing of the reflected laser radiation. This may in-
crease the laser intensity at the region of the superposition 
of incident and reflected radiation.  

 

 

 
 

Fig. 1. (a) The initial distribution of the laser intensity and the 
target plasma density; (b) the distribution of Ey-Bz field and the 
ion density in the simulation with a0 = 900, ne = 500 ncr, ct/λ = 15 
 
 

 
Fig. 2. The distribution of the positron number on the genera-
tion number for a0 = 900, ne = 500 ncr, ct/λ = 20 and the laser 
pulse duration is 30 fs 

  
In this work we numerically study the development 

of theQED cascade in the field formed by superposition 
of the incident laser radiation and the radiation reflected 
from the solid target. To demonstrate that the positrons 
formed in the simulationarise exactly in the QED cas-
cade, the QUILL codewas modified so that the quasi-
particles have an additional parameter which is their gen-
eration number. This parameter also represents the cas-
cade multiplicity. The initial plasma electrons belong to 
the zero generation. 

The result of simulation is shown in Figs. 1 and 2 for 
parameters a0 = 900, ne = 500 ncr, where a0 is the normal-
ized strength of the laser field and the ne is the electron 
density in the target, ncr is the critical density. It is seen 
from Figs. 2 that the cascade multiplicity exceeds 9 for 
the considered parameters. Therefore, the observation of 
QED cascade is feasible for the configuration with laser 
reflection.  
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The paper proposes a method for determining wave-
front distortions from the intensity distribution in two 
planes of laser pulse waist: in focus and out of focus. For 
the wavefront reconstruction task, we propose to use deep 
convolutional neural networks. To train the models, we 
used numerically generated data using Zernike modes. 
The method makes it possible to reconstruct the shape of 
the wavefront with an error of less than 20% in the RMS 
range from 0.075 to 0.75 wavelengths. 

The main factor limiting the quality of laser radiation 
focusing is wavefront distortion. They arise due to the 
non-ideal shape of the surface of optical elements, ad-
justment errors, thermal and mechanical effects, and the 
effect of air flows in the open parts of the laser on the 
wavefront. To correct the wavefront of the laser pulse, 
adaptive optical systems (AOS) are used. The AOS con-
sists of a mirror with a controlled surface shape – a de-
formable mirror (DM), a wavefront sensor (WFS), with 
the help of which feedback is provided, and a control 
system. 

The presence of unequal wavefront distortions in the 
focusing channel and in the wavefront measurement 
channel leads to the fact that even with an ideally flat 
wavefront on the WFS, the focal spot will differ from the 
ideal one. Wavefront distortions that arise between the 
focusing region and the WFS plane are usually called 
differencial distortions. In the presence of differential 
distortions in the system, it is necessary to recalibrate the 
WFS, that is, to find the wavefront corresponding to op-
timal focusing. 

In recent years, wavefront correction methods based 
on neural networks have been actively developed [1]. 
Their essence is to reconstruct the wave front from the 
pattern of intensity distribution in the focal plane. Unlike 
classical approaches [2, 3], which require a long operat-
ing time and the effectiveness of which depends on the 
correction process and the starting point, neural network 
methods are able to predict the wavefront required for 
correction in a small number of iterations, down to one. 
Therefore, these methods are promising in problems of 
correcting wavefront distortions. 

In this work, a convolutional neural network of the 
encoder-decoder type was chosen for wavefront recon-
struction. The input data for the neural network was im-
ages of the focal spot in focus and out of focus, and the 
output data was shape of wavefront. Data for training the 
neural network were generated numerically by decom- 
 

 
 
 

posing the wavefront into Zernike polynomials and Fou-
rier transform.  

Using only one in-focus or out-of-focus intensity dis-
tribution to reconstruct a wavefront introduces uncertain-
ty in the existence of multiple wavefront shapes that give 
rise to such a distribution. Therefore, in order to correctly 
reconstruct the wavefront, unambiguity in the intensity 
distribution for a given wavefront is required. In this 
work, we chose the phase diversity method as the sim-
plest and most convenient to implement. In addition to 
solving the problem of phase ambiguity, the defocusing 
focal spot pattern highlights the features of the distor-
tions, which should make them easier to identify by the 
neural network. 

Experimental verification of the proposed method 
was carried out on the PEARL laser facility [4]. The 
beam diameter was 18 cm, the focusing system had a 
numerical aperture of F/4. This experimental scheme is 
used when working with high-power radiation, which 
shows the practical applicability of the developed meth-
od. 

Using numerically generated data, the method 
showed an error in determining the wavefront shape of 
less than 20% in the wavefront RMS range from 0.075 to 
0.75 wavelengths. In real conditions, the error was about 
40%. 
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With the progressive miniaturization and stabilization 
of laser wakefield accelerators, table-top X-ray radiation 
sources based on wakefield accelerators have shown 
enormous potential. The betatron radiation source, driven 
by ultrashort laser pulses, features a source size in the 
micrometer range, pulse duration in the femtosecond 
range, divergence angles in the milliradian range, and 
covers a broad spectrum exceeding tens of keV. It is ap-
plicable for high-contrast imaging of minute structures 
and for probing interdisciplinary ultrafast processes. Here 
we present the achievement of bright betatron hard X-ray 
radiation sources at Shanghai Institute of Optics and Fine 
Mechanics (SIOM), Chinese Academy of Sciences, utiliz-
ing a 1PW/0.1Hz laser system at Shanghai Superintense 
Ultrafast Laser Facility (SULF). Such a laser system can 
produce electron beams with charges above hundred pC 
and energies exceeding 1 GeV. Meanwhile, elec- 
 

tron beams undergo the betatron oscillations in the wake-
field, generating high-brightness X-ray radiation sources 
with critical energies ranging from 15 to 25 keV. 

This advancement enables time-resolved imaging and 
spectroscopy at atomic and molecular scales, suitable for 
dense materials and biological specimens. The high 
brightness and energy levels enhance the efficiency and 
resolution, making these sources competitive with larger 
synchrotron facilities. The compact nature of table-top 
betatron X-ray sources offers significant cost and com-
plexity reductions, fostering broader access and innova-
tion across fields such as nuclear photonics, ultrafast 
chemistry, materials science, and biomedical research, 
etc. As this technology matures, its transformative impact 
on scientific and industrial applications is expected to 
grow. 
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Current ultra-intense ultrashort lasers have achieved 
peak powers of 10 petawatt and focused intensities of 
1023 W/cm2. What’s next for peak power and focused 
intensity?   

In optics, the λ3 laser or the λ3 regime named by  
G. Mourou et al., i.e., compressing all the energy of a 
laser pulse into a spatiotemporal focal cube edged by the 
laser center wavelength, is considered as the highest in-
tensity condition of an ultra-intense ultrashort laser [1]. In 
physics, one recent research shows that the highest inten-
sity in laboratories with a non-ideal vacuum should be 
1026 W/cm2, i.e., about a thousandth of the Schwinger 
limit [2]. Considering a 1026 W/cm2 focused intensity and 
a single-wavelength focal spot (a ~1 µm center wave-
length), the peak power should be at least 1 exawatt (i.e., 
1000 petawatt) which is much higher than today’s  
10 petawatt. 

Single-cycle exawatt-class lasers require the lowest 
energy, which can reduce the size and cost of the project. 
However, to achieve single-cycle exawatt-class laser 
pulses, near-octave ultra-broadband high-energy amplifi-
cation is required. For this purpose, the wide-angle non-
collinear optical parametric chirped pulse amplification 
(WNOPCPA) method was proposed a few years ago [3], 
and the first experimental demonstration is introduced 
here. At the same time, a near-octave ultra-broadband 
grating for pulse stretching and compression of 
WNOPCPA has been successfully developed [4]. 

To focus almost all the energy of a single-cycle 
exawatt-class laser into a single-wavelength focal spot, a 

two-step focusing method with the combination of a pa-
rabola and a hyperbola is introduced here, and the focal 
spot size can be reduced from several-wavelength to sin-
gle-wavelength [5]. 

In conclusion, the exawatt-class λ3 ultra-intense 
ultrashort laser with a 1026 W/cm2 focused intensity is 
viable in the future as technology improves. In addition, 
as the pulse decreases and the beam increases, the new 
problem of complex spatiotemporal coupling distortion 
will become more and more important, which will affect 
the achievement of the final goal. Related problems and 
solutions are also discussed here. 
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Complex surfaces are increasingly pivotal across var-
ious disciplines, and the rapid, precise measurement of 
their surface profile is paramount for these fields’ pro-
gression. Traditional high-precision interferometric 
methods, reliant on static “one-to-one” null compensa-
tors, are constrained by limited dynamic ranges, render-
ing them inadequate for the testing requirements in the 
fabrication of complex surfaces. Consequently, there is 
continuous exploration among researchers to advance 
adaptive wavefront interferometry (AWI), utilizing dy-
namic compensators to broaden the compensation testing 
methods’ dynamic range. Nonetheless, AWI’s evolution 
is impeded by challenges including the laborious optimi-
zation process, the absence of mathematical models, and 
limitations in generalizability and susceptibility to local 
optima, all of which hinder the enhancement of complex 
surface measurement efficiency. Hence, the advancement 
of more efficient and versatile adaptive interferometry 
techniques and apparatuses holds significant scientific 
importance in enhancing the efficiency, success rates, and 
universality of adaptive wavefront interferometric meas-
urement of complex surfaces. To promote the develop-
ment of AWI, this study presents deterministic adaptive 
wavefront interferometry (DAWI) based on the 
backpropagation (BP) theory, and a null test is accom-
plished in only tens of iterations, which is nearly an order 
of magnitude lower than the reported number of iterations 
via the existing AWI methods. The DAWI furnishes ro-
bust technical backing and assurance for the production 
and evaluation of optical complex surfaces in national 

major scientific research and other cutting-edge pro-
grams, offering tangible practical utility. 

 

 
Fig. 1. Four different states of interference fringes in DAWI: (a) 
initial interference fringes, (b) simultaneous fringe reconstruc-
tion and sparsification, (c) fringe reconstruction is completed 
and the fringes are highly sparse and (d) null test is achieved 

 

Fig. 2. Measurement result: (a) iterative process, (b) compensa-
tion wavefront, (c) the surface profile error of the freeform sur-
face under test, and (d) relative measurement error PV (peak-to-
valley) <λ/4 
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X-ray radiography is a crucial imaging technique in a 
wide range of High Energy Density (HED) experiments 
including laboratory astrophysics and inertial confine-
ment fusion research. It makes it possible to obtain the 
2D density distribution over the entire volume of the ob-
jects and to study the temporal evolution of ultra-fast 
evolving hydrodynamic phenomena such as laser-induced 
shock waves or plasma jets, blast waves or hydrodynamic 
instabilities, which are often opaque to visible light. 

The simplest and most widely used probe irradiation 
is an X-ray source based on laser plasma. The typical 
resolution achieved today is on the order of 10 µm spatial 
and ~ ps temporal. It should be emphasised that absorp-
tion and phase contrast methods based on an X-ray laser 
plasma source provide a relative low image contrast, 
which is often not sufficient to clearly resolve the hydro-
dynamic phenomena. Since the X-ray image depends on 
the brightness, monochromaticity and coherence of the 
illumination source, the images from laser-plasma 
sources are blurred. 

A new opportunity, perhaps even a new era in imag-
ing diagnostics in the field of HED physics was opened 
with the advent of Free Electron Lasers (FELs). In 2009, 
at FLASH the first step made to perform Phase Contrast 
Imaging (PCI) radiography in the soft X-ray spectral 
range at a photon energy of 155 eV [1]. However, real 
progress in the development of radiographic methods is 
associated with hard X-ray FEL. 

XFELs create a unique opportunity for decisive ad-
vances in the study of extreme hydrodynamic phenomena 
in plasmas by implementing a coherent phase-contrast 
radiography approach. Firstly, the femtosecond duration 
of the XFEL probe pulses provides high temporal resolu-
tion, far beyond the usual nanosecond timescale of plas-
ma hydrodynamics. In addition, the extremely narrow 
spectral bandwidth, the high coherence and the extreme 
brightness of the source enable high-contrast diffraction-
enhanced imaging of objects with low density gradients.  

Currently, there are three XFEL facilities (LCLS – 
USA, SACLA – Japan, EuXFEL – Germany) on which 
HED stations are operated. Each instrument is capable of 
simultaneously delivering an X-ray pulse and optical 
pulses of nanosecond and femtosecond duration into the 
target chamber.  

The combination of an XFEL beam (with probe pho-
tons of several keV) with the powerful optical lasers in a 
laboratory pump-probe experiment opens up enormous 
possibilities for solving problems in laboratory astrophys-

ics, condensed matter physics, laser nuclear fusion and 
other fields. 

Here we discuss in detail the capabilities and limita-
tions of ultra-high-resolution phase-contrast radiography 
with XFEL pulse to study fast flow hydrodynamic phe-
nomena in laboratory experiments with laser-plasma [2, 
3]. An overview of recent striking studies of laser in-
duced Rayleigh-Taylor instabilities and elastic-plastic 
shock waves in nanosecond laser plasmas is presented 
[4–6], taking advantage of X-ray lasers. 

This is particularly relevant in the context of the con-
struction of the “mega-science” class facility “SyLa” 
(Synchrotron and Laser) in the Russian Federation, which 
includes an accelerator-storage complex with a 4th gener-
ation synchrotron source and XFEL. The expected pa-
rameters and structure of the complex are described in 
detail in a recent article [7]. It is important to point out 
that the project will develop an experimental station at 
XFEL dedicated to the study of Matter in Extreme States 
(MEC) generated with high-intensity optical laser radia-
tion of ns-sub/ps duration. Complex investigations of 
laser plasma performed in such experiments require the 
development of suitable X-ray diagnostic techniques. 
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All optical materials exposed to high enough optical 
intensity exhibit cubic nonlinearity, which in the simplest 
case of instant Kerr nonlinearity is manifested by the re-
fractive index n  dependence of the intensity as n  =  
= n 0  + n 2I ,  where I  is the optical intensity, n 0  is the 
refractive index at vanishing intensity, and n 2  is the cubic 
nonlinear coefficient. Cubic nonlinearity, even in its sim-
plest form, is responsible for various effects such as beam 
self-focusing, pulse modulation instability, self-phase 
modulation and spectral broadening, Kerr lens mode-
locking, etc. Proper experimental determination of n 2  is 
particularly important for applications where cubic non-
linearity is used intentionally and other parameters of the 
setup directly depend on the magnitude of n 2 .  The non-
linear post-compression technique is a good example 
where the dispersion of dedicated chirp mirrors strictly 
depends on the pulse energy and n 2  of the employed ma-
terial. 

Cubic nonlinearity is a consistent approximation for 
the intensity roughly below 1 TW/cm2. At higher intensi-
ties, which become readily achievable with modern laser 
technology, higher order nonlinear terms or other nonlin- 
earity saturation effects should be considered. The quintic 
nonlinearity term is the most straightforward extension to 
the refractive index Taylor expansion n  = n 0  +  + n 2I  
+ n 4I 2 ,  where n4 is the quintic nonlinear coefficient. Of 
course, there could be other effects that would affect the 
refractive index dependence on the intensity, e.g. finite 
response time (like the Raman effect), ionization, etc. 
Currently, debates are ongoing concerning the magnitude 
and sign of n4. In [1] for fused silica the following values 
n 2  ≈ 3.2 ∙ 10−4 cm2/TW and n4 ≈ −4.4 ×  
×10−4 cm4/TW2 were considered. The negative value of n4 
means that for some characteristic intensity I*  =  
= −n 2  /  n4 = 0.73 TW/cm2 the cubic and quantic terms 
cancel each other out. For instance, this “cancelation” 
would dramatically change the performance of post-
compression or even provide self-compression of high-
power laser pulse. Therefore, the correct measurement of 
the magnitudes and signs of n 2 , 4  is very important for 
practical reasons. 

There are several techniques to measure the nonlinear 
properties of optical materials. Some of them are capable 
of providing only relative data with respect to a known 
sample (usually fused silica). Other methods deliver ab-
solute value of n2 and the Z-scan technique in particular is 
the most popular one due to its simplicity and robustness. 

We proposed an improved Z-scan method with the 
layout presented in Fig. 1, which, apart from some minor 
technical improvements, provides factor three better sen-
sitivity with respect to conventional technique. The major 
improvement is related to a different optical layout, i.e. 
the image relay of the fixed plain in the vicinity of the 
focal waist, while the sample is scanning through the en-
tire waist. The sensitivity improvement was easily con-
firmed theoretically in the model of a Gaussian beam, 

where the nonlinearity provides only a phase shift in a 
thin sample plate as: 
U( t ,z ,r)  = U 0( t ,z ,r)  ·  exp( iBI ( t , z ,r) / I p e a k(z ) ) ,  (1) 
where В = k 0Ln 2I p e a k  is the so-called B-integral, L  is 
the sample length, I p e a k  is the beam peak intensity. 

 
Fig. 1. Z-scan setup layout 

The Z-scan signal is the time-integrated peak fluence 
of the beam detected by the CCD sensor. The typical scan 
signal is shown in Fig. 2. When the sample is far away 
from the focal waist from either side, the beam shape and 
thus the detected peak intensity is the same as in the line-
ar case (the normalized signal is equal to one in Fig. 2). 
When the thin sample is exactly at the image plain (z=0 
in Fig. 2), the normalized signal is also equal to one since 
the acquired nonlinear phase does not affect the image in 
this case. 

 

Fig. 2. Typical z-scan raw data and model fit, B=0.22 

With this technique, the samples of fused silica, 
KDP, DKDP crystals, PET films, and others were meas-
ured at different intensities ranging from 10 GW/cm2 to 
0.5 TW/cm2. The measurements were performed for dif-
ferent sample lengths and at different wavelengths (fun-
damental and second harmonic of Yb:KGW laser). For 
fused silica, the cubic nonlinear coefficient was measured 
to be n2 = 1.7 ∙ 10 − 4  and 2.7 ∙  10− 4  cm2/TW at 1030 
and 515 nm respectively. No reliable hint of n 4  was de-
tected in the available intensity range. 
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Nowadays, the only approach to multiplying the peak 
power of petawatt laser pulses is the post-compression 
method, which is implemented directly after the optical 
compressor. The method relies on the use of thin (~1 mm) 
plane-parallel transparent dielectric plates for broadening 
the spectrum and subsequent correction of the spectrum 
phase due to pulse reflection from the surface of disper-
sive mirrors.  

In experiments with the use of fused silica plates and 
dispersive mirrors, the pulse duration was reduced from 
60–70 fs to 11 fs, which enabled achieving a peak power 
of ~1.5 PW on the PEARL laser facility [1]. The post-
compression method can be applied to laser pulses with 
high (~1kJ) energy and sub-picosecond pulse duration. 
Such pulses can be obtained at the output of Nd:glass 
lasers. The pulse duration limit after pulse shortening is a 
single oscillation cycle of the optical field. Post-
compression is therefore a way of obtaining laser pulses 
with peak PW power and extremely short duration. The 
radiation is highly desirable for light-matter and light-
vacuum interaction experiments. 

The most promising direction for the development of 
the post-compression method is to combine it with other 
nonlinear processes, such as SHG (Second Harmonic 
Generation) and XPW (Cross-Polarized Wave Genera-
tion). When the second harmonic is generated under the 
conditions of cubic nonlinearity, pulse spectrum broaden-
ing at doubled frequency occurs directly in a frequency 
doubler crystal. The use of dispersive mirrors makes it 
possible to obtain pulses at the doubled frequency with a 
peak power higher than at the fundamental harmonic. The 
prospects for this approach are associated with peak pow-
er enhancement, improved temporal contrast and, in case 
of optimal focusing, double reduction of spot size [2]. 
The combination of these factors will allow improving 
laser radiation parameters, which is essential for conduct-
ing experiments on the extreme light–matter interaction. 
It should be noted that combination of second harmonic 
generation and post-compression technique can be also 
applied to powerful laser pulses with sub-picosecond 
pulse duration.  

At the same time, the post-compression method used 
in conjunction with SHG implies solution of a number of 
problems, including those of a technological nature. We 
propose a method of producing composite nonlinear sam-
ples for second harmonic generation by laser beams with 
a peak intensity of ~TW/cm2 and demonstrate for the first 
time second harmonic generation with subsequent time 
compression of the pulse using dispersive mirrors with 
anomalous group velocity dispersion.  

A proof-of-principle experiments of highly efficient 
(38%) second harmonic generation was implemented at a  
 

~1 TW/cm2 intensity of a 45-fs pulse in a composite non-
linear sample – a 1-mm KDP crystal glued onto a 1-mm 
fused silica substrate. The attenuated replica of second 
harmonic pulse (455 nm) was compressed down to 
28.6 fs by means of dispersive mirrors, with a significant 
reduction in both the wings and the far temporal contrast. 
The peak power of the second harmonic was ~74% of the 
power of the fundamental harmonic, which ensured a 
three-fold increase in the focal intensity. 

The dependence of the duration of the second har-
monic pulse ACF on the parameter of the correcting 
quadratic phase is presented in Fig. 1 (dots – experi-
mental data, solid curve – simulation). Note that without 
dispersive mirrors the pulse duration at the second har-
monic is significantly longer than at the first one (45 fs). 
With an increase in the modulus of the correcting quad-
ratic phase, the second harmonic pulse compresses.  

 
Fig. 1. Second harmonic ACF duration versus correcting quad-
ratic phase parameter: experiment (dots); numerical simulation 
(solid curve) 

The second harmonic post-compression time ap-
proach is a very promising way of generating visible, 
powerful pulses with high quality parameters. 
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Hg(Cd)Te/CdHgTe heterostructures with quantum 
wells (QW) are an attractive a material for mid infrared 
(IR) lasers. Due to importance of HgCdTe-based 
heterostructures for the industry of IR detectors their 
quality is reaching the quality of A3B5 heterostructures. 
Hg(Cd)Te/CdHgTe QWs also provide a unique oppor-
tunity to change the bandgap from 0 to over 1200 meV, 
while maintaining the ability to tailor the energy spec-
trum of the carriers by changing the content of solid solu-
tion of the barriers and the QW. In the long-wavelength 
part of mid Hg(Cd)Te/CdHgTe QWs offer the quasi-
relativistic dispersion law of the carriers which suppress-
es Auger recombination, enabling stimulated emission 
(SE) up to 31 µm, and laser generation up to 24 µm in the 
temperature range from 10 to 80 K [1, 2]. The wave-
length of emission, which is demonstrated in our experi-
ments, is six times larger than the previous results for 
HgCdTe lasers [3, 4]. The record wavelength of 31 µm 
(inaccessible for existing cascade lasers) was achieved by 
a peculiar design of the structure utilizing the reflection 
of the waveguide mode from the substrate near the 
Reststrahlen band of GaAs. Quasi-relativistic dispersion 
law of the carriers in HgTe/CdHgTe QWs is useful at 
even longer wavelengths, in terahertz range, where we 
have recently managed to experimentally demonstrate 
“Landau emission” (optical transitions between non-
equidistant Landau levels formed when quasi-relativistic 
electron system is placed in magnetic field) between 1 
and 3 THz with the frequency adjustable by magnetic 
field and carrier concentration [5]. These results open up 
an avenue for a new type of terahertz Landau lasers con-
trolled by magnetic field and gate voltage.  

In this work, by carefully optimizing the waveguides 
and mitigating carrier heating, we achieve stimulated 
emission at 14–24 µm in HgCdTe QWs under optical 
pumping in quasi-continious wave regime (pulse duration 
20–500 µs). The intensity is as low as 1.5–2 W/cm2 [6]. 
The impact of AR happening right after the excitation on 
the carrier temperature is investigated both theoretically 
(using the balance equations and calculated AR rates) and 
experimentally (via PL spectrum analysis). When such 
“hot” AR is eliminated due to long-wavelength pumping 
carrier lifetimes are shown to be only slightly limited by 
Shockley-Read-Hall recombination. Its contribution is 
also directly investigated via time resolved measurements 
of the photoconductivity decay and PL spectroscopy of 
trap states in the bandgap. Finally, we estimate that im-
plementing microdisc cavities would allow continuous-
wave operation of HgCdTe lasers in the very long-
wavelength infrared range (14–30 µm) and beyond when 
pumped by last generation quantum cascade lasers. 

Fig. 1 presents the emission spectra of studied sam-
ples for different wavelengths of excitation. In theory, the  
 

photoluminescence (PL) spectrum of a QW should follow 
a step-like 2D density of states near the edge of the 
interband transitions. Therefore, the low-energy slope of 
the PL line reflects the inhomogeneous broadening of the 
sample by having a finite steepness of W > 2 meV (con-
sider structure #i10_14, for example). At lattice tempera-
ture of 9 K, kT energy of 0.8 meV is considerably lower, 
and the minimal full width at half maximum (FWHM) of 
the PL line one could expect is 2 W = 4 meV. Instead, the 
FWHM of the emission line at 10.6 pumping is much 
less: a line with the FWHM as low as 0.75 meV is ob-
served in structure #i10_14. Dramatic narrowing of the 
emission line suggests that SE process is taking place, 
which is further supported by structure #i15_24. In this 
case, the low-energy slope is much wider, yet the FWHM 
of the emission line at 10.6-um-pumping conserves at  
0.5 meV from 8 K to 19 K, suddenly broadening at 20 K 
and then disappearing completely at higher temperatures. 

 

 
Fig. 1. The emission spectra for structures under study. The 
labels show the factors by which the curves were multiplied to 
have the presented amplitude 
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The precise controlling of an envelope of laser pulses 
is one of topic tasks in high energy lasers. The pulse du-
ration tuning is an advantage in a lot of application from 
drilling and surface modification to optimization of EUV 
sources. Temporal pulse shaping is an important feature 
for improving of such nonlinear processes as second 
harmonic generation and parametric amplification. Fast 
electro-optical shutters are usually using for this task, 
which on the subnanosecond time scale becomes very 
challenging due to limited bandwidth of electronics. An-
other approach of spectrally-temporal ns pulse shaping 
with takin to account its saturated amplification has been 
investigated in this work.  

Lasing with few ns pulses (and longer) is a routine in 
Q-switched lasers. But, the stretching of a pulse of mode-
locked laser is more preferred way in the case of ns pulse 
and shorter. Additionally this approach allows optically 
synchronize ns lasers with other laser sources. Note, the 
spectrum bandwidth of the pulse is usually limited by 
1 nm during amplification in Nd or Yb lasing media of 
high energy amplifiers. An optical layout of a compact 
pulse shaper for strongly chirped laser pulses of sub- na-
nosecond time scale exploiting a tilted angle placed 
chirped volume Bragg grating (CVBG) and a program-
mable spatial light modulator (SLM) was proposed and 
investigated (Fig. 1) [1]. A tilted placed CVBG forms not 
only temporal chirp but a spatial chirp too and SLM con-
trolling the amplitude of the spectral components. Addi-
tionally, the pulse is stretched to suitable pulse duration. 
A feasibility of spectral shaping with a resolution of 
0.16 nm, corresponding to the time resolution of 150 ps, 
and a contrast ratio of 102 was demonstrated experimen-
tally. This pulse shaper has been implemented in the 
frontend of PEARL petawatt laser facility [2] to pre-
shape the seed pulse and obtain П-shaped pump pulses 
from Nd:glass amplifier (Fig. 2) during saturated amplifi-
cation. The pump pulses has been amplified up to 250 J 
with spectrum bandwidth near 0.5 nm. As authors know, 
it is the first experimental demonstration of temporal 
shaping of high energy pulse with near 1 ns pulse dura-
tion.  

 

 
Fig. 1. Optical layout of spectral-temporal pulse shaper. TFP – 
thin film polarizer, CVBG – chirped volume Bragg grating, 
SLM – spatial light modulator, SM – scanning spectrometer 

 

 
Fig. 2. Envelopes of seed (grey) pre-shaped (blue) and amplified 

(red) pump pulses of PEARL petawatt laser facility 
 

The saturated amplification in high energy lasers 
leads to large distortions of temporal profile and the con-
trast ratio of spectrally-temporal pulse shaping approach 
may be not enough to its correct preshaping. A saturated 
amplification of chirped pulses on the wing of emission 
cross section has been proposed to suppress temporal 
distortions of the pulse. In this case, compensation for 
gain saturation occurs due to an increase in the emission 
cross section at the wavelength on the end of chirped 
pulse. The absence of chirped pulse temporal distortion 
has been experimentally observed during saturated ampli-
fication in Nd:YLF with output energy range from 0.1 to 
1.2 of saturation energy. This method in combination 
with temporal pulse shaper allows precise tuning the 
pulse envelope in high gain laser amplifiers.  

Some laser media are not sufficient for amplification 
of chirped pulses because of too narrowband emission 
cross section (Nd:YAG as an example). This specificity 
complicates an optical synchronization of Nd:YAG ns 
laser with other laser sources. The placing of compact 
pulse shaper into regenerative amplifier gas been pro-
posed to achieve very high dispersion during regenerative 
amplification. This approach has been experimentally 
verified and the stretching to ~ 2 ns of 0.05 nm in band-
width pulses has been demonstrated. The tuning of num-
ber of pulse propagation though a regenerative amplifier 
allowed precise tuning the pulse duration in range of 1.6 
to 2.2 ns.  

Note, the methods described in this work are suitable 
not only for ns pulses but for ps pulse duration range too.  
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Nowadays, optical rectification of femtosecond laser 
pulses is one of the most promising methods for genera-
tion of high-energy THz pulses. A broadband THz pulse 
was generated in a nonlinear crystal partially filling the 
cross-section of a rectangular metal waveguide due to the 
nonlinear frequency conversion of 100 fs Ti Sapphire 
laser pulses, Fig. 1(а). The thickness of the crystal – t, 
which ensures the synchronism of the interaction of opti-
cal and terahertz pulses, was determined numerically 
from the transcendental dispersion equation [1, 2]. The 
generation of a THz pulse was studied in waveguides 
with cross sections from 23×10 cm2 to 1.8×0.9 cm2. Stud-
ies of the propagation of a THz pulse in an empty wave-
guide with a cross-section of 250×125 μm2, over the fre-
quency band from 0.65 to 3.5 THz, are given in [3]. 

In this work, the mode composition of a broadband 
THz pulse, in the frequency band 0.1–3.5 THz (as a linear 
superposition of coupled propagating modes), in a nonline-
ar LiNbO3 plate located in the middle of a waveguide par-
allel metallic plates is investigated. Distribution of the am-
plitude of the electric field component Ey along the x-axis 
was determined numerically using the expression obtained 
from the Helmholtz equations for the TE10 mode of the 
parallel-plate dielectric waveguide, taking into account the 
boundary conditions (at −b/2 < y < b/2) [4]. In Fig. 1(b)  
ε0 = 1 is the relative value of the dielectric permittivity of 
free space and εr of the LiNbO3 crystal (εr = 28). Distribu-
tion of the normalized electric field component Ey of the 
THz pulse in the “xy” plane of a parallel-plate nonlinear 
waveguide (PPNW) is shown in Fig. 2, when a = 1.8 mm, 
b = t = 70 μm (c, d) and t = 270 μm (e, f). 

The results of the numerical analysis show that the 
mode composition of a THz pulse generated in a wave-
guide partially filled with a nonlinear crystal improves if 
we move to a waveguide configuration with parallel 
plates and a thin nonlinear crystal between them (i.e. if 
two side boundaries are removed), Fig. 1(b). In PPNW, 
most of the spectral components of broadband THz radia-
tion (0.1–1.2 THz at t = 70 μm and 0.1 = 0.3 THz at t = 
= 270 μm) propagate as the fundamental mode TE1. The 
propagation of the spectral components of the THz pulse 
in the form of the fundamental mode leads to the suppres-
sion of mode dispersion and the undistorted propagation 
of the THz pulse, as well as to the smoothness of the THz 
spectrum envelope. The similarity between rectangular 
waveguide and PPNW lies in the fact that the main ener-
gy of the THz pulse propagates inside the crystal and 
decays outside it the faster, the higher the frequency of 
the spectral component of the THz pulse. The attenuation 
of the amplitude of a given frequency outside the crystal 
is greater in PPNW.  

Thus, by using PPNW it is possible to overcome the 
difficulty of transmitting a wide band of the THz spec-
trum in the form of a single mode by choosing the size 
and polarization of the laser beam, the thickness of the 
nonlinear crystal, and its dielectric susceptibility. The 

PPNW design allows the use of thinner waveguides, 
which is desirable for THz integrated circuit applications. 

 

       
 

  

Fig. 1. Nonlinear LiNbO3 crystal partially filling a rectangular 
waveguide (a) and a waveguide with parallel metal plates (b) 

 
Fig. 2. Distribution of the normalized electric field component 
Ez of the THz pulse in the “xz” plane of a rectangular wave-
guide (axb = 1.8×0.9 mm2) with a LiNbO3 crystal at t = 70 μm 
(a) and t = 270 μm (b). Distribution of the normalized compo-
nent of the electric field modulus Ey of the THz pulse in the 
PPDW “xy” plane at t = 70 μm (c, d) and t = 270 μm (e, f)      
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Here we propose new mechanism of plasma self-
organization in solid dielectrics exposed to intense laser 
radiation in the regime of tight focusing which causes the 
generation of 3D periodic ring structures with 
subwavelength period both along the laser pulse 
propagation and in the radial (perpendicular) direction. 
The basic idea is to form a dense plasma burst in the pre-
focal region, which provides efficient scattering of the 
incident wave. The interference of a plane incident laser 
wave and a divergent scattered one will form the standing 
wave with local minima and maxima both along the 
incident wave propagation and perpendicular to it 
producing the ring patterns of effective ionization 
regions. We analytically and numerically consider the 
process of laser wave scattering on a near-spherical 
plasma object with dimensions both smaller and larger 
than the wavelength of laser radiation, which will allow 
us to demonstrate the key relationships of the periodicity 
formation on the characteristics of prefocal plasma. 

In analytics we consider the plasma object with radi-
us a, which is smaller than the radiation wavelength λ in 
material and the skin layer depth in plasma, as a dipole 
emitter placed in external linearly polarized field with the 
amplitude 𝐸�⃗ 0 (see Fig. 1). The components of the scat-
tered field along the vector 𝐸�⃗ 0 and perpendicular to it be 
written as [1]: 

�𝐸𝑠
| |(𝑟, 𝑡)
𝐸𝑠⊥(𝑟, 𝑡)

� =
1
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× cos θ × �−cosθ
sinθ �,  (1) 

 

 
Fig. 1. The schematic picture of plasma dipole scattering 

where ε = ε𝑝
ε𝑑

, ε𝑝 is the permittivity of plasma object, ε𝑑 
is the permittivity of dielectric. To obtain the interference 
pattern of the incident and scattered fields we use the 
following expression of the focused Gaussian laser beam 
propagating along 𝑧-axis [2]: 
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where 𝑧𝑓 is the Rayleigh length, ρ0 is beam waist radius, 
 ℛ(𝑧) is the beam radius, 𝑅𝑐(𝑧) is the radius of front cur-
vature, 𝑏 is the pulse HWHM. Since interference is pos-
sible between waves of the same polarization, for the 
sought amplitude of the incident and scattered fields we 
use the component of the scattered field (1) co-directed 
with the incident laser wave (Fig. 2): 

𝐸𝑖𝑛𝑡(ρ, 𝑧) = �Re�𝐸𝑖(ρ, 𝑧, 𝑡 = 𝑡0) + 𝐸𝑠
||(ρ, 𝑧, 𝑡 = 𝑡0)��.  (3) 

 
Fig. 2. Normalized distribution of 𝐸𝑖𝑛𝑡(ρ, 𝑧) for the plasma 
object with 𝑛𝑒 = 1021, 𝑎 = 0.5λ0 The value of focal radius is 
ρ0 = 2.5 mkm. Area of the spherical plasma object at the origin 
is indicated by a circular sector 

We believe that the formation of such field interfer-
ence patterns within the discussed mechanism stands as 
the initial stage of laser microstructuring process and 
gives rise to a rather complex nonlinear process of laser-
plasma interaction leading to the formation of a 
subwavelength plasma gratings. We would like to stress 
that the essential point of the proposed mechanism is the 
extremely sharp dependence of the ionization probability 
versus electric field strength of the laser pulse. As a re-
sult, the set of plasma seeds appears that leads to further 
self-organization of wave field and plasma structures. 
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Compact sources of high-energy particles and sec-
ondary radiation based on the interaction of high-power 
laser pulses with plasma targets are of interest due to the 
possibility of their application in a wide range of practical 
tasks. One of the ways to optimize such sources is related 
to the possibility of controlling the plasma of a solid-state 
target by changing the density gradient of the scattering 
plasma on the irradiated side [1, 2].  

We simulated the expansion of the target under the 
action of a nanosecond laser pulse and obtained density 
profiles of the preplasm formed on the irradiated side of 
the target. The simulation was carried out using the hy-
drodynamic code FRONT [2], which solved a system of 
two-temperature hydrodynamics, including the equation 
of continuity and the equation of motion of plasma densi-
ty, as well as equations for the internal energy of elec-
trons and ions. The calculations were carried out in three-
dimensional (cylindrical) geometry.  

During the calculations, laser pulses with an intensity 
from 1010 W/cm2 to 1013 W/cm2 and a duration from  
1 to 5 ns were used. Aluminum was considered as the 
target material. 

The preplasm density profile can be roughly repre-
sented as the sum of two exponentials, one of which de-
scribes the plasma near the target, and the other describes 
the sub-critical plasma. The resulting function describing 
the density profile is written as follows: 

𝑛(𝑥) = 𝑛1 exp �
−(𝑥−𝑥0)

𝑑1
� + 𝑛2 exp �−(𝑥−𝑥0)

𝑑2
� (1) 

where 𝑑1 and 𝑑2 are the characteristic gradients of the 
density profile of the scattering plasma, 𝑥0 is the magni-
tude of the target shift. 

Figure 1 shows the density profile obtained by irradi-
ating a target with a laser pulse with intensity I for differ-
ent time points, the dotted colored lines on the graph dis-
play the n(x) function, which well describes the profiles 
in the regions of low-density and near-critical plasma. 

The calculations compared the results of target ex-
pansion for targets with a thickness of 6 microns, 10 mi-
crons and 30 microns at different laser pulse intensities. 
The characteristic gradient of plasma density, close to the 
critical one, is about 0.2–0.3 microns for the minimum 
density of the invested energy used in the simulation 
(about 0.3–0.5 kJ/cm2). As the energy flow increases for 
all targets, it increases rapidly. It reaches saturation in the 
region of ~ 0.4 microns at an energy density above  
5 kJ/cm2.  

 
Fig. 1. Density profile obtained during irradiation of a target  

by a laser pulse with intensity 𝐼 = 1012 W/cm2 
 

In the low-density plasma region, with increasing en-
ergy density, the growth of characteristic gradients slows 
down somewhat, and the values of the gradients become 
close to each other and cease to depend on the thickness 
of the targets. The density gradients of the preplasm in 
targets with finite and infinite thickness were also com-
pared. According to calculations, in this case, there is also 
a decrease in the dependence of the gradient value on the 
thickness of the target as the energy density of the laser 
pulse increases. 

In addition, initially thinner targets are shifted much 
more strongly. This may need to be taken into account 
when performing some tasks in which the control of the 
shear and thickness of the target is important. According 
to the calculations, a thinner target (6 microns) moves 
about 2–3 times further than a target of greater thickness 
(10 microns). Complete burnout (destruction) of a target 
with a thickness of 6 microns occurs at an energy density 
of 30 kJ/cm2, while a target with a thickness of 10 mi-
crons is destroyed at an energy density of 100 kJ/cm2.  

The parameters of the characteristic gradients ob-
tained during the calculations will be taken into account 
in the kinetic code to calculate the optimal density gradi-
ent of the plasma during acceleration of charged particles. 
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Few- and subcycle electromagnetic pulses  
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Recent progress in the generation of short electro-
magnetic pulses requires theoretical and experimental 
study of their unusual properties, propagation features 
and the physics of their interaction with micro-objects. 
The shortest pulses in a given frequency interval are 
subcycle and unipolar. In this talk I present the current 

state of the electrodynamics of such pulses, starting with 
rigorous Maxwell equations. I also discuss the interaction 
of few-cycle and unipolar electromagnetic pulses with 
micro-objects and a number of experiments in this area. 

The research is supported by the Russian Science 
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Angular momentum, encompassing spin-angular 

momentum (SAM) and orbital angular momentum 
(OAM), is one of fundamental characteristics of electro-
magnetic waves. SAM, also known as polarization, and 
OAM, often referred to as twisted light or vortex light, 
enable diverse applications from telecommunication mul-
tiplexing to the manipulation of macroscopic objects. One 
can say that generation of light with angular momentum 
in near infra-red and visible range is currently a routine 
procedure. High harmonic generation using interaction of 
intense lasers with gases and plasmas can reach UV re-
gion and in this presentation we will discuss the possibili-

ties of generation of UV light with angular momentum. In 
particular we will explore innovative methods for gener-
ating OAM ultraviolet light through the interaction of 
relativistically intense, short laser pulses with overdense 
plasma. We will introduce a technique for converting the 
SAM of a laser driver into the OAM of high-order har-
monics generated in plasma. Additionally, we will dis-
cuss a new light structure known as “self-torque”, which 
features dynamically and discretely changing OAM in 
electromagnetic pulses. Future prospects and experi-
mental approaches will be discussed, highlighting the 
potential impacts and applications of these advancements.
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Electron acceleration with high repetition rate table top lasers 
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Well collimated electron beams through the interaction 
of a femtosecond laser pulse of relativistic intensity with 
subcritical plasma is one of the most actively developing 
areas at the intersection of laser physics and plasma phys-
ics. The most impressive results were obtained using 
unique laser systems with a peak power from 0.5 to several 
PW. At the same time, the low pulse repetition rate of such 
systems determines the low average beam current. In addi-
tion, many application areas require not so high electron 
energies around 10 MeV, but the charge of the electron 
pulse and the average beam current are important. It is pre-
cisely these electron pulses that can be obtained using 
femtosecond laser complexes with a terawatt peak power 
level and capable of operating at kilohertz repetition rates. 

We present results of computational and experimental 
studies of several schemes for accelerating electrons with 
a femtosecond laser pulse with a peak power of 1-2 TW, 
the possibility of scaling the developed approaches to 
high powers (tens of TW and PW), as well as the use of 
these beams for generating secondary radiation in a wide 
electromagnetic field ranging from terahertz to gamma. In 
particular, we have obtained electron beams with an en-
ergy of up to 15 MeV, a charge of hundreds of 
picoculombs, and a divergence of about 0.1 rad. Original 
approaches will be presented that provide effective con-
trol of the energy spectrum of the beam at a high repeti-
tion rate, generation of quasi-unipolar pulses of terahertz 
radiation, gamma flares and photonuclear reactions. 
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It was created the most powerful OPCPA laser com-
plex in Russia The laser is the renewed PEARL [1] faci-
lity.  

The changes affected all parts of laser. In the starting 
part: the synchronization system, the femtosecond source, 
the system for generating the temporal and spatial shape 
of the pump pulse [2]. In the renewed femtosecond 
chanal pulse duration is 20 fs.  

The pump laser of the final parametric amplifier was 
also updated. The optical amplifiers with the diameters of 
20 and 150 mm have been added. And maximum energy 
at 1 ns @ 1054nm pulse was 400J. A higher gain required 
the installation of an additional Faraday isolator with an 
aperture of 60 mm. To reduce polarization distortions, 
several polarization rotators were used. This made it pos-
sible to increase the pulse repetition rate to 1 pulse per  
10 min. The use of a quasi-rectangular pulse increased 
the efficiency of second harmonic generation up to 61% 
(Fig. 1). Near field of pump beam is shown on Fig. 4(a). 

The efficiency of parametric amplification has also 
increased (Fig. 2). And the signal energy was up to 40 J.  

To prevent damage to the compressor gratings, an 
aberration-free telescope for a broadband signal was de-
veloped and manufactured. The increased size of the dif-
fraction gratings makes it possible to compress pulses 
with an aperture of 200 mm and energy of up to 50 J. 
Compression efficiency has been increased to 80%. Pulse 
duration was 34–37 fs (Fig. 3a). 

Near field of pump and signal beam is pretty good to 
(Fig. 4). 

CafCA (compression after compressor approach) 
technology used to increase peak power [3]. Its efficiency 
is more than 97%. This made it possible to reduce the 
pulse duration to 14–17 fs (Fig. 3b). All of the above (40J 
before compressor; 80% compressor efficiency; 97% 
CafCA efficiency; 15fs pulse duration) allowed us to ob-
tain pulses with a power of more than 2 PWt. 
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Fig. 1. SHG efficiency 

 
 

 
Fig. 2. Optical parametrical amplifying efficiency 

 

  
Fig. 3. Autocorrelation functions before (a) and after (b) CafCA 

 

  
Fig. 4. Near field of pump (a) and signal (b) beam 
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The pursuit of extreme optical field magnitudes rep-
resents a pressing challenge for ambitious laser system 
projects at various stages of global implementation. A 
significant milestone for such systems involves the explo-
ration of Schwinger fields and the consequent generation 
of particle cascades emerging from the physical vacuum. 
Amidst this context, the Russian XCELS project stands 
out by employing the concept of dipole focusing, realized 
through the utilization of 12 laser pulses with a combined 
power reaching up to 600 PW. The field configuration in 
dipole focusing mimics that of a time-reversed elemen-
tary vibrator, comprising 12 tightly focused pulses con-
verging from all directions towards a shared focal point. 
By coherently combining these laser pulses, the energy 
density of the electromagnetic field at the focal point in-
creases by over 20 times compared to a single laser pulse 
of equivalent total power. Consequently, this intense fo-
cusing substantially lowers the power threshold for radia-

tion and quantum electrodynamics (QED) effects, facili-
tating the attainment of the Schwinger limit and quantum 
plasma degeneracy. Therefore, the implementation of 
dipole focusing in experiments holds the potential for 
significant advancements in fundamental physics, astro-
physics, and the prospective utilization of such field ge-
ometry in practical applications. Alongside laser technol-
ogies and nonlinear optics methodologies, a critical ele-
ment for achieving the project's objectives is the technol-
ogy of coherent addition of tightly focused high-power 
laser pulses. The XCELS project entails the development 
of an exceptionally intricate optical system for the coher-
ent integration of tightly focused laser pulses with an 
initial aperture of up to 65 cm. 
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The PEARL laser facility was developed at the Insti-
tute of Applied Physics RAS in 2007 [1] based on optical 
parametric chirped pulse amplification (OPCPA) tech-
nology. At that time, the laser became the most powerful 
parametric system in the world, and even now, almost 
two decades later, it remains a popular scientific instru-
ment [2] for conducting, first and foremost, basic scien-
tific research.  

The exeptional paremeters of the PEARL laser facility 
made it is possible to obtain record efficiency of interaction 
of femtosecond laser radiation with matter, in the interac-
tion with both gas and solid targets [3–5], and the results 
are in good agreement with similar studies at other laser 
facilities around the world with similar laser parameters. 

Recently, the PEARL system underwent additional 
upgrades [6, 7], with the result that the jitter between the 
signal and the pump was reduced down to sub-
picosecond values by switching to optical synchroniza-
tion. The technological difficulties overcome at the de-
sign stage became the key advantage of the laser system 
at the stage of applied research in laboratory astrophysics. 
The high precision synchronization of the nanosecond 
laser driver and femtosecond radiation allow pump-probe 
experiments with a probe pulse of exceptional optical 
quality, enabling for clear interferometric shadow and 
polarization images, as well as the most accurate investi-
gation of time dynamics due to low jitter. To implement 
the pump-probe technique, an original scheme for ex-
tracting a nanosecond pulse from the pump laser was 
developed [8], which makes it possible to have a nano-
second pulse with an energy of up to 250 J perfectly syn-
chronized with the signal without energy loss of the 
femtosecond pulse. In concert with the original pulsed 
magnetic system [9], the facility offers a unique combina-
tion of conditions for scaled modeling of plasma astro-
physical processes like matter accretion [10], jet collima-
tion [11], and the experimental study of 
magnetohydrodynamic [12] and kinetic instabilities [13] 
in plasmas. 

The technologies employed in the laser system have 
proven themselves well and laid the basis for the XCELS 
exawatt project [14, 15]. The recently emerged CafCA 
technology for increasing the peak power [16], together 
with the approaches developed for wavefront correction 
[17, 18], in particular of nonlinear phase distortions [19], 
have made it possible not only to significantly increase 
the power of the laser system [20] but also to almost pro-
portionally increase the peak focal intensity [21], which 

further expanded the range of possible laser parameters 
on the target towards higher intensities. The use of 
CafCA technology for a probing pulse, among other 
things, makes it possible to increase, when necessary, the 
time resolution of optical diagnostics of relativistic ob-
jects, for example, to study the BISER radiating singu-
larity [22]. 

The talk presents potential experimental scenarios for 
utilizing the laser and describes experiments already con-
ducted with the laser across a diverse spectrum of fields. 
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With the development of Internet of Things and 
cloud computing, the next generation of optical commu-
nication places great demand for the dense wavelength 
division multiplexing (DWDM). L-band (1565‒1625 nm) 
Er doped fiber amplifier (EDFA) in the fiber communica-
tion system is the next generation of commercial EDFA. 
However, the Er-doped fiber lasers at wavelengths longer 
than 1600 nm face challenges of excited-state absorption 
(ESA) and low gain coefficient. Co-doping phosphorous 
in Er-doped silica fiber is a good way to enhance the  
L-band amplification. Unfortunately, the strong volati-
lization of phosphorus in heavy concentration during the 
high-temperature (near 2000 °C) fiber drawing process 
has degraded the repeatability and vertical uniformity of 
Er-doped silica fibers. In this work, we have developed 
the L-band spectral shaping methodology of Er doped 
functional glasses through manipulating the glass net-
work formers, glass modifiers, oxygen to phosphorous 
atom ratios and Er concentrations in multicomponent 
glasses.  

In phosphate glasses, adjusting oxygen to phospho-
rous atom ratios in the glass composition can broadening 
the emission band of Er3+ ions by manipulating the local 
structures around Er3+ ions in glass structure. More than 
260 nm band width (1420–1680 nm) has been achieved 
in self-developed Er doped phosphate fiber. The laser 
wavelength of Er-phosphate fiber was extended to  
1630 nm. The maximum output powers and slope effi-
ciencies of the lasers at 1627 nm and 1630 nm reached up 
to 44 mW/12.5% and 16.5 mW/5.6%, respectively, in a 
30-cm phosphate fiber. These are the highest output pow-
ers and slope efficiencies at 1627 nm and 1630 nm from 
an Er3+-doped all-fiber laser configuration.   

In silicate glass system, the emission spectroscopic 
properties of Er3+ ions are influenced by glass modifiers. 
Increasing the content of glass modifiers with high field 
strength will enhance the emission cross sections espe-
cially in the L-band wavelength. A L-band Er doped 
functional glass with excellent performance was fabricat-
ed into fibers with the propagation loss of <0.5 dB/m at 
1.2 μm through a modified rod-in-tube method. More 
than 1.2× 10–21 cm2 of emission cross section at 1625 nm 
has been achieved in Er doped silicate fiber. The gain 
coefficient at 1625 nm wavelength of Er-silicate fiber 
was increased to 4.7 dB/m. The gain flatness in a 1-m 
silicate fiber was achieved to be 0.8 dB. We obtained  
>10 dB net gain at L-band region in a 1-m long silicate 
fiber from an all-fiber configuration. Our approach pro-
vides a new solution for the next generation of EDFA and 
provides new glass materials support for the development 
of optical fiber communication. 
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Fig. 1. Structural schematic diagram of Er3+ ions in silica and 
phosphate glasses, the absorption spectra of Er/Al/P-silica and 
Er phosphate glasses measured at 298 K and 500 K, and the 
splitting of Er3+: 4I13/2 and 4I15/2 states 

 

 
 

Fig. 2. Optical spectra of a 15-cm Er3+-doped phosphate fiber 
laser operating at 1600, 1609, 1627 and 1630 nm 

 

 
 

Fig. 3. Emission cross sections of Er3+ ions doped in silicate 
glasses with molar compositions of 60SiO2-(40‒x)Na2O-xMgO, 
x=0, 10, 15, 20, 22.5 and 25 
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Over the past decades, single frequency fiber lasers 
(SFFLs) opened widespread applications in high-
precision spectroscopy, coherent beam combining and 
lidar because of their compact all-fiber configuration, 
narrow spectral linewidth and ultra-low noise [1]. Among 
these schemes of SFFLs, monolithic distributed Bragg 
reflector (DBR) cavity which directly integrates fiber 
Bragg gratings (FBGs) into the photosensitive RE-doped 
fibers is a promising configuration in constructing com-
pact and efficient SFFLs [2]. Yet, the doping level of 
rare-earth (RE) ions has generally to be sacrificed in the 
classical Ge-photosensitized RE-doped silica fibers be-
cause of the dramatic refractive index increase caused by 
the introduction of Ge.  

Here, we demonstrate an approach to realize the 
trade-off between photosensitivity and RE doping con-
centration. We validate that the addition of a small 
amount of cerium (0.37wt.%) instead of Ge could photo-
sensitize Yb3+-doped silica fiber (YDF), while maintain-
ing fiber numerical aperture (NA) at 0.12 under a high 
2.5-wt.% Yb doping level. The photosensitivity mecha-
nism of Ce is as follow:  

 
3+ 4+ -e e +e

0

UVC C
h e+ −

→

+ →
. (1) 

Under the exposure of UV light, e.g., 248 nm, the 
Ce3+ ions are inclined to lose one electron (e-) and trans-
form into Ce4+. At the same time, the hole (h+) centers in 
the glass matrix would trap these released electrons. This 
mechanism enables FBGs formation in Ce photosensi-
tized fibers when combined with UV laser phase mask 
technique. Especially, different to the Ge-photosensitized 
fibers, hydrogen loading process could be avoid which 
simplifies the FBG inscription process to a large extent. 
The influence of Ce concentration on photosensitivity is 
researched. As shown in Fig. 1(a) and (b), the 0.37wt% 
Ce doping enables FBGs inscription with over 95% re-
flectivity and 0.8*10-4 refractive index modulation. As 
mentioned above, a single-mode highly Yb doped silica 
fiber is further developed with 0.37wt% Ce doping. As 
shown in Fig. 1(c) and (d), the 1064 nm FBG could be 
successfully inscribed into this YDF without any promi-
nent thermal degradation after annealing.  

This excellent photosensitivity allows us integrating 
FBGs pair into this YDF to form a monolithic short DBR 
cavity [3]. The experimental setup is shown in Fig. 2(a). a 
short 3-cm long YDF was used to build the monolithic 
cavity, where the HR-FBG and LR-FBG were written to 
its ends with a 1-cm interval. The center wavelengths of 
HR-FBG and LR-FBG were well matched (Fig. 2(b)). 
The output power characteristics is shown in Fig. 2(c). 
The maximum laser output power of 210 mW was 
achieved at the launched pump power of 457 mW, corre-
sponding to a laser efficiency of 48.6%. The linear  
 

 
 

Fig. 1. (a) Reflectivity evolution of FBGs under different Ce 
concentrations. (b) Derived UV-induced refractive index modu-
lation amplitude. (c) Reflectivity evolution of FBGs by com-
mercial Ge-doped fiber and YDF with loading hydrogen and 
without loading hydrogen. Inset in a photograph of FBG written 
in YDF. (d) Transmission spectra of FBGs in YDF before and 
after annealing treatment 

 

 

Fig. 2. (a) Experimental setup of the monolithic efficient DBR 
laser by this photosensitive YDF. Inset is the photograph of the 
constructed monolithic cavity. (b) Transmission spectra of HR-
FBG and LR-FBG written in YDF. (c) The laser output power 
versus the launched pump power 

increase tendency shows the output power could be fur-
ther elevated by higher pump power. 
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The laser-induced damage threshold resistance per-
formance of ultra-broadband chirped mirrors (UBCMs) is 
a key factor influencing the generation of high peak in-
tensity laser pulses in post-compression techniques. Two 
different UBCMs were designed and fabricated for a 
comparative study of their laser-induced damage under a 
7fs pulse irradiation. Because the electric field distribu-
tion in UBCMs is not standing wave field in femtosecond 
regime, we established a time-domain electric field model 
to analyze the damage behavior. The model successfully 
elucidated the origin of the damage and discrepancy be-
tween the two UBCMs in terms of damage thresholds, 
showcasing its potential applications in designing high-
threshold UBCMs for high-power laser systems. 

Damage morphology  
and time-domain electric field distribution  
of UBCMs 

For a comparative study, we obtained two different 
UBCMs by setting different GDD targets. The bandwidth 
of both mirrors meets the spectral range of the 7fs pulse. 
The design work was completed by Optilayer [1]. Both 
mirrors were fabricated using dual-ion beam sputtering 
and deposited on fused silica substrates. A 1-on-1 test 
was conducted on both mirrors. The laser-induced dam-
age threshold (LIDT) of the two mirrors are 0.094 and  
0.136 J/cm2, respectively, and the initially damaged layer 
is both located at the fourth layer, as shown in Fig. 1. 

To elucidate the reasons for the initial damage in the 
fourth layer of both mirrors and the discrepancies in their 
LIDTs, we calculated the time-domain electric field dis-
tribution. The specific process involves solving the wave 
equation, which can be accomplished by the finite ele-
ment method or the finite-difference time-domain meth-
od. The key task is to obtain the time-domain electric 
field waveform of the incident pulse, which can be com-
pleted by performing an inverse Fourier transform on the 
complex spectrum amplitude of the 7 fs pulse. The spec-
trum and phase information of the pulse was obtained 
using D-scan technique [2, 3]. Fig. 2 illustrate the calcu-
lated results for the time-domain electric field distribution 
of the two mirrors. 

A peak electric field intensity (EFI) can be observed 
at 8024 nm and 8320 nm in UBCM1 and UBCM2, re-
spectively. The position of the peak EFI corresponds to 
the fourth layer of both mirrors, which aligns with  
 

 

 
 

Fig. 1. The initially damaged layer of (a) UBCM1  
and (b) UBCM2 

 

 
 

Fig. 2. Time-domain electric field distribution of (a) UBCM1 
and (b) UBCM2. The black arrow indicates the peak EFI inside 
the mirror. The physical thickness is calculated from the sub-
strate, with a physical thickness of 0 nm at the substrate 

the observed position of the initially damaged layer, as 
previously mentioned. A strong EFI within the initially 
damaged layer can be identified as the cause of the dam-
age. Additionally, the peak EFI value of the initially 
damaged layer in UBCM1 is 1.32, whereas that in 
UBCM2 is 0.93. The value of UBCM1 was approximate-
ly 41.9% higher than that of UBCM2, and the LIDT of 
UBCM2 was approximately 44.7% higher than that of 
UBCM1. Considering the system errors in testing laser-
induced damage, this result may suggest an inverse rela-
tionship between the peak EFI and LIDT. The specific 
functional relationship between the EFI and LIDT re-
quires additional experimental data. 
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Introduction 
Jets are commonly observed in accreting young stel-

lar objects (YSO). Such collimated supersonic outflows 
are usually observed along the rotation axis of a star-
accretion disk system [1], and they are believed to play a 
key role in the evolution of YSO’s [2]. The mechanisms 
of the generation of outflows and their collimation into 
jets are still not fully understood and are being actively 
discussed. 

Numerical studies as well as scaled laboratory exper-
iments suggest that bipolar outflows arising from young 
stellar objects (YSOs) could be collimated into narrow 
and stable jets as a result of their interaction with a 
poloidal magnetic field [3]. However, this magnetic col-
limation mechanism was demonstrated in the laboratory 
only for the simplified topology of the uniform poloidal 
magnetic field [4].  

We have extended the experimental studies to the 
case of a plasma outflow expanding in a region of strong 
poloidal magnetic field and then propagating through 
divergent magnetic field lines. In this case the magnetic 
field distribution is closer to the hourglass magnetic field 
distribution expected near YSOs. Our aim was to find out 
whether (and under what conditions) magnetic collima-
tion is possible in such a strongly nonuniform B-field 
configuration. 

Experimental approach and results 
The experiments [5] were carried out on the PEARL 

high-power laser facility [6]. The laser produced plasma 
outflow was embedded in a strong (~10 T ) magnetic 
field generated by the unique magnetic system. The mor-
phology and dynamics of the plasma were diagnosed with 
a Mach-Zehnder interferometer. 

Laboratory experiments and 3D numerical modeling 
allow us to reveal the various stages of plasma jet for-
mation in a divergent poloidal magnetic field. The results 
show that there is a fundamental possibility for magnetic 
collimation of a plasma outflow in a divergent magnetic 
field. Also there is good scalability of astrophysical and 
laboratory flows. Conditions for the formation of a mag-
netic nozzle, hence collimation by poloidal magnetic 
field, have been discovered and the propagation of the jet 
proceeds unimpeded through the region of weak and 
strongly divergent magnetic fields, maintaining a high 
aspect ratio was demonstrated. We observed that a strong 
poloidal magnetic field region can lead to the generation 
of a plasma cavity with a magnetic nozzle tip and, as a 
result, it can collimate the outflow into a narrow jet. We  
 

studied experimentally and numerically how the collima-
tion process depends on the scale of a region where a 
strong poloidal magnetic field is present, and found that 
the minimum scale-length of this region has to be on the 
order of 2Rb to collimate the flow. 

Laboratory studies, such as the one presented here, 
are of particular importance as they allow us to address 
extreme flow conditions that are only accessible to simu-
lations, and thus can help validate the theoretical and nu-
merical models of jet collimation. 

 

 
Fig. 1. Two-dimensional density profiles of the plasma stream 
propagating along a quasi-uniform magnetic field at 28 ns (a), 
38 ns (b) after the laser irradiation of the target 
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Aperture separation of high-power laser radiation can 
only be realized using rigid diaphragms, the use of which 
leads to a significant influence of diffraction effects on 
the spatial distribution of intensity, expressed in the oc-
currence of local maximums, in some cases leading to 
breakdown of optical elements. The reduction of diffrac-
tion inhomogeneities in intensity profile is facilitated by 
the use of special serrated diaphragms in combination 
with a spatial filter (Fig. 1) [1, 2]. The issue of using ser-
rated diaphragms has been studied in some detail for nar-
rowband radiateon, in particular high-power nanosecond 
pulses. At the same time, the issue of aperture separation 
of femtosecond pulses has not been studied previously in 
the literature, although it is relevant for pump-probe ex-
periments [3, 4] and large multichannel femtosecond in-
stallations such as XCELS [5]. In contrast to monochro-
matic radiation, diffraction of broadband femtosecond 
pulses leads to local modulations of the spectrum and 
spectral phase. In this research, using numerical model-
ing, we study the spatio-temporal dynamics of femto-
second laser pulses after aperture separation on a serrated 
diaphragm and subsequent spatial filtering. The results of 
the research can be useful in realization aperture separa-
tion of femtosecond radiation in laser systems of terawatt 
[6] and higher power levels [5]. 

 

 
 

Fig. 1. View of the intensity distribution in the cross section of 
the laser beam at some distance from the diaphragm when using 
a classic circular diaphragm (left) and serrated diaphragm in 
combination with a spatial filter (right) 
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Introduction 

Recently discovered vibrational nature giant and low- 
inertia nonlinearity of refractive index in THz spectral 
range [1] promises great prospects for ultrafast radiation 
control [2]. Particularly, it is expected a strong increase of 
nonlinear refractive index coefficient near two-photon 
resonance area which can cause significant amplifying of 
nonlinear effects as well as appearance of new ones. In 
this paper features of few-cycle THz pulses two-photon 
resonant interaction with optical media is analyzed for the 
first time. 

Results 

In the present study a system of dynamic equations 
for few-cycle terahertz pulses spectrum has been derived. 
It considers linear refractive index dispersion, non-
resonant and two-photon vibrational nature resonant dis- 
persion of the optical medium nonlinear refractive index. 
It is shown that the perturbation parameter of the system, 
which characterizes nonlinear change of refractive index, 
is determined by the square of the matter thermal expan- 
sion coefficient, the fourth power of the resonant vibra- 
tional bond central frequency, and the radiation intensity. 

It has been revealed that the efficiency of nonlinear 
effects generation is maximal when the ratio of the input 
spectrum HWHM to the vibrational bond two-photon 
absorption profile HWHM tends to unity, and the differ- 
ence between the input pulse spectrum central frequency 
and two-photon absorption profile central frequency 
tends to zero. In this case, nonlinear effects generation 
efficiency can increase by an order of magnitude to com- 
pare with the case of non-resonant interaction. 

It has been discovered that when the central frequen-
cy of the input pulse spectrum exceeds the central fre-
quency of the two-photon absorption profile, a low-
frequency sub-pulse generation in the pulse spectrum at 
the output of the nonlinear medium can be observed. This 
effect is caused by the inertia of the resonant nonlinear 
response. 

To illustrate obtained results we modeled dynamic of 
few-cycle THz pulse propagating along optical axis of 
lithium niobate crystal near two-photon resonance of 
LiNbO3 THz valence bond with pulse spectrum central 
frequency. At Fig. 1 one can see appearance of low- fre-
quency sub-pulse in the spectrum of THz pulse of 3 field 
oscillations and central frequency equaled 64% of reso-
nant valence bond central frequency. 

 

 
 

Fig. 1. Normalized spectrum of THz pulse at the output of non- 
linear medium considering (blue solid curve) and not consider- 
ing (yellow dashed curve) nonlinear effects. In the inset one can 
see normalized fields corresponding to plotted spectra. 

 
At Fig. 2 one can observe dependence on the pulse 

field oscillations number p of squared modulus of differ- 
ence between the pulse spectrum at the output of a non- 
linear medium considering and not considering nonlinear 
effects to squared modulus of input pulse spectrum (Sres) 
divided by this ratio in non-resonant case (Snr) for a pulse 
with central frequency equaled one half of resonant va- 
lence bond central frequency. It is seen that this ratio 
arises in one order for p~9.5. 

 

 
Fig. 2. Dependence of squared modulus of difference between 
the pulse spectrum at the output of a nonlinear medium consid- 
ering and not considering nonlinear effects to squared modulus 
of input pulse spectrum Sres divided by this ratio in non-
resonant case Snr for pulse with central frequency equaled one 
half of resonant valence bond central frequency on pulse field 
oscilla- tions number p . 
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Harmonic generation is a fundamental nonlinear op-
tical process in which n photons with the same frequency 
interact with a nonlinear medium and are converted into a 
new photon with a frequency n times the frequency of the 
original photons. Typically, the pulse duration of the gen-
erated harmonic is less than pulse duration of the driving 
field. For example, the pulse duration of the 3rd harmonic 
generated by a Gaussian laser pulse in a medium with 
cubic nonlinearity is the root of three times less than the 
pulse duration of the fundamental frequency field.  

In the present work, we propose a method that makes 
it possible to generate harmonics with pulse duration 
shorter than in the case of standard cubic nonlinearity. 
The method is based on the coherent population transfer 
between different energy states of alkali metal atoms [1, 
2]. As an example, we consider the 3rd harmonic genera-
tion in Na atoms irradiated with a strong femtosecond 
laser pulse with a frequency resonant to the |3s〉-|3p〉 tran-
sition of the active electron. In this case, the active elec-
tron in Na is resonantly transferred from the initial |3s〉 
state to the excited |5s〉 and |4d〉 states due to the two-
photon cascade transition through the intermediate |3p〉 
state. If the femtosecond pulse is strong enough, then the 
populations of all states |3s〉, |3p〉, |5s〉 and |4d〉 are signif-
icant, and the two-photon Rabi-flopping regime occurs. 

Recently, the two-photon Rabi-flopping regime was 
theoretically studied in [2] for Li atom. It was shown that 
in this case a resonant behavior of the electronic popula-
tion is reflected in complex oscillatory structures of the 
harmonic peaks in the frequency domain. Moreover, as 
was also shown in [2], such oscillatory structure of a 
harmonic spectral profile corresponds to the complex 
modulation pattern of the harmonic signal in the time 
domain. 

Here, based on both numerical and analytical solu-
tions of the time-dependent Schrödinger equation with 
the effective potential obtained by solving the Kohn-
Sham equations for Na atom, we show that for optimal 
laser pulse intensity and duration in the two-photon Rabi-
flopping regime, the temporal modulation of the 3rd har-
monic leads to the formation of a single intense pulse 
 

 
Fig. 1. Envelope of the 3rd harmonic generated by Na atom 
(solid and dashed curves, left axis) and the laser field envelop 
(dotted curve, right axis), which is Gaussian pulse with FWHM 
20 fs. The solid curve corresponds to the two-photon Rabi-
flopping regime; the dashed curve corresponds to the 
nonresonant regime. The laser field intensity is 6.3×1011 W/cm2 
 
with a duration approximately two times shorter than in 
the nonresonant case. In particular, a single short pulse of 
the 3rd harmonic in deep ultraviolet (at wavelength in the 
vicinity of 200 nm) with a duration of 4.7 fs (Fig. 1, solid 
curve) is generated by a Na atom irradiated by a laser 
pulse with a duration of 20 fs and a peak intensity of 
6.3×1011 W/cm2 (Fig. 1, dotted curve). For comparison, 
in the case of the nonresonant regime corresponding to 
cubic nonlinearity, the 3rd harmonic pulse duration is 
about 11.5 fs (Fig. 1, dashed curve), and its peak intensity 
is more than 50 times less than in the two-photon Rabi-
flopping regime.  
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Modern advances in laser physics and nonlinear op-
tics are opening up new possibilities for understanding 
and controlling the interaction between high-intensity 
laser pulses and materials. One promising area of re-
search is the high order harmonic generation (HOHG), 
which occurs when a powerful laser pulse interacts with a 
plasma. This process produces radiation in the ultraviolet 
(UV) spectrum with unique properties, such as the pres-
ence of orbital angular momentum (OAM). 

UV radiation with OAM has significant potential for 
various applications, including spectroscopy, microscopy, 
and the creation of novel quantum materials and infor-
mation transmission technologies. Its unique properties 
make it a valuable tool for studying and manipulating 
matter at the atomic and molecular level. 

This article discusses the theoretical and numerical 
modeling of the process of creating high-frequency radia-
tion in the interaction between a powerful laser beam and 
plasma. Special attention is paid to the characteristics of 
the laser beam and the plasma with some assumptions, 
which influence the efficiency of ultraviolet radiation 
generation using OAM. A modeling technique is intro-
duced that is based on solving Maxwell's equations and 
the equations of motion for charged particles, which al-
lows predicting the conditions for the most efficient pro-
duction of HOHG. 

Theoretical background 
One of the processes responsible for HOHG is called 

the Relativistic Oscillating Mirror (ROM) [1, 2]. In this 
process the laser pulse with linear polarization while in-
teracting with overdense plasma creates an oscillating 
surface and gets reflected for this self-generated oscillat-
ing mirror. Every time the surface moves towards the 
laser pulse an XUV attosecond pulse is generated. In or-
der to simulate the precise electromagnetic field generat-
ed by the laser pulse in the process of its interaction with 
plasma, it is necessary to solve the system of nonlinear 
partial differential equations – self-consistent Vlasov-
Maxwell system.  

Numerical method that is commonly used for that is 
called the Particle-in-Cell [3] method and it typically re-
quires a large amount of high performance computing 
(HPC) resources for the multidimensional cases.  

However, for qualitative research it is not always ob-
ligatory to compute precise models for various types of 
matter interaction with the pulses. In 1905 A. Einstein 
proposed a model of relativistic mirror motion [4]. In 
many cases this model is appropriate to describe qualita-
tively the interaction between the laser pulse and the 
overdense plasma, substituting the real complicated be-
havior of the matter with the ideal relativistic moving 
mirror. This approach is much simpler, does not require 

large HPC resources, and, if one assumes no correlation 
between mirror motion at different transverse locations, 
can be used to model 3D cases.  

Methodology 
To simulate laser pulse reflections from a relativistic 

mirror, we used the following approximations: 
The laser pulse is modeled using Laguerre-Gaussian 

polynomials, with the simplest case being a Gaussian 
pulse.The target is treated as a moving mirror following 
relativistic motion laws input into the code.The reflected 
field assumes perfect reflection with no energy loss. 

This paper aims to introduce a lightweight 3D nu-
merical tool for modeling high-order harmonic generation 
(HOHG) from overdense plasma and to demonstrate the 
generation of harmonics with orbital angular momentum 
(OAM).  

 

 
Fig. 1. Reflected field generation 

and mirror motion visualization (red graph) 
 
The workflow of the paper is organized as follows. 

Firstly, we introduce the ROM model for 1 dimensional 
and 3 dimensional cases. Secondly, the concept of retard-
ed time (1) is obtained with respect to the problem. 
Thirdly, the calculations for 1-d (Fig. 1) and 3-d are pro-
vided and results are discussed.  

  𝑡′ = 𝑡 − 𝑋𝑚(𝑡′)/𝑐   (1) 
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The aim of the Russian XCELS (eXawatt Center for 

Extreme Light Studies) project [1] is to create a large 

scientific infrastructure based on laser radiation sources 

with sub-Exawatt peak power level. The project is based 

on significant successes achieved in the last decade in 

creating femtosecond multipetawatt lasers with an inten-

sity of up to 10
23

 W/cm
2
 [2, 3]. 

Coherent beam combining (CBC) is a complex com-

pounding technology. In relation to a specific experi-

mental setup, the task requires self-consistent application 

of the following technologies: correction of the wavefront 

from distortions caused by air flows; stabilization of the 

direction of the laser pulse; stabilization of the relative 

phase of individual channels; geometric combining of the 

waists of focused laser pulses, including a system for 

measuring the spatial distribution of the amplitude of the 

laser field in the main focus and a system for measuring 

the configuration of the field in the area of this focus. 

In this work the results of the low power CBC set-up 

prototype operation with the coherent addition of 4 pair-

wise counterpropagating femtosecond pulses are present-

ed. 

A Ti:Sa femtosecond master oscillator with central 

wavelength 910 nm, pulse duration 30 fs, repetition rate 

70 MHz and the average power of no more than 1 W is 

used. Initial beam is divided into four replicas. Each rep-

lica follows its own optical path containing an optical 

delay line, a telescope increasing the beam aperture to 

around 50 mm, and finally focuses by means of a F/2 off-

axis parabolic mirror with a diameter of 50 mm into  

a 2-3 µm diameter spot.  

There is a number of simplifications compared to the 

XCELS project. First, there is no amplification in any 

channel and, accordingly, there is no stretcher and com-

pressor in the laser scheme. Second, the set-up operation 

is performed at a high repetition rate mode using relative-

ly weak laser radiation, which eliminates the possibility 

of damage of the optical elements. 
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The gyrotron is a powerful source of microwave ra-
diation in the millimeter and submillimeter wavelength 
ranges with a large number of applications. One of the 
most important is electron cyclotron resonance plasma 
heating in tokamaks and stellarators [1]. The develop-
ment of such machines goes in the direction of the in-
crease of plasma density, magnetic field and, therefore, 
the increase of the heating frequency. However, for meg-
awatt-class gyrotrons such increase is complicated by the 
competition between different modes of the cylindrical 
waveguide. 

Also, practically all facilities use several identical ra-
diation sources to increase the total heating power. While 
not so important for heating itself, the incoherence of the 
radiation of several gyrotrons reduces the efficiency 
of suppressing the instability of the plasma and creates 
difficulties in creating highly gradient particle accelera-
tors [2, 3]. 

The solution to these problems has been known for a 
long time [4, 5], but it was experimentally demonstrated 
last year on a pulsed megawatt gyrotron developed for 
ITER at a frequency of 170 GHz [6]. The solution to the 
problem is to use an external control signal for phase and 
frequency synchronization of gyrotrons. The input of the 
external control signal into the device became possible 
after the development of a mode converter capable of 
both entering and withdrawing high-power radiation 
through the same window. 

This paper presents the development of the next gen-
eration of megawatt gyrotrons developed for future fusion 
power plants such as DEMO at a frequency of 230 GHz. 
A unique cryomagnet with a maximum field value of 
10 Tesla and a warm bore with a diameter of 150 mm 
was used for the design and experiment. 

A distinctive feature of this gyrotron is the use of two 
different windows: for the input of a synchronizing signal 
and the output of high-power radiation. This design is 
more convenient in terms of further applications. For this 
gyrotron, the input of the external signal should suppress 
the excitation of the parasitic modes and advance into the 
optimal range of parameters for the megawatt operation. 

The gyrotron has a demountable design and operates 
in pulse mode with a pulse length of up to 100 microsec-
onds. The operating magnitude of the magnetic field is 
9.2 Tesla, the accelerating voltage is 80 kV at a beam 
current of 35 A, which corresponds to the working mode 
TE33,13. The first experiments demonstrated the successful 
excitation of the operating mode with the output power 
up to 400 kW at a frequency of 229,8 GHz. 

The experiments were carried out without an external 
synchronizing signal, but in the future, it is planned to 
 

 
Fig. 1. Photo of a megawatt gyrotron 

with a frequency of 230 GHz 

conduct an experiment with frequency stabilization using 
a medium-power gyrotron (approximately 100 kW) and a 
frequency stabilization system. 

This work was supported by the IAP RAS project 
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research in the field of atomic energy until 2024". 
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The necessity to study pumping plasma electron 
waves in by a high current (≥ 10 kA) relativistic electron 
beam (REB) is associated with a wide range of its results 
applications.  For example, the absorption of these waves 
by plasma electrons allows heating plasma up to thermo-
nuclear parameters and the transformation of the plasma 
waves into electromagnetic ones gives possibility to gen-
erate radiation fluxes in various frequency ranges. This 
report provides an overview of research conducted in 
these two areas of using the beam-plasma interaction pro-
cess over the past fifty years. 

For the first time, the process of beam-plasma inter-
action was considered to explain radiation fluxes coming 
from cosmic objects. The authors of [1, 2] did start of 
systematical theoretical study on the problem of pumping 
plasma waves. In [1] this research was done for the case 
of homogeneous plasma at the hydrodynamic and the 
kinetic stages of the two-stream instability. The kinetic 
stage of the instability was investigated in [2] in more 
detail with paying principal attention to that, the inhomo-
geneity of the plasma limits the amplitude of the plasma 
wave pumped by a beam. In the case of a homogeneous 
plasma, at the ratio of beam electrons concentration to the 
plasma one lower then 10-4, the amplitude of Langmuir 
waves is limited by nonlinearity in the weakly turbulent 
regime [3]. At these conditions, the waves, scattered by 
ion-acoustic oscillations, are transformed into electro-
magnetic radiation at the plasma frequency [3]. At the ratio 
of beam electrons concentration to the plasma one above 
10–3 the plasma oscillations achieve so high level ampli-
tude, when strong Langmuir turbulence develops [4, 5] and 
a rapid transfer of Langmuir waves across the spectrum to 
the region of large wave numbers is realized. Under these 
conditions, electromagnetic radiation near harmonics of the 
plasma frequency can arise due to the processes of scatter-
ing of Langmuir oscillations on forced fluctuations of the 
plasma density associated with the development of modu-
lation instability. The radiation with frequency near these 
harmonics escape from the plasma due to the merging of 
high-frequency oscillations of the wave turbulent spectrum 
not locked into caverns [6] and as result of highly nonline-
ar processes inside collapsing caverns [5]. 

In the presence of a strong magnetic field in the 
plasma, when the electron cyclotron frequency approach-
es the Langmuir frequency, the magnetic addition to the 
dispersion of plasma oscillations becomes significant. In 
this case, beam-plasma interaction should be considered 
based on pumping plasma oscillations of the upper hybrid 
branch, and when calculating the probabilities of various 
nonlinear processes involving these oscillations, it is nec-
essary to take into account the influence of the magnetic 
field [7, 8]. Experiments at the ratio of beam electrons 
concentration to the plasma one above 10–3 were started 

at the INAR device when injection beam electrons had 
angular spread on a level 0.5 rad and energy transfer from 
the beam to the plasma was low [9]. Decrease in the an-
gular spread of beam electrons propagating in plasma 
down to 0.1 rad gave establishing conditions for achiev-
ing high amplitudes of upper-hybrid plasma waves and 
realization of strong Langmuir turbulence regime in time 
of beam propagation in plasma column [10, 11]. Beam 
energy lost due to deceleration of the beam electrons on 
resonant plasma waves has achieved 35% in these exper-
iments. Mentioned experiments were carried out at beam 
pulse duration about 100 ns. The next series of experi-
ments on E-beam heating  the magnetized plasma, that 
was accompanied strong nonlinear phenomena, were 
conducted at the GOL-3 facility for the beam pulse dura-
tion 10 µs [12].  

It was on this GOL-3 installation that the first series 
of experiments on the generation of radiation fluxes at 
harmonic frequencies of plasma oscillations was carried 
out [13, 14], since the parameters of the REB and the 
plasma column were suitable for the generation of elec-
tromagnetic radiation (see [7–9]). Detail research of the 
generation of radiation fluxes in a beam-plasma system 
for frequency range 0.1–0.5 THz has been conducted at 
the GOL-PET facility [15, 16]. The spectral composition 
of the generated radiation fluxes, as well as the evolution 
of beam electrons energy distribution function due to the 
beam relaxation in the plasma have been measured for 
various parameters of  these experiments. 
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In this presentation, the issue of non-linear interplay 
between an oscillating radial electric field and turbulent 
transport in a tokamak is addressed. The framework adopt-
ed in this work uses transport equations with transport co-
efficients depending on inhomogeneity of the rotational 
velocity ωeff

ExB, i.e. for particle diffusion in a form 

.      (1)

 

A model for switching the plasma confinement mode 
under the influence of oscillating radial electric field in 
the presence of the geodetic acoustic mode (GAM) is 
proposed and compared with observations made at sever-
al tokamaks.  

This type of oscillations in the toroidal plasma is ob-
served in many devices, both the tokamaks and stellara-
tors. The source of free energy that feeds the GAM is 
thought to be a non-linear interaction of relatively high-
frequency (~100–500 kHz) components in the spectrum 
of drift turbulence. The GAM itself does not drive radial 
flows of particles and energy in a toroidal fusion device, 
but it can affect the transport coefficients, since it acts as 
a regulator of the intensity of fluctuations that cause 
anomalous transport. The influence of the GAM on the 
level of anomalous transport is due to the high value of 
shear ωeff

ExB (radial inhomogeneity of the ExB poloidal 
rotation velocity) in the GAM localization region. 

In the TUMAN-3M tokamak, GAM manifests itself 
as a spatially localized oscillation of the radial electric 
field with a relatively low frequency of ~(1/R)(Te/mi)0.5 ~ 
20–30 kHz, together with the associated weak perturba- 
tion to the plasma density [1]. Earlier, in experiments on 
the TUMAN-3M tokamak it was found [1] that a burst of 
intense GAM usually occurs immediately before the tran- 
sition to the improved confinement mode, the so-called L-
H transition. Using gyrokinetic calculations, the influ- 
ence of GAM oscillations on the turbulence level and 
anomalous flux was confirmed [1]. The model proposed 
in [2] accounts for the GAM influence of the turbulence 
level, the modification of the transport due to the change 
in turbulence level, and effect of pressure gradient on 
steady state radial electric field and total (mean plus os- 
cillating) Er shear. Despite the fact that the magnitude of 
the electric field non-uniformity fluctuates with the GAM 
frequency, the effect of confinement improvement can 
accumulate on average over time and eventually lead to a 
transition to the self-sustaining H-mode. 

To make modeling as close to the real experiment as 
possible, some important parameters of the GAM burst 

were taken from HIBP measurements (i.e., frequency and 
duration of the burst, and the amplitude of plasma poten-
tial perturbation), others, such as spatial localization, 
were provided by doppler reflectometry.  

The conditions under which this occurs have been 
analyzed, and the role of not only the shear of the poloi-
dal rotation, but also the intensity of the ionization source 
of particles has been revealed [4].  

Whether the L-H transition is initiated by a GAM 
burst or not, depends on a combination of amplitude, fre-
quency and other parameters of the GAM and the back-
ground plasma [3]. It was found, that the transition to the 
self-sustained high confinement mode in the TUMAN-
3M tokamak may be triggered by a burst of GAM with 
parameters close to the observed in the experiment. If the 
GAM frequency is too high, or the amplitude is too low, 
the improvement in the confinement is only transient, and 
plasma goes back to the ordinary (low) confinement re-
gime after the end of the GAM burst. On the other hand, 
even this “under threshold” GAM bursts may trigger the 
L-H transition if they go in a series, as it frequently ob-
served on the TUMAN-3M.  

The developed model, with some modifications, has 
been used to describe the L-H transition in other operat-
ing modes of the TUMAN-3M tokamak (mode with in-
jection of a cryogenic macroparticle) [5] and to simulate 
the mode of good confinement in deuterium plasma at 
another FTI tokamak, FT-2 [5, 6]. Recently, a modified 
version of the model was used for the analysis of the L-H 
transition triggered by a Limit Cycle Oscillations in the 
Globus-M tokamak [8].  
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Recently, a design of a pulsed micro-undulator was 
proposed and experimentally tested [1], allowing the 
achievement of an undulator parameter of about 1 with a 
period as short as 1 mm. Such a micro-undulator, com-
bined with compact sources of high-density accelerated 
electron beams like plasma wakefield accelerators, opens 
up the possibility to create compact extreme ultraviolet 
(EUV) free-electron lasers (FELs). The short undulator 
period allows to significantly reduce the wavelength of 
the generated radiation: 

λ = λ𝑢
2γ2

(1 + 𝐾𝑟𝑚𝑠2 ), 
where γ is the relativistic factor of electrons, 𝐾𝑟𝑚𝑠 is the 
undulator parameter, and λ𝑢 is the undulator period. At 
the same time, the large undulator parameter leads to a 
high Pierce parameter ρ and, consequently, to a large 
FEL spatial increment in the SASE regime [2]: 

Γ =
4π√3ρ
λ𝑢

. 

This allows efficient lasing even with electron beams 
having an energy spread of several percent, comparable 
to the Pierce parameter. 

Micro-Undulator Design and Testing 

The primary challenge in designing a micro-
undulator is ensuring the required undulator parameter. 
Since the undulator parameter is proportional to the am-
plitude of the synchronous spatial harmonic of the vector 
potential, 𝐾 = 𝑒𝐴/𝑚𝑐2, the necessary amplitude of the 
magnetic field increases inversely with the period, 

𝐵𝑟𝑚𝑠 =
2π
λ𝑢

𝐴𝑟𝑚𝑠, 

and for λ𝑢 = 1 mm and 𝐾𝑟𝑚𝑠 ≈ 1 reaches the value of 
about 10 T. Such magnetic field values cannot be 
achieved with permanent or induced magnet systems, as 
the saturation field of all ferromagnetic materials is lim-
ited to about 2 T, and the induction of magnetic materials 
does not exceed a few Tesla. Calculations of periodic 
conductive structures creating the undulator field by in-
ducing eddy currents in a rapidly changing strong uni-
form magnetic field also show that the achievable field 
amplitudes are much lower than required. 

 
Fig. 1. Photo of the micro-undulator plate with a period 

of 1 mm used for the electric and mechanical durability tests 

The proposed in [1] pulsed micro-undulator consists 
of two thin copper plates with periodic counter-cuts, cre-
ating a curved path for the undulator current flowing 
along the plates (Fig. 1). The design ensures high me-
chanical and thermal stability, allowing the operation at a 
frequency of up to 10 Hz. For the undulator period 
of 1 mm, the undulator parameter of about 1 is achieved 
with a current of approximately 8 kA. The capability 
of the design to withstand such a high current during 
pulses of several microseconds was demonstrated exper-
imentally. 

EUV Laser Simulation 

Simulation of an EUV laser with such an undulator 
was conducted using the specialized code Genesis 1.3 [3]. 
It showed (Fig. 2) that electron bunches with particle en-
ergy around 100 MeV, a current of 10 kA, and a trans-
verse size of several microns, obtained in a wakefield 
accelerator, can provide significant amplification even 
with an energy spread of a few percent. 

 
Fig. 2. Simulation results. Wave power (top panel) and wave 
power increment (bottom) for various electrons energy spread 
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The discovery of new superheavy elements (SHE) 
with Z = 114÷118 was one of the most bright scientific 
results of the last decade [1]. The synthesis was per-
formed in complete fusion reactions of a double-magic-
number 48Ca nucleus with neutron-excess actinide nuclei 
such as 242,244 Pu, 243Am, 249Cm, 249Bk, and 249Cf. 

 The direct synthesis of the elements with Z > 118 in 
fusion reactions involves the transition to bombarding 
nuclei heavier than Ca, since the capabilities of producing 
target materials in nuclear reactors are limited by the pro-
duction of Cf isotopes. The cross sections of the for-
mation of nuclei with Z = 119 and with Z = 120 are ex-
pected to be about 10–20 times lower than the cross sec-
tion of the formation of SHE isotopes in experiments 
with 48Ca. To study the nuclear-physical and chemical 
properties of the SHEs more thoroughly, the efficiency of 
the experiments has to be increased significantly. 

To solve this problem a new cyclotron DC-280 was 
put into operation at the G.N. Flerov Laboratory of Nu-
clear Reactions [2] with planned beam intensities of up to 
10 pμA of ions with average masses (A ~ 50) that is one 
order of magnitude higher than those produced at the U-
400 cyclotron up to now. 

Presently, the DC-280 is equipped with the perma-
nent magnet DECRIS-PM ECR ion source with operating 
frequency of 14 GHz [3], capable to provide the intense 
ion beams in the medium mass range, more than 20 pµA 
of 48Ca for example. 

As mentioned above beams of rare isotopes (48Ca, 
50Ti, 54Cr etc.) are mainly used for the synthesis of SHE. 
As all these isotopes usually are available as a solid mate-
rial in the form of oxides or metals, their neutrals feed 
into the source plasma is the prior condition to ionization. 
The use of new isotopes for the production of accelerated 
beams calls for searching for ways of optimization of the 
ECR source operation mode and the development of a 
material feeding technique. In case of rare isotopes, the 
crucial point is the efficiency. The long-term beam stabil-
ity is also very important due to the fact, that experiments 
on the synthesis of SHEs are quite lengthy. 

For production of 48Ca ion beam the combination of 
microoven with “hot screen” is used at the FLNR for over 
25 years [4]. This method also used with the DECRIS-
PM source. For the moment, the maximum intensity of 
48Ca10+ achieved before the physical target reached 
84 eµA with the intensity of 230 eµA extracted from the 
source. The data of material consumption are presented at 
different intensities of 48Ca ion beam. 

For production of 50Ti and 54Cr ion beams presently, 
we use MIVOC technique [5], which was successfully 
used at the U-400 cyclotron. At the DC-280 cyclotron the 
long term (about 2 months) experiment was performed 
with 54Cr10+ beam, produced from the 54Cr(C5H5)2 com-
pound. The average intensity on the target was kept at the 
level of 2 pµA according to requirements of experiment 
with rather good stability. 

For production of 50Ti ion beams the same method 
was used with (CH3)5C5Ti(CH3)3 compound. For the 
moment with the injected Ti beam of 5 pµA the acceler-
ated beam reached up to 2 pµA. 

Also, the test experiments on production of Ti ion 
beam using SF6 plasma with titanium foil were performed. 
Up to 60 eµA of 48Ti11+ were produced from the source for 
tuning, and then accelerated beam of 48Ti10+ was produced 
with the intensity of 30 eµA and good stability. 

Except the MIVOC technique for production of ions 
of solids we are also developing the inductive oven for 
DECRIS-PM source. The preliminary results of the off-
line tests will be presented. 

To extend desired mass and energy ranges and the 
beam intensity in the DC-280 cyclotron 28 GHz ECR ion 
source is under construction at FLNR JINR [6]. Accord-
ing to working diagram of the DC-280 cyclotron (Fig. 1), 
the mass range of the cyclotron can be extended up to U 
with the energies suitable for SHE synthesis. 

 
Fig. 1. Working diagram of the DC-280 cyclotron 

Brief overview of the source subsystems and status 
of the construction will be given in the report. 
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When a mixture of dielectric and metal (or semicon-
ductor) fine powders is exposed to microwave radiation 
of a gyrotron the microwave discharge can be initiated in 
the mixture [1]. Breakdown for this type of discharge is a 
rapid process that happens that happens within ~100 μs 
from the microwave pulse start with plasma filling the 
whole gaussian beam cross section in ~1 ms. Wave inten-
sity necessary for the breakdown depends on the material 
of particles, fraction and size of conducting particles. 

Microwave discharge in powder mixtures has been 
actively used for material science and chemical applica-
tions [2]. However, in [3] it was found that plasma-dust 
cloud forming during the microwave discharge in powder 
mixtures is suitable for laboratory modelling of various 
plasma-dust occurrence in nature. Such examples of oc-
currence are micrometeroid high-velocity impact on lunar 
surface, meteoroid hyper-velocity motion in planetary 
atmosphere, protoplanetary disks, cometary plasma, or 
even lightning in a volcanic ash cloud. 

For more precise modelling it is necessary to use as a 
target not just mixture of industry produced powders of 
oxides but minerals or actual matter of cosmic origin (e.g. 
meteorites). And in the present work we summarize our 
recent experiments with microwave discharge in miner-
alogical powder samples during their exposure to radia-
tion of a gyrotron: 1) ilmenite concentrate; 2) lunar mare 
dust simulant LMS-1D; 3) Tsarev meteorite. 

A gaussian beam with linearly polarized microwave 
radiation was used in the experiments. The beam diame-
ter was ~6 cm at the location of the target, and typically 
used power was 300-400 kW. Gyrotron’s frequency is 
75 GHz. Microwave pulse duration somewhat differs for 
various targets: routinely a 6–8 ms single pulse is used, 
but some targets are exposed to the pulse train of 3 pulses 
(1–2 ms pulse duration, 6–10 ms pause). The idea behind 
the pulse train exposure mode is to implement a “dynam-
ical” regime when during limited number of repetitions, 
the sample experiences more stages of fast heating and 
cooling down. To omit unnecessary details let’s say that 
powder samples were located horizontally on the surface 
of the quartz disk at the bottom of the quartz cylinder. 
Radiation of the gyrotron was introduced to the cylinder 
vertically from the cylinder bottom and a plasma-dust 
cloud is created above the sample. Various gases at atmos-
pheric or lower pressures can be used in the experiments. 

Parameters of the discharge (plasma density, electron 
and gas temperatures) and its dynamics were studied with 
optical emission spectrometry, microwave absorption 
measurements and high-speed camera recording. 

The ilmenite concentrate (ilmenite 95 %, rutile 3 %, 
zircon 0.4 %), and specifically ilmenite, was chosen as a 
sample for its widespread presence in planetary regoliths 
and meteoroids. Also, ilmenite has decent electrical con-
ductivity when exposed to microwave radiation. The 
main goal of the experiment was to achieve the break-

down and further development of the discharge in the 
pure ilmenite concentrate without artificial addition of the 
metal powder. Such a breakdown will be reassuring in 
use of ilmenite (or mineral with similar electrical conduc-
tivity) in complex samples instead of artificial addition of 
metal powder. The experiment was carried out at air at-
mosphere.  

The LMS-1D simulant copies the mineral composi-
tion (pyroxene, glass-rich basalt, anorthosite, olivine, 
ilmenite) of an actual lunar regolith from maria. For the 
goal of modelling a plasma-dust cloud after micromete-
oroid impact on the lunar surface the metallic Mg powder 
was added to the LMS-1D simulant to achieve the break-
down. Argon at atmospheric pressure was used in the 
experiment. A study of prebiological synthesis is another 
goal for which the set of experiments was done. The goal 
was to create a plasma-dust cloud from matter with com-
position close to the meteoroids, for which the lunar rego-
lith simulant is suitable as a first approach, in the medium 
of gases supposed for Earth’s early atmosphere. Appro-
priate gas composition was achieved by addition of am-
monium carbonate powder and its presumable decompo-
sition at the first stages of the discharge onto CO2, H2O, 
NH3. The experiment was carried out at starting argon 
atmosphere. 

Even if the Tsarev meteorite called “stony” its class 
(L5 chondrite) supposes presence of iron, nickel and their 
alloys. Thus, beside obtaining a plasma-dust cloud from 
the actual cosmic sample it was crucial to achieve the 
microwave breakdown of the sample without artificial 
addition of the metal powder confirming sufficiency of 
the conducting phase. 

 

 
Fig. 1. SEM images of ilmenite and Tsarev samples 

 
Scanning electron microscopy (SEM) and energy 

dispersive X-ray analysis (EDX) was done to find any 
morphological or phase transformations for most of the 
samples after the experiments. Spheroidization of parti-
cles is routinely observed (Fig. 1). 
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All the existing X-ray Free Electron Lasers are gi-
gantic and very expensive facilities based on the use of 
electron beams with energies of 5–18 GeV, accessible to 
a relatively small number of researchers. Many authors 
propose smaller, more affordable versions of XFELs with 
lower electron energies and smaller setup sizes. One of 
the key elements in all such projects is high-field micro-
undulators. For example, in the concepts based both on 
advanced linear [1] and plasma wakefield [2] accelera-
tors, these are permanent NdFeB micro-undulators with a 
period of down to 3 mm and a field of 1 T. To do this, it 
is proposed to use a planar structure of Halbach gratings 
[3], assembled not from individual magnets (Fig. 1 a), but 
from solid combs consisting of equally magnetized ele-
ments. In contrast to [1, 2], the article [4] and the present 
work consider helical Halbach-type undulators with sec-
tions assembled from helices, each of which, like the 
combs, is made of a single piece of ferromagnetic materi-
al. Compared to a planar system with the same gap for 
electron transport, a helical undulator provides a signifi-
cantly larger root-mean-square electron oscillatory ve-
locity. Due to this such undulators can provide higher 
radiation efficiency of compact XFELs.  
 

 
Fig. 1. a) Planar Halbach undulator consisting of eight identical 
rods for a period with alternating vertical and horizontal magneti-
zations [3]; b) Helical Halbach undulator comprising four identi-
cal helices with alternating axial and radial magnetizations [4] 

 
Our proposed helical Halbach-type undulators [4], 

formed by four alternately axially and radially magnet-
ized rare-earth helices (Fig. 2), could produce a stronger 
field than two planar Halbach undulators with perpendic-
ular polarization. Hybrid undulators of two longitudinally 
premagnetized rare-earth helices and two initially 
unmagnetized steel (or vanadium permendur) helices pro-
duce an equal or higher field and are easier to implement.  

 
 

Fig. 2. NdFeB helices with a period of 6 mm and half (left) 
and quarter (right) period wide, manufactured by WEDM 
 
High-quality NdFeB helices without internal holes 

and with a period of down to 1 mm, intended for other 
purposes, have been produced by Wire Electric Discharge 

Machining (WEDM) [5]. Together with us at Viteris 
Technologies LLC, Salt Lake City, Utah, USA, the same 
method was used to produce hollow helices for 
undulators [6]. We magnetized, assembled, and experi-
mentally studied a short prototype undulator consisting of 
two such helices with a period of 20 mm, magnetized 
oppositely in the axial direction. We have recently also 
started working with micro-undulators having periods of 
6 and 3 mm (Fig. 2). In addition, we demonstrated the 
operation of helical hybrid undulators on a simplified 
model formed by four quasi-helices consisting of helical-
ly arranged alternating sets of axially and radially mag-
netized ring sectors.  

 

 
Fig. 3. Comparison of radiation power (a), spectra at maxima 
(b), and evolution of radiation intensity distribution (c) in a soft 
X-ray XFEL for helical and planar micro-undulators with field 
amplitudes of 1 T and a period of 6.5 mm and an 1-GeV elec-
tron bunch, focused by a periodic quadrupole FODO array 

 
According to the simulations based on stationary ver-

sion of Genesis [7], when using identical electron bunch-
es with moderate initial spreads in energy and angles, the 
gain in power from replacing planar micro-undulators in 
XFELs with electron energy of 1 and 1.6 GeV and 
undulator period of 6.5 and 3 mm, respectively, designed 
in [1], with the helical micro-undulators can reach 1.8 
(Fig. 3), which is significantly greater than predicted by 
the simplest 1D theory with a cold electron beam. This 
makes such micro-undulators promising for creating 
compact XFELs of various types. 
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Electron  cyclotron  resonance  (ECR)  plasma  heating 
using microwave radiation is one of the most widely used 
methods for heating plasma in toroidal and axially 
symmetric magnetic traps. Theoretical approaches to 
studying this process typically exploit a significant 
difference in spatial scales, with wavelengths being much 
smaller than scales of inhomogeneities in plasma density, 
temperature, and external magnetic fields. This allows the 
use  of  geometric  optics  (ray  tracing)  or  its  extensions 
(beam  tracing)  for  numerical  modeling  of  ECR  heating 
scenarios in fusion devices. However, these 
approximations  break  down  near  the  resonance  region 
due to the intrinsic nature of electromagnetic waves and 
their  interactions  with  the  plasma  where  non-geometric-
optics effects such as mode coupling and spatial 
dispersion play a role in wave propagation and 
absorption. 

The  problem  of   the  propagation  of  electromagnetic 
waves  through  the  ECR  region  of  in  an  inhomogeneous 
plasma is characterized by the combined effects of spatial 
dispersion  (non-locality)  and  inhomogeneity,  leading  to 
complex  interactions  between  electromagnetic:  ordinary 
(O),  extraordinary  (X)  and  quasi-electrostatic  Bernstein 
(B)  waves  [1].  As  finite  aperture  microwave  beam  field 
distribution  contains  Fourier  harmonics  that  propagate 
not strictly perpendicular an external magnetic field, the 
problem  of  oblique  incidence  of  plane  waves  must  be 
considered.  In  this  case  the  ordinary  and  extraordinary 
mode coupling may be also important [2]. 

In  this  paper,  we  analyze  the  results  of  a  full-wave 
numerical simulation of the X-polarized beam 
propagation through ECR region at the second harmonic 
in a weakly relativistic plasma. These results are 
applicable to large magnetic traps such as tokamaks and 
stellarators, where the scale of magnetic field 
inhomogeneity is significantly larger than the size of the 
resonance region. Under these conditions, it is possible to 
assume  that  the  electron  density  and  temperature  and 
external  magnetic  field  direction  are  all  homogeneous, 
with  the  absolute  value  of  the  magnetic  field  growing 
linearly along the perpendicular axis in resonance region. 

To solve Maxwell equations in anisotropic gyrotropic 
media with spatial dispersion, and to correctly take 
account for boundary conditions, we use the ‘impedance 
techique’  [3].  The  boundary  conditions  are  as  follows:  
an X-wave  with the  unit amplitude enters the resonance 
region  from  the  low  magnetic  field  side  (2ωc < ω)  and 
after the resonance region, at the high magnetic field side 
(2ωc > ω) only the transmitted electromagnetic and 
exponentially decaying B-waves can exist. So, the 
mistake  in  boundary  condtions  may  cause  exponentially 
increasing error, and this is the very reason it’s required 
to accurately  take into account the boundary conditions.  
 

Figure 1 shows two examples of the calculated 
distributions  of  the  electric  field  components  inside  the 
interaction region calculated at the same electron density 
and temperature for normal incidence [4]. In case (b) the 
magnetic field changes in space approximately three 
times faster than in case (a). The linear transformation of 
the  waves  can  be  seen  in  the  appearance  of  the  short-
wave  modulation  of  the  longitudinal  component  of  the 
electric field.  

 
Fig. 1. Spatial distributions of the Ex (black curves) 
and Ey (red curves) components of the electric field 

 
It  may  be  shown  that  in  case  of  normal  incidence 

conversion efficiency depends only on normalized 
density υ = ωp

2/ω2 and the dimensionless parameter  
κ = ωL res / c, where L res – characteristic size of resonance 
region. Figure 2 shows the dependencies of the reflection 
coefficient  RX and  conversion  coefficient  in  Bernstein 
waves RB on κ at several consecutively increasing values 
of υ. As one can see conversion efficiency is about 10% 
in dense enough plasma. This effect can change 
significantly absorption efficiency. 

 

 
Fig. 2. Reflection coefficients into the extraordinary mode (left) 

and conversion coefficients into Bernstein wave (right) 
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2.45 GHz electron cyclotron resonance ion source 
has the advantages of intense current, low emittance, high 
stability, simple structure, low cost and long life. It is the 
primary choice for generating hydrogen ion beams. Many 
compact applications such as the compact neutron tube, 
ion thruster, EUVL cleaner and medical accelerator, re-
quire the miniaturization of hydrogen plasma sources. 
Therefore, the miniaturization of the 2.45 GHz ECR ion 
source is of great significance for its wide applications. 
Unfortunately, the miniaturization of ECR ion sources is 
limited by its RF transportation and microwave coupling. 
To miniaturize it, a new method for microwave coupling 
beyond ridge waveguide or microwave window is urgent-
ly needed. At Peking University (PKU), an antenna cou-
pling type miniaturized 2.45 GHz ECR ion source with 
an inner diameter of 13 mm was developed.  A photograph 
of the antenna type source body is shown in Fig. 1. Prima-
ry testing was done on PKU ion source test bench and an 
8.5 mA hydrogen beam at 40 W microwave power was 
 

 
 

Fig. 1. Photograph of the 2.45 GHz ion source 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

obtained. The fraction of proton is about 50 %. A 5 hours 
operation was done at 40 W, the high voltage load keeps 
at 8.5 mA, as shown in Fig. 2.  

 

 
Fig. 2. Results of longtime running 
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The electron string ion source (ESIS) "Krion-6T" is 
the main operational device for producing multicharged 
heavy ions for the NICA injector (ion collider based on a 
Nuclotron). This type of ion sources was first proposed 
and created at the JINR Laboratory of High Energy Phys-
ics [1, 2] as a new approach in the development of the 
electron beam ionization method, previously successfully 
implemented in electron beam ion sources (EBIS) [3]. 

Recently, 124Xe28+ ion beams, produced with «Krion-
6T» ESIS were accelerated in the HILAC (Heavy Ion 
Linac)-Booster (booster synchrotron)-Nuclotron (syn-
chrotron) complex in framework of the 4-th stage of 
commissioning of the NICA injector. Further develop-
ment of the ion source requires the production of 
176Yb30+÷32+, 197Au31+÷32+, 209Bi35+÷37+ … up to 238U40+÷42+ 
ion beams and their multiple injection through RFQ-
HILAC into Booster and Nuclotron. Some aspects of 
possible technologies for injecting vapors of these heavy 
elements (or their corresponding chemical compounds) 
into a cryogenic ion trap of an ion source will be briefly 
considered. 

Despite the successful practical use of ESIS-type ion 
sources in injection complexes of synchrotrons, the basic 
physical processes underlying their operation remain the 
subject of fundamental research. Indeed, the key physics 
ingredient was discovered in a reflex mode of EBIS oper-
ation – a stable state of hot magnetized pure electron 
plasma, which was called electron string [4]. The interest 
to the reflex mode of EBIS operation studies was moti-
vated first by an attractive possibility to decrease the 
power of electron beam by a hundred times while simul-
taneously preserving ion yield. It was found that under 
certain conditions one component pure electron plasma, 
which consists of the multiply reflected electrons, con-
fined in a strong solenoidal magnetic field, exhibits prop-
erties similar to a phase transition. This transition to the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

electron string state leads to a stepwise increase of the 
confined electron plasma density, as well as an increase 
of a total number of an accumulated electrons. Thus, elec-
tron strings provide considerable electron trap capacities 
and effective electron current densities in order to get 
intense beam of highly charged ions. 

Electron string formation, frames of it’s stability, 
frames of their capacity and effective current density will 
be discussed with use of the obtained experimental data 
and several model considerations. 

One of the most interesting features is the conversion 
of a pure electrical circuit into an electronic string filled 
with ions. This task will be considered in more detail, 
since it is directly related to the limitations of ion yield.     

Additional self-compression of the electron string 
when it is filled with ions was observed experimentally 
under various conditions. Thus, natural questions arise 
about the upper limit of the effective current density of an 
electron string filled with ions, and whether it is possible 
to approach a corresponding Brillouin limit in this way. 

Finally, the design of an ion trap for studying nuclear 
fusion reactions between fully ionized bare nuclei will be 
described [5].This tubular type Electron Strung Ion ion 
trap is under construction now. 
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With the development of millimeter-wave technolo-
gy, the millimeter-wave power applications attract re-
searchers’ highlight attention. The higher frequency of 
millimeter waves compared to microwaves results in dif-
ferent physical processes in the processed materials, 
which opens new opportunities for applications. 
Gyrotrons are the most competitive millimeter-wave 
power sources that provide up to megawatts of radiation 
in the continuous-wave mode and are extensively used 
for plasma heating. For industrial millimeter-wave power 
applications, such as material processing, the demand 
typically revolves around medium power levels ranging 
from kilowatts to hundreds of watts and, in some cases, 
even at the watt level. Therefore, gyrotron could operate 
at low voltage, that could sufficiently reduce size and cost 
of both the tube and power supply unit. Meanwhile, its 
safety would be improved. 

To develop the compact low-voltage medium-power 
millimeter-wave gyrotron, University of Electronic Sci-
ence and Technology of China (UESTC) and Institute of 
Applied Physics of the Russian Academy of Sciences 
(IAP-RAS) conducted collaborative studies. A 30 GHz 
compact low-voltage TE01 mode gyrotron is developed 
and which is operated using a 4.2 kV microwave oven 
magnetron transformer as a high-voltage power supply 
unit. A recorded output power of 140 W with an interac-
tion efficiency of 11.9 % at a frequency of 30.192 GHz 
was achieved with a beam voltage below 5 kV. Remarka-
bly, even at an extra-low voltage of 1.9 kV, a power out-
put of 5.0 W was observed. 

In power application, the compact and economic 
transmission line is also need. Then, the TE01 mode com-
pact cylindrical waveguide is investigated to be the 
transmission line for applications. To measure the trans-
mission power and reflection power in the transmission 
line, a Ka-band compact circular waveguide directional 
coupler for TE01 mode is proposed and developed. In this 
design, the main waveguide is cylindrical waveguide, the 
secondary waveguide is rectangular waveguide, and an 
orthogonal connection between the main and secondary 
waveguides is adopted. To improve its performance, three 
metal stubs is loaded on the isolating port of the coupler. 
Both the simulation and experimental results show, 
through adjusting the metal stubs on the isolating port, 
the performance of the directional coupler can be im-
proved, meanwhile, the TE01

○ mode maintains good 
transmission efficiency. 

 
 
 
 

To further reduce the system size, a non-
superconducting magnet for millimeter wave gyrotron is 
designed and under developing. 

 

 
 

Fig. 1. Scheme of the compact low-voltage gyrotron 
with power supply 

 
 

 
 

Fig. 2. The photo of the measurement of the fabricated sample 
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In experiments to optimize the synthesis of boron ni-
tride microstructures using a powerful gyrotron in chain 
plasma-chemical reactions in air, it was shown that hy-
drogen-containing additives to metal-dielectric powder 
mixtures contribute to the development of exothermic 
processes (the main stage of the chain synthesis process) 
in the reactor with an increase in synthesis products [1]. 

It has been shown that synthesis in chain processes 
with maximum yield of substances is possible using the 
B10H10C2H2 additive with (c)BN. In the process of chain 
synthesis under certain modes of exothermic processes (the 
main phase of the process), depending on the chemical 
composition of the powder mixtures ((c)BN + 20%Ti + 
+ 0.026g B10H10(Et3NH)2, (c)BN + 20% Cu), a transition 
occurred cubic phase of boron nitride into the hexagonal 
phase (Figure 2) [2]. The process was initiated at a mi-
crowave power of 400 kW and a pulse duration of 4 ms. 

The different types of particle surfaces observed in 
the after samples cannot be obtained by melting or oxi-
dizing the original particles in Ti/B/N systems. This indi-
cates that the evaporation and subsequent condensation of 
materials occurs during the synthesis process in plasma-
chemical reactions. 

Together with data on the formation of hexagonal 
BN particles from a cubic form in a precursor powder, 
these results confirm that new materials are synthesized 
in chain plasma-chemical oscillating reactions initiated 
by a gyrotron discharge (synthesis example in Figure 1). 

Table 1 
Change in the mass of some substances 

after the experiment 

Compound Mass 
before 
synthesis, 
g 

Mass 
after 
synthesis, 
g 

Mass 
increase, 
g 

cBN+20%Ti+ 
B10H10C2H2 

1,52 1,698 
 

1,117105 

hBN+20%Ti+B10H10 1,512 1,571 1,039021 

hBN+20%Ti+B12H12 1,543 1,643 1,064809 

 
 

 
Fig. 1. Elemental composition 

of Ti-cBN powder after synthesis 

 
Fig. 2. Spectra of (h)BN after synthesis of the powder 

mixture (с)BN+20%Ti + 0.026g  B10H10(Et3NH)2 
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Sources of coherent radiation based on stimulated 
emission of high-current relativistic beams have achieved 
record (gigawatt) values of pulse power in the centimeter 
and long-wavelength parts of the millimeter range [1–4]. 
Recently, there has been significant progress in the de-
velopment of such sources in the short-wavelength part of 
the millimeter range with the prospect of moving into the 
submillimeter range. This report reviews recent advances 
in this area. 

Three main types of promising sources can be distin-
guished. First of all, these are relativistic Cherenkov sur-
face wave oscillators with traditional single-periodic and 
recently proposed two-dimensional periodic slow-wave 
structures [5]. On the basis of such oscillators, 150 GHz 
pulses with a peak power of up to 100 MW have already 
been experimentally obtained [6]. 

 Simulations and the preliminary experiments show 
that the development of relativistic high-current 
gyrotrons, where power from 30 to 100 MW can be ob-
tained at frequencies from 90 to 300 GHz, has significant 
prospects [7]. 

Apparently, free electron lasers (FELs), where elec-
trons move in a periodic undulator field, should be con-
sidered as the shortest wavelength sources. Due to the 
Doppler effect, the radiation frequency can significantly 
exceed the frequency of electron oscillations in the speci-
fied field. At relatively moderate particle energies of up 
to 1–1.5 MeV typical for high-current beams, the possi-
bility of generating multimegawatt radiation in the range 
up to 1 THz opens up the use of microundulators, recently 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

implemented at the Institute of Applied Physics RAS [8]. 
In the case of traditional undulators with a period of 5–10 
cm, it is worth noting the project of long-pulse FELs 
based on linear induction accelerators, developed jointly 
by the Institute of Nuclear Physics of RAS  and the Insti-
tute of Applied Physic [9]. The implementation of long-
pulse FELs will ensure the generation of sub-gigawatt 
pulses in the terahertz and sub-terahertz ranges. 
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Development of Wireless Power Transmission 
(WPT) is one of the important tasks of modern physics 
referring to remote power supply for different applica-
tions. One of the current trends in this area is associated 
with the use of directive beams of microwave radiation 
which allows significantly increasing the transmitted 
power. The key elements of microwave WPT systems are 
rectifiers that convert free-space radiation power into DC 
power. Currently, the most common type of microwave 
rectifiers are Schottky-diode rectennas, which, however, 
cannot withstand high levels of microwave power and 
have low output voltages (several volts).  

An alternative concept of microwave rectennas is the 
use of the interaction of microwave radiation with a recti-
linear electron beam under electron cyclotron resonance 
(ECR) conditions. To date, centimeter-wave ECR 
rectenna with operating frequency of 2.45 GHz and near-
axis (“single-jet”) electron beams can provide high con-
version efficiency (up to 80%) with a microwave input 
power of 10 kW and an output voltage of 15–20 kV [1]. 
At the same time, it is desirable to significantly increase 
the frequency and power of the received radiation. In 
particular, advancement into the millimeter wave range 
will makes it possible to significantly reduce the size of 
the transmitting and receiving antennas, improve the di-
rectivity of the microwave beams, and reduce transmis-
sion losses when using the atmospheric transparency 
windows.  

At present, the most powerful (megawatt) continu-
ous-wave millimeter-range radiation is generated by 
gyrotrons [2]. Recent theoretical and experimental studies 
on the gyrotron locking by an external signal [3] opens up 
an opportunity for creating complexes of a large number 
coherently operating MW-level gyrotron and antenna-
phase arrays for transmitting extremely high power over 
long distances. To convert high-power high-frequency 
signals into DC current, we are considering the possibil-
ity of implementing ECR rectifiers with significantly 
increased frequency and power based on the proven prin-
ciples of development of MW-level gyrotrons for plasma 
heating, which are based on the near-cutoff interaction of 
electron beams of large (on a wavelength scale) radius 
with high-order transverse modes of oversized cylindrical 
waveguides. The main difference from gyrotrons is the 
interaction with rectilinear (rather than rotating) electron 
beams to absorb radiation . Thus, the proposed design can 
be interpreted as an “inverted gyrotron” with a “multi-jet” 
rectilinear electron beam. The general view of such “in-
verted gyrotron” is presented in Fig. 1. In this report we 
present the principal design of a ECR rectenna for several 
frequency bands. In particular, for W-band (90 GHz) the 
tube with an operating mode TE12.5 and received power of 
1 MW has been discussed. According to simulations, the 

maximum efficiency of the rectenna can be more than 
80% with output voltage of 150 kV (Fig. 2). 

 

 
Fig. 1. The principal design of a ECR rectenna 

 
 

Fig. 2. Results of numerical simulations of rectenna efficiency. 
Here ηΣ = ηres*ηconv*ηrec; ηres – efficiency of conversion of 
microwave signal energy into electron rotation energy, ηconv – 
efficiency of converting the rotation energy of electrons into the 
energy of longitudinal motion, ηrec – efficiency of converting 
the energy of longitudinal motion of electrons into DC on the 
collector 
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Currently, the movement and adjustment of Earth's 
artificial satellites' orbits is mainly provided by plasma 
ion engines, in which accelerated ions are used to gener-
ate reactive force. The principle of action of such engines 
is based on the ionization of the working gas, the extract-
ing of ions from the plasma and formation of reactive 
force by their acceleration by electrostatic fields. One 
way of improving plasma engines is the development of 
electrode-free engines based on plasma 
magnetohydrodynamics, because they can provide the 
highest flow rate of the working substance, which allows 
to significantly increase the efficiency of its use and con-
sequently extend the life of the satellites. An example of 
the most advanced and brightest engine development 
based on plasma magnetohydrodynamics is the most 
powerful VASIMR engine to date. In this engine, the 
plasma is created and heated in an open magnetic trap 
using the electromagnetic radiation of the RF-band, then 
when plasma flows through the magnetic nozzle its ener-
gy is converted into the energy of the directional move-
ment of ions, providing reactive force. 

This paper discusses one of the ways of improving 
modern plasma engines in which, unlike most existing 
schemes, using various methods of transfer of energy 
directly to ions (electrostatic acceleration of ions, heating 
of ions by RF fields under conditions of ion-cyclotron 
resonance with subsequent accelerations of ions in mag-
netic nozzle), it is proposed to use electron heating under 
conditions of electron cyclotron resonance (ECR) in 
collisionless mode [1]. In the ECR heating of transparent 
plasma, the energy of the microwave radiation is trans-
ferred mainly to the transverse energy component of the 
electrons in relation to the direction of the magnetic field 
until electrons are expelled from the resonance due to 
relativistic mass increase. Thus, the electron distribution 
function has a boundary energy (this energy can reach 
values at the level of hundreds of keV), and then 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

drops sharply [2, 3], i.e. substantially non-maxwellian 
distribution function is realized. Then with adiabatic ex-
pansion of such plasma in a magnetic nozzle, there is 
transformation of the transverse energy of electrons into 
longitudinal, and due to the charge separation field there 
is acceleration of ions.  

With continuous microwave heating, the stationary 
mode may be realized, in which electrons and ions have 
the same velocity at the magnetic nozzle, forming a qua-
si-neutral flow. At the same time, a potential gap is 
formed between the ECR zone and the magnetic nozzle, 
providing the deceleration of electrons and acceleration 
of ions. In this mode, the magnitude of the established 
potential gap is determined by the boundary energy of the 
electrons. As a result, the most part of electron energy is 
transferred to the kinetic energy of ions, thus forming a 
flow of plasma with ions accelerated to record energies at 
the level of hundreds of keV.  
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Electron cyclotron resonance heating (ECRH) and 
current drive is widely used in toroidal plasmas and is 
considered for application in ITER for heating and neo-
classical tearing mode control. Nowadays an abrupt in-
crease of the ECRH power from 20 MW up to 67 MW is 
under discussion by the ITER team. Following the pre-
dictions of the theory developed in late 80s [1–3] nonlin-
ear effects and first of all parametric decay instabilities 
(PDIs), which can accompany the ECRH experiments, 
were believed to be deeply suppressed by huge energy 
loss of daughter waves from the decay region. However, 
during the last 15 years many experiments have demon-
strated excitation of the anomalous nonlinear phenomena 
at the less than 1 MW level ECRH experiments. The 
clearest evidence of the nonlinear effects onset was ob-
tained first at TEXTOR [4] and then at ASDEX-UG and 
W7-X [5, 6], where a strong microwave emission down–
shifted in frequency was observed. At ASDEX-UG and 
TCV [7, 8] emission at the pump wave half frequency has 
recently been observed. A convincing demonstration of 
the anomalous ion acceleration during the ECRH pulse 
under conditions when the energy exchange between ion 
and electron components is negligible was obtained at 
TCV and TJ-II [9, 10]. Besides this in the second har-
monic ECRH experiments a substantial broadening of the 
power deposition profile (T-10, L2-M, DIII-D [11–13]) 
and the missing power effect (TEXTOR, T-10, TJ-II [14, 
15]) were reported. 

In this talk we present a review of experimental ob-
servations and of the theory progress taking into account, 
as distinct from the standard approach, trapping of the 
decay waves due to non-monotonic features of the densi-
ty profile, which always exist on the discharge axis or 
may be present due to a magnetic island, density pump-
out effect, or ELM filaments and blobs. We interpret the 
anomalous microwave emission and the ion heating, as a 
result of secondary nonlinear processes that accompany 
the primary low-threshold PDI leading to excitation of 
trapped waves. The primary PDI growth is saturated in 
our model due to both the secondary decays of daughter 
waves and the pump wave depletion. The coupling of 
different daughter waves and the pump is responsible in 
the model for the strong microwave emission, which is a 
spurious signal for a tokamak microwave diagnostics. 
This mechanism appears capable of reproducing the fine 
details of the frequency spectrum and the absolute value 
of the emitted radiation. It also predicts substantial anom-
alous absorption in the range of 10–70% in the electron 
channel, which could be responsible for the broadening 
of the ECRH power deposition profile, and explain 
 the anomalous ion heating by the generation of the 
 

 
 
 

secondary ion modes, which directly transfer the pump 
power to ions. Results of theoretical analysis of anoma-
lous emission at TEXTOR and W7-X as well as anoma-
lous absorption reported by L-2M, DIII-D, TEXTOR, 
TJ-II and T-10, where broadening of the power deposi-
tion profile and the missing power effect were observed 
in the case of monotonic plasma density profile will be 
presented. The possibility of induced side-scattering in-
stability in the ITER edge transport barrier driven by or-
dinary mode in the first harmonic ECRH experiment will 
be discussed including the instability saturation due to the 
stochastic damping effect. Ways to reduce the influence 
of anomalous absorption and scattering effects will be 
indicated. 
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The paper provides an overview of mathematical 
models, algorithms and computer codes for calculations 
and design of high-power klystrons. A study was carried 
out of a 50 MW S-band klystron developed at the Insti-
tute of Nuclear Physics SB RAS. A comparison of nu-
merical results with experimental data is given.  

Klystrons with a power of 50–100 megawatts are the 
main source of high-frequency power for modern charged 
particle accelerators. Klystrons of such power have not 
previously been produced in Russia. Currently, the BINP 
SB RAS is participating in the construction of the 4th 
generation synchrotron “SKIF” and the Super C-tau fac-
tory. The need for klystrons for these projects is in the 
tens, which necessitated the development of our own 
klystron.  

The full cycle of klystron design consists of many 
stages, among which the following can be distinguished:  

1. Analytical methods are used for the preliminary 
design. At this stage, based on the technical specifications 
containing the specified parameters – operating frequen-
cy, input power of the RF power supply of the grouper, 
output power of the klystron – the main characteristics of 
the device are determined – the number of resonators, 
klystron dimensions, current, diameter and initial energy 
of the beam, dimensions of drift tubes, the magnitude of 
the accompanying magnetic field, device efficiency.  

2. Optimization of the design solution obtained dur-
ing preliminary design. At this stage, the detuning of the 
grouper resonators, the length and diameter of the drift 
tubes, the operating frequency band, the gain, the design  
 

of the power input and output, as well as the tolerances 
for the main variable parameters are determined. At this 
stage, simplified numerical models are used that take into 
account the longitudinal and transverse dynamics of 
grouped clumps.  

3. Detailed calculation, which includes calculations 
of electromagnetic fields, optics of charged particles tak-
ing into account their own fields, thermal calculations and 
calculations of elastic deformations, both when setting up 
resonators and under the influence of thermal loads. The-
se calculations must include such physical processes as 
multipactor and dark currents, which include the mecha-
nisms of field emission and secondary electron emission 
from the surfaces of the device.  

4. Information obtained at each design stage can then 
be used for new design cycles with refined input data 
until the desired results are obtained or information is 
obtained about the limits of permissible variation in the 
input data.  

The variety of software tools for calculating individ-
ual klystron units gives rise to the problem of exchanging 
calculation results between different programs. Some 
results presented in Fig.1. 
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Fig. 1. Output pulsed RF power of klystron vs. input power at different beam currents and accelerating potentials.  

Experimental data – left, numerical calculations – right 
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Light ion (H+, D+, H-, D-, etc.) beams with high cur-
rent density (above 100 mA cm–2) obtaining is an im-
portant problem. Sources of such beams are used as neu-
tral beam injectors at nuclear fusion facilities [1], serve as 
charged particles injectors for accelerators [2] and are 
applied for ion implantation [3]. 

Ion sources based on electron cyclotron resonance 
(ECR) discharge are frequently used as positively 
charged particles injectors for accelerators [4]. It is 
caused by high stability of operation, reliability of facili-
ty, electrodeless way of plasma maintenance and possibil-
ity of ion beam creation from a wide range of particle 
species. 2.45 GHz ECR sources of light ions are quite 
common. It tend to have moderate current density of ex-
tracted ion beam (100–200 mA cm–2). Therefore, plasma 
electrodes with aperture about 1 cm are used in order to 
obtain beams with total current above 100 mA. The cur-
rent density increase can help to gain the beam quality. It 
can be achieved by plasma density increase. Its growth is 
limited to cutoff density at fixed microwave frequency 
but there are studies of overdense plasma heating [5]. 
Another way to gain plasma density is the microwave 
frequency increase. 

ECR ion source GISMO [6] (Gasdynamic Ion Source 
for Multipurpose Operation) was created in accordance 
with the last paradigm. The plasma of the source is sus-
tained by microwave radiation of gyrotron [7] with fre-
quency of 28 GHz and power up to 10 kW. High volumet-
ric energy input level (up to 250 W cm–3) is achieved be-
cause of relatively small plasma volume (about 40 cm3). 
The extracted beam current density is above 1 A cm–2 [8] 
due to high density (close to 1013 cm–3) and electron tem-
perature (above 30 eV) of plasma [9]. 

An overview of experimental activities with proton 
beam at GISMO facility over the past few years is given 
in this work. Several experimental sessions were con-
ducted during this time. The total beam current was the 
main parameter to measure. The content of the beam was 
measured using magnet analyzer. The space charge com-
pensation of the beam was estimated through beam pro-
file images processing. Also, the beam formation at dif-
ferent extraction system configurations was studied. The 
beam emittance was measured using pepper-pot method. 
Experiments were accompanied with numerical calcula-
tions of plasma processes kinetics and the ion beam for-
mation from plasma. 

 
 
 
 
 
 
 

Also, the way towards modernization which leads to 
gain of the facility effectiveness is discussed in this work. 
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High-temperature processing of materials is a prom-
ising application of microwave radiation. Over the recent 
years, the authors have been investigating the processes 
of rapid microwave sintering of ceramic and composite 
materials. With heating rates of up to 300 °C/min and 
zero hold time at the maximum temperature, the overall 
duration of such processes is reduced by orders of magni-
tude compared to conventional sintering that normally 
takes hours or even days.  

The implementation of rapid heating requires a signifi-
cant volumetric energy input in the materials undergoing 
processing, with an absorbed microwave power density 
p = σE2 (where σ is the high-frequency conductivity of 
the material and E is the effective microwave electric 
field strength inside the sample) on the order of about 
30...100 W/cm3. This intense microwave impact apparently 
results in unusual changes in the microstructure of the ma-
terials.  

The rapid microwave sintering experiments were car-
ried out in the workchamber of a gyrotron system operat-
ing at a frequency of 24 GHz with a maximum output 
power of 6 kW [1]. The microwave power supplied to the 
workchamber was regulated automatically in accordance 
with the predefined temperature-time schedule. The 
shrinkage of the samples was monitored using optical 
dilatometry. In addition to comparing different heating 
rates, the intensity of the electromagnetic field acting on 
the samples was varied by using heat insulation assem-
blies containing different microwave absorbing elements 
(susceptors). 

The results of rapid microwave sintering experiments 
with oxide ceramics are summarized in Table 1.  

It has been observed in these studies that the onset 
temperature of densification decreases with increasing 
electromagnetic field intensity. The enhanced densifica-
tion coincides with the development of a thermal instabil-
ity, which suggests that a highly absorptive grain-
boundary phase with enhanced transport properties is 
formed. 

The microstructural studies have revealed abnormal 
grain growth in the samples exposed to intense micro-
wave irradiation. According to impedance spectroscopy 
measurements, the properties of grain boundaries, such as 
the effective width, dielectric permittivity, and/or ionic 
conductivity, may be influenced by the electromagnetic 
field. 

In recent experiments with alumina – zirconia ceram-
ic composites obtained from nanopowders by rapid mi-
crowave sintering it has been found that the temperature 
of phase transformation from metastable alumina phases 
 

 
 
 

Table 1 

Summary of rapid microwave sintering experiments 
with oxide ceramics: maximum temperature (Tmax), relative 
sintered density (ρ/ρth) and the absorbed microwave power 

per unit volume (p) 

Material Tmax, °C ρ/ρth, % p, W/cm3 Ref. 
Yb:(La0.1Y0.9)2O3 1350…1500 98.6 20...160  2 
Y2O3  1500…1700  98.3  40...43  3 
ZrO2 (+ 3%Y2O3)  1400  99.4  60...120  4 
MgAl2O4  1500…1700  99.2  27...80  5, 6 
TiO2  1100  94.8  – 7 
Al2O3  1400…1550 99 15...100 8 
Al2O3 + CNT  1550…1600  95.0  – 9 
ZnO + Bi2O3 +  
Sb2O3  

1150…1300  95…96  ≥ 20  10 

BaTiO3  1150…1300  95…96  40  11 
Ba0.75Sr0.25TiO3  1250  94.2…95.6  19…93  12 
ZnO + Bi2O3  1200  ≤ 98.3  14…23  13 
Gd:CeO2  1450…1580 ≤ 96 40 14 

 
to the stable α-phase decreases with increasing electro-
magnetic field intensity. The shift in the phase transfor-
mation temperature reached 200 °C compared to conven-
tional sintering. A similar microwave influence on a se-
quence of phase transformations has been observed in the 
experiments on rapid microwave sintering of luminescent 
Al2O3 – Ce:Y2O3 composites.  
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Currently, active work is being carried out at the In-
stitute of Applied Physics of the Russian Academy of 
Sciences to create a terahertz free-electron maser with a 
high-current beam in collaboration with the Budker Insti-
tute of Nuclear Physics of the Siberian Branch of the 
Russian Academy of Sciences [1]. Here we describe de-
signs of FELs on the basis of a long-pulse (hundreds na-
noseconds) 10 MeV / 1–2 kA electron beam and a pulsed 
undulator with a period of several centimeters. At a ~ 5% 
efficiency of the electron-wave interaction, a close-to-
GW level of the power of the output wave signal at fre-
quencies of several THz can be provided. 

An important problem is the design of a cavity which 
must inevitably be oversized (hundreds of wavelengths in 
the transverse directions and tens of thousands of wave-
lengths in the longitudinal direction) and, at the same 
time, provide stable narrow-band generation of a given 
operating mode. Previously, a system based on the Talbot 
effect was proposed as an oversized microwave system 
[2]. In this work, we develop a simplified model of a FEL 
with a Talbot-type cavity (Fig. 1), and describe structures 
of super-modes (formed by partial eigenmodes of the 
cavity) with various oversizing factors (Fig. 2 and Fig. 3). 
An optimization of the system from the point of view of 
the intensity of the electron-wave interaction is also car-
ried out (Fig. 4). 

 

 
Fig. 1. Super-mode of a Talbot-type cavity 

 

 
Fig. 2. Typical spectrum of partial modes forming 

the operating supermode of the cavity 
 
 
 
 

 
Fig. 3. 2D field structure of the operating supermode 

 
 

 
Fig. 4. Normalized starting current versus the mismatch 

of the electron-wave resonance 
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The spherical tokamak (ST) is known as an effective 
magnetic trap for a fusion plasma confinement. Experi-
ments carried out on first-generation spherical tokamaks 
(STs operating at BT  < 0.55 T) confirmed the theoretical-
ly predicted high MHD stability of the plasma, allowing 
operation at high values of βT (the ratio of the gaskinetic 
pressure of the plasma to the pressure of the toroidal 
magnetic field) of up to 40%. Moreover, it was found that 
the phenomenological picture of thermal energy confine-
ment in STs differs significantly from high aspect ratio 
tokamaks. The extrapolation of the experiments on STs 
predicted that a further increase in the toroidal magnetic 
field up to 1 T and higher will significantly improve the 
efficiency of plasma thermal insulation (primarily elec-
trons) and significantly expand the range of achievable 
electron and ion temperatures in a compact small tokamak. 
This became the basis for the preparation of experiments 
on plasma confinement and heating in 2nd generation STs 
(STs operating at BT > 0.7 T) at an increased value of BT. 

Globus- M2 [1] became the first in the new generation ST 
family presenting systematic results of experimental stud-
ies on heating and thermal insulation of plasma, which 
confirmed the favorable dependence of the energy con-
finement time on the magnetic field and collisionality. 

The toroidal magnetic field is a key parameter that de-
termines the efficiency of plasma heating and thermal en-
ergy confinement in a spherical tokamak. One of the most 
important results of recent campaigns is the pioneering 
achievement of a hot ion mode with Ti ≥ 4 keV in a com-
pact spherical tokamak having a small radius of 0.24 m and 
a magnetic field of 0.9 T [2]. The ion temperature in Glo-
bus-M2 experiments approaches the thermonuclear values 
due to the good plasma thermal insulation. In Globus-M2, 
ions demonstrated predominantly neoclassical behavior with 
linear dependence of χi on νi*, in accordance with neoclassi-
cal theory for the collisionless “banana” regime. At the same 
time νi* reaches the values typical for the plasma of large 
tokamaks such as DIII-D, ASDEX-U and JET. 

The favorable τE dependence on the toroidal magnetic 
field and plasma current (so-called ST scaling, previously 
found on STs with BT ≤ 0.55 T) 0 4 1 2, ,

E p TI Bτ   is con-

firmed for BТ ≤ 0.8 T [3]. The value of  
≈ 5⋅1018

 m–3
 s⋅keV ( ~1018

 m–3s) for the Globus-M2 
plasma was achieved. The increase in the fusion triple 
product compared to the Globus-M plasma at BT = 0.4 T 
was by a factor of 50. 

These breakthrough results achieved on Globus-M2 
raised the concept design of a next-generation compact 
spherical tokamak (Project Globus-3). The main features 
of the Globus-3 are a long pulse and a strong BT at a low 
aspect ratio. For the basic tokamak operational parame-
ters, the plasma current as high as 0.8 MA and BT as high 
as 1.5 Т, direct losses during neutral injection do not ex-
ceed 15% for energies of 50–150 keV that provides fa-
vorable conditions for plasma heating. Being half the size 
of the T15MD and with a plasma volume ~5 times small-
er, Globus-3 will facilitate the rapid development of fu-
sion energy technologies, such as plasma heating using 
NBI and radio frequency waves. Long pulse duration 
with a high bootstrap current fraction approaching will 
also provide unique capabilities to embed advanced con-
trol regimes for plasma profile optimization. Globus-3 
also can be considered as a full-scale hydrogen prototype 
of a fusion neutron source, providing the necessary phys-
ical and technological basis for further development of 
the compact tokamak operating with D-T mixture 
enebling high neutron yield. 
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Three types of high frequency magnetic oscillations 
have been observed in the experiments with low-density 
ohmically heated plasma in the TUMAN-3M tokamak. 
Range of the frequencies described in this report lies be-
tween 𝜔𝑐𝑖  and 𝜔𝑐𝑒 . The experiments were performed in 
hydrogen plasma with an averaged density 𝑛𝑒 ≤ 1.5× 
× 1019 m–3, toroidal magnetic field 𝐵𝑡  ≤ 1 T, plasma 
current 𝐼𝑝 ≤ 160 kA, plasma major and minor radii 𝑅0 = 
= 0.53 m and 𝑎𝑙 = 0.22 m, respectively. The measure-
ments were performed using array of 16 magnetic probes 
sited at the inner wall of the vacuum vessel.  

Oscillations of the first type had relatively long dura-
tion (0.1–1 ms) and existed in a frequency range from 
120 to 290 MHz which corresponds to (10–20)𝜔𝑐𝑖  and is 
lower than 𝜔𝐿𝐻 2⁄ . The oscillations appeared as several 
spectral lines separated by frequency gaps of 18 to 
60 MHz, see figure 1. Frequency variation during the 
train lifetime allowed to conclude whistler character of 
the oscillations.  

 
Fig. 1. Temporal evolution of whistlers’ frequencies – (a),  
time variation of the emission power, 𝑓1 – (b), 𝑓0 – (c).  
Note, the amplitude scale in frame (a) is valid for 𝑓0 only 

Oscillations of the second type appeared as short 
bursts with duration of 10–20 µs and characterized by a 
clear harmonic structure with up to 7 observable harmon-
ics. Their fundamental harmonic frequencies, 18– 
40 MHz, are much lower compared to that of oscillations 
of the first type, but are higher than 𝜔𝑐𝑖 . With increased 
electron density from 0.87 to 1.18·1019 m–3 a splitting of 
the harmonics was found with a spacing of ~ 4.2 MHz, 
see figure 2. Amount of the subharmonics can come up to 
6 instead of the sole peak. Due to short duration of the 
bursts of this type oscillations it is difficult to establish an 
underlining mechanism of their generation. Further ex-
periments are planned to clarify role of runaway electrons 
in the triggering of this emission.  

 
Fig. 2. Spectrum of second type oscillations measured by the 
magnetic probe located at the poloidal angle of 11° below  
the inward mid-plane 

Oscillations of the third type were discovered in the 
discharges with density being lower than in the two pre-
vious cases – 0.5·1019m–3. Spectrum of a magnetic probe 
signal recorded using the ADC with sampling rate 
2.5 GHz is shown in figure 3. In the spectrum the above-
mentioned oscillations of the first and second types are 
concentrated in the range of frequencies below 300 MHz. 
In vicinity of 300 MHz a well in spectral peak amplitude 
was observed. In remaining part of the spectrum two 
ranges can be distinguished: (1) 300 < 𝑓 < 650 MHz and 
(2) 𝑓 > 650 MHz. Frequency 650 MHz roughly corre-
sponds to 𝑓𝐿𝐻. Average spacing in lower-𝑓 range (1) is 
18.1 MHz and 23.9 MHz in higher-𝑓 range (2).  

 
Fig. 3. Magnetic oscillations spectrum measured using ADC 

with sampling rate 2.5 GHz 
Although the frequencies of the third type oscilla-

tions fall into the range of whistler waves a further analy-
sis is planned to conclude the underlining mechanism of 
the observed phenomenon. 
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Electric discharges in the presence of a liquid phase 
are now one of the most important areas of research in 
plasma physics and its applications. Microwave discharge 
in liquids has been least studied. Microwave plasma is 
created in a gas bubble inside a liquid, which ensures a 
high rate of formation of high concentrations of active par-
ticles in a mini-reactor, which is a plasma bubble. 

A microwave discharge is created at the end of a metal 
antenna immersed in a liquid (a wide range of liquid hy-
drocarbons, water and aqueous solutions of ethanol) at 
powers up to 2.5 kW [1–6]. The discharge was studied 
using gas chromatography, emission spectroscopy, high-
speed photo recording, schlieren and shadow photography. 

It has been shown [2, 3] that a discharge is a sequence 
of solitary discharges randomly distributed in time. The 
formation of a solitary discharge is accompanied by a 
shock wave, which causes damped sound vibrations in the 
discharge volume. The growth rate and maximum size of a 
gas bubble were obtained for various types of electrodes. 
The results of calculations on the role of ionization by elec-
tron impact at the initial stage of the occurrence of a dis-
charge were also experimentally confirmed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A study was carried out on the possibilities of using a 
discharge to decompose CO2 and produce hydrogen [4–6]. 
The results obtained show the promise of using microwave 
discharges to solve applied tasks. 
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Microwave plasma has been well-known in material 
surface modification, etching, clean, wound treatment, 
and sterilization [1]. Microwave plasma provides several 
advantages as compared to other plasma technology, in-
cluding higher ionization efficiency than radio frequency 
discharge, and has a lower chance of contamination and 
damage of sensitive components than the dielectric barriers 
discharge (DBD) and gliding arc plasma (GAP) as micro-
wave discharge does not involve electrodes for its dis-
charge [2]. Millimeter-wave plasma allows to significantly 
increase the specific energy input and plasma density com-
pared to the 2.45 GHz or 915 MHz microwave plasma [3]. 

This abstract presents a millimeter-wave plasmatron 
(MWP) based on gyrotron and transmission line. A typi-
cal microwave plasma reactor usually involves three ma-
jor components, which are microwave generator (micro-
wave source magnetron), microwave plasma sources 
(MPS), and a plasma cavity equipped with a dielectric 
tube (usually quartz) [4]. The system of this MWP is 
shown in Fig. 1. A 30 GHz low-voltage CW gyrotron is 
used to generate millimeter wave, the output mode is TE01 
[5]. Then, the mode converter changes the operating mode 
to the main mode of the rectangular waveguide (WR-28). 
The transmission line consists of a 60 dB directional cou-
pler, a three-pin tuner and an adjustable short road sur-
face consist. A Φ6.1 mm quartz tube is inserted from the 
top of the rectangular waveguide as a reaction chamber. 

 

 
 

Fig. 1. Schematic diagram of the millimeter-wave plasmatron 
based on gyrotron and transmission line 

 
When the flow rate of 1 SLM of Ar, the photographs 

of plasma under radiation 100 W is shown in Fig. 2. The 
waveguide stub tuner is a compact section of waveguide 
strategically inserted into the main waveguide. By adjust-
ing its position and length, the tuner can manipulate the 
overall impedance characteristics of the combined struc-
ture. This allows for fine tuning to achieve an optimal 
impedance match. Changes in operating frequency or 
other system parameters can potentially disrupt the initial 
impedance match. The stub tuner provides the flexibility 
to rectify these disruptions, ensuring the waveguide con-
tinues to operate at maximum efficiency and reduce re-
flection to protect the gyrotron continuous operation. 
Fig. 3 shows the typical spectral of MWP produced by 
the continuous millimeter wave, the fiber optic probe is 
 

fixed at the middle of the plasma filament, and the in-
tegration time is 5ms. As can been seen, owing to the 
gas shielding, three spectra lines occurred, namely Ar I 
(4p-4s), Ar II and OH lines. The Ar II line could be ob-
served due to the high ionization rate of Ar. 

 

 
 

Fig. 2. Photo of the Ar plasma under 100W@30GHz radiation 
 

 
Fig. 3. Emission spectra of plasma 
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The HIAF, High Intensity heavy ion Accelerator Fa-
cility, requires its pre-injector to deliver over 1 emA U35+ 
beam [1], which is far beyond the capability of state-of-
the-art high charge state ion sources. As an alternative 
solution, it was proposed to pre-accelerate tens of emA 
ion beams with low-to-medium charge states produced by 
a gasdynamic ECR ion source, the capability of which to 
produce very intensive low charge state ion beams had 
been confirmed [2], and then to strip them to the required 
charge states. As the first step to investigate this scheme, 
a 45 GHz gasdynamic ion source operating in pulsed 
mode is being developed at the Institute of Modern Phys-
ics, IMP.  

The layout of the test facility is shown in Fig. 1. The 
45 GHz microwave radiation with a power up to 20 kW is 
converted into TE01 mode of a circular waveguide, and 
then transmitted into a plasma chamber with an inner 
radius of 45 mm. A microwave launcher with an embed-
ded gas injection system is installed between the wave-
guide and the plasma chamber. The launcher is designed 
to prevent the plasma flow from damaging the microwave 
window while ensuring a high microwave power trans-
mission efficiency. 

 

 
 

Fig. 1. Layout of the gasdynamic ion source 
 
 
 
 
 
 
 
 
 
 
 
 
 

The magnetic field configuration is a simple mirror 
trap produced by two water-cooled coils (Fig. 2). The trap 
length can be adjusted between 20 and 40 cm and the 
mirror ratio between 1.5 and 3.5, correspondingly. The 
maximum magnetic field strength on the axis is 3.6 Tesla 
and the pulse width varies between 10 and 15 ms with a 
repetition rate up to 1 Hz.  

 
Fig. 2. The magnetic field distribution along the trap axis with 
70% of the maximum current. The field stability during the 
microwave pulse is better than 1% 

 
For beam extraction, a two-electrode system is used 

with extraction voltage up to 50 kV. A 90◦ bending mag-
net is installed in the beam line to analyze the extracted 
beam spectrum. 

The first experiments with light elements (H, N, etc.) 
have been carried out at this facility. Preliminary results 
will be presented in the full paper.   
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Currently, relativistic surface-wave oscillators 
(SWOs) are among the most prominent radiation sources 
operating in short millimeter and submillimeter bands. [1, 
2]. These devices feature a periodically corrugated planar 
or cylindrical metal slow-wave structure which supports an 
evanescent mode (surface wave) confined at this structure. 
Surface waves are slow so they can be used for synchro-
nous interaction with a rectilinear electron beam; shallow 
corrugations provide small deceleration of the wave, so 
they are compatible with relativistic electron beams. 

As shown in [3], in the case of shallow corrugation 
formation of surface mode can be associated with cou-
pling of counter-propagating quasi-optical wavebeams. 
Such an approach, along with theoretical description of 
operation of SWO with conventional single-periodic 
slow-wave structures [1, 2] provides a reliable method for 
synthesizing novel schemes of surface-wave devices 
aimed at solving their intrinsic problems, which hamper 
high-power operation in shorter-wavelength bands. Some 
examples of such schemes are presented in Fig. 1. 

 

 (а) 

 (b) 

 (c) 

Fig. 1. Schemes  of an SWO with 2D SWS (a), an SWO with 
transverse energy output (b) and a surface-wave amplifier with 
transverse energy input and output (c). Wavy arrows indicate 
coupled wavebeams 

First of all, two-dimensional periodic corrugation 
must be mentioned (Fig. 1a), which provides coupling 
of four longitudinally and transversely propagating 
wavebeams and thus ensures mode selection over both 
transverse coordinates. This concept can be applied 
to both planar [4] and cylindrical [5] SWO configura-
tions. 

In the planar configuration, additional sub-harmonic 
(i.e. with a period larger than the fundamental one) corru-
gation facilitates the transverse output in the direction 
normal to the corrugated surface. The output emission 
in the form of Gaussian-type beam appears to be an at-
tractive solution for outcoupling of radiation from 
the interaction space (Fig. 1b) [6]. Besides, this sub-
harmonic corrugation can also be used for radiation input 
in a klystron-type amplifier device (Fig. 1c) [7]. Lastly, 
the above configurations can be combined to propose 
an SWO with 2D slow-wave structure and transverse 
radiation output. 

To conclude, we emphasize that the first successful 
experimental realizations of strongly oversized SWOs 
with 2D slow-wave structures of both cylindrical and 
planar geometry [8, 9] have demonstrated the fruitfulness 
of the quasi-optical approach for development of new 
schemes of surface-wave oscillators and amplifiers. 
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Helical electron beams (HEBs) play the role of an ac-
tive medium (source of radiation energy) in gyrotrons - 
the most powerful at the moment generators in the milli-
meter and submillimeter wavelength ranges. The for-
mation of HEBs can be carried out both by adiabatic (the 
scale of the electron trajectory step h and the radius of 
rotation  r⊥ is much smaller than the characteristic scales 
of inhomogeneity of the electric LE and magnetic LB 
fields) and nonadiabatic (h, r⊥ >> LE, LB) fields.  

In the first case, the primary formation of the rota-
tional velocity of electrons occurs immediately after the 
particle start from the cathode surface into crossed weak-
ly inhomogeneous electric and magnetic fields; in the 
second, a rectilinear beam is formed first, and then the 
particles enter the region of non-adiabatic electric or 
magnetic fields. Further, in both cases, electrons are in-
jected into the region of a smoothly increasing (adiabatic) 
magnetic field, where, in accordance with the law of con-
servation of the transverse adiabatic invariant, their rota-
tional speed increases to the required value.  

Since in both adiabatic and non-adiabatic HEB for-
mation systems, the formed beam, due to some reasons, 
has a spread of rotational velocities, at large pitch factors, 
some electrons are reflected from the magnetic mirror 
and then begin to perform longitudinal oscillations be-
tween the region of primary formation (the cathode-anode 
gap, where an electrostatic mirror for returning particles 
is formed) and a magnetic mirror. 

During the oscillation process, the captured charge 
increases and can cause a number of negative phenome-
na, which primarily include bombardment of the cathode 
and the occurrence of secondary emission from its sur-
face, as well as loss of the beam stability. The develop-
ment of these phenomena obviously depends on the spe-
cific features of distribution of the electric field in the 
region of the electrostatic mirror. 

Therefore, it is of interest to compare the described 
processes in the most widely used HEB formation sys-
tems. Among nonadiabatic systems, systems with cusp 
magnetic field [1] (Fig. 1), widely used in large-orbit 
gyrotrons, and systems with nonadiabatic beam injection 
at an angle to the magnetic field [2] (Fig. 2) are currently 
being most intensively studied. The class of adiabatic 
systems obviously includes magnetron-injection gyrotron 
guns (MIGs [3], see Fig. 3).  

The report presents a comparative analysis of the sys-
tems listed above from the point of view of the magnitude 
of the trapped charge, and the possibility of developing 
low-frequency oscillations of the space charge in the 
HEBs at large pitch factors. The features of bombardment 
of the cathode by reflected particles and the process of 
interception of reflected particles by the gun electrodes, 
as well as the time dependence of the potential in differ-

ent sections of the beam, were studied. The beam current 
passing into the working space of the device was found. 
The analysis was performed on the basis of the large par-
ticle method within the framework of a quasi-static elec-
tric field approximation.  
 

 
Fig. 1. HEB formation system with cusp magnetic field 

 

 
Fig. 2. Diode region of the non-adiabatic formation system 
with injection of the rectilinear beam through an annular slit 

 

 
Fig. 3. Example of the adiabatic magnetron-injection gun 
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A new type of L-H transitions, called semiglobal, 
was found in plasma with a tungsten limiter. Spontaneous 
transitions (including quasi-periodical one) are observed 
only with simultaneous co+contr ECCD with 1.5 MW 
power [1, 2]. The electron heat and density fluxes drop 
abruptly in almost the entire volume of the plasma at the 
moment of transition. Such transitions were not previous-
ly known in tokamaks with a circular cross-section and a 
limiter. 

At the moment of global L-H transitions reported on 
JET and JT-60U tokamaks earlier (see [3] and references 
therein), the electron, ion temperature Te,i and density ne 
start to rise simultaneously in almost the entire plasma 
volume. A typical abrupt increase in the value of the en-
ergy confinements time τΕ is 30–50%. The evolution of 
the EAST tokamak discharge parameters at L-H transi-
tion reported in [4] shows that the value of τΕ is abruptly 
doubled. 

In T-10, the growth of Te occurs only in the central 
part of the plasmas and ITB is formed on Te. The accu-
mulation of tungsten is absent. An analysis of experi-
ments [5, 6] showed that similar semiglobal transitions in 
plasma with a tungsten limiter are also caused by neon 
puffing at different EC power. An example of ITB for-
mation after a transition caused by neon puffing is shown 
in Fig. 1. In a series of pulses [5, 6], the edge density was 
also measured. The diffusion coefficient drops abruptly in 
almost the entire plasma volume, and the density at the 
edge increases 1.5 times faster than inside. The formation 
of a weak external transport barrier begins. It is this fact 
that allows us to call the new type of transitions L-H tran-
sitions. 
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Fig. 1. Te profiles before and 20 ms after the L-H transition 
induced by neon puffing and profile of the electron heat flux 
jump δГTe at the moment of the L-H transition at PECRH = 
= 0.85 MW 

 
 
 

The profile of the jump in the electron heat flux δГTe 
at the moment of transition (PECRH = 0.85 MW) is shown 
in Fig. 1. A typical abrupt increase in the value of τΕ is 
about 15%, which is noticeably less than with global L-H 
transitions on JET and JT-60U tokamaks. This is not sur-
prising, since at L-H transitions on all tokamaks with a 
circular cross section, the value of τΕ increases insignifi-
cantly. It is shown that the energy content of plasma W is 
almost linearly dependent on density, and the role of ITB 
is not significant in the stationary phase of the discharge 
in all studied cases. In the pulse shown in Fig. 1, the val-
ue of W and the central line averaged density increase by 
30% in 20 ms after the moment of transition. Radiation 
losses only begin to increase at the moment of transition, 
rising from 90 to 150 kW in 20 ms.  

Transitions similar to those described above were not 
detected at neon puffing into a plasma with a carbon lim-
iter. There is no growth of Te, and a smooth small in-
crease of τΕ begins after peaking of the density profile, 
resembling a typical picture of the transition to the RI 
mode at various tokamaks (the Zeff value increases after 
the neon puffing, ITG instability is suppressed, density is 
peaked, leading to further suppression of instability). The 
edge density increases slightly after short neon puffing 
and returns to its previous level later. The final growth of 
W is proportional to the growth of the central line aver-
aged density.  

The report also provides new examples of semiglobal 
transitions triggered by spontaneous drop of lithium-
containing flakes at a various EC power lower than in the 
pulse described in [7] (simultaneous co+contr ECCD 
with 1.5 MW power).  
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Intensive work is currently being carried out by a 
number of scientific groups aimed at developing alterna-
tive schemes of sub-terahertz gyro-oscillators possessing 
relatively broad bands of continuous (or quasi-
continuous) frequency tuning. In particular, a microwave 
system in the form of a quasi-optical transmission line 
was proposed recently as an interaction circuit for certain 
varieties of the cyclotron resonance maser, including the 
gyrotron Backward-Wave Oscillator (gyro-BWO) [1]. 
The circuit consists of focusing mirrors, which are peri-
odically spaced along the longitudinal z-axis and provide 
transport of the Gaussian wave beam along a zigzag path 
(Fig. 1). A beam of electrons is guided by a static mag-
netic field along the z -axis so that the e-beam periodical-
ly crosses the wave beam. The electron-wave interaction 
occurs in regions where the wave, as in a gyrotron, prop-
agates strictly across the e-beam resulting in the interac-
tion with minimal sensitivity to particle velocity spread. 
3D PIC simulations demonstrate the attractiveness of this 
“zigzag” cyclotron-resonance maser for the implementa-
tion of gyro-BWOs operating in the sub-THz frequency 
range with unique frequency tunability [1]. 

 
Fig. 1. (а) A 2D scheme of the gyro-BWO with a zigzag path of 
the operating wave, consisting of 𝑁 =  4 sections of electron-
wave interaction. (b) A cross section of an electron beam  

 
In our work [2, 3], we proposed a quasi-analytical 2D 

model of the zigzag-type gyro-BWO to describe the 
small-signal (linear) stage of excitation of this auto-
oscillator in the stationary single-frequency approxima-
tion. In fact, the zigzag-type gyro-BWO represents a sys-
tem that is principally different from “more classical” 
versions of electron RF oscillators. The main purpose of 
this paper is not so much the development of a non-
stationary spatio-temporal theory of the zigzag gyro-
BWO, as the description of the rich possibilities of a fair-
ly simple approach that allows the development of such a 
theory. Actually, a simple quasi-analytical 2-D model 
describes a large number of effects specific to this device, 
including  (i) a discrete piecewise character of the de-
pendence of the generation frequency on the magnetic 
field 𝑓(𝐵0), (ii) establishment of stationary generation 
modes in the process of competition of various modes, 
(iii) switching to self-modulation modes with increasing 

operating current (normalized length of the system), 
(iv) the possibility of implementing the super-radiant 
regimes of formation of short powerful wave pulses in 
this device, (v) an increase in the generation power when 
using external feedback in the system and (vi) the phe-
nomenon of hysteresis with a smoothly changing syn-
chronism mismatch in continuous generation mode. 

 

  
Fig. 2. (a) A 3D model of a zigzag gyro-BWO with two orthog-
onal wave beams. (b) An electron beam in the form of a set of 
micro-ensembles (c) A cross section of an electron beam. The 
scheme of electron-wave interaction 

 
In addition, the spatio-temporal theory of a 3D zigzag 

gyro-BWO circuit consisting also of 4 amplification sec-
tions of electron wave interaction, but in which two or-
thogonal waves propagating in some perpendicular direc-
tions (along 𝑥- and 𝑦- axes) are investigated (Fig. 2). The 
important issue of the competition of these two waves in 
the system has been resolved, during which stable single-
frequency generation of one of these waves is ensured. 
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Introduction 

Gyrotrons are the most powerful sources of continu-
ous-wave radiation in millimeter and submillimeter 
wavelength ranges [1]. The most prominent application 
of gyrotrons is the plasma heating and current drive, as 
well as plasma diagnostics in controlled fusion facilities. 
the operation of powerful gyrotrons at high-order modes 
of the cylindrical cavity brings the problem of mode 
competition, which limits the maximum power and effi-
ciency [2]. The use of the frequency locking by an exter-
nal low-power narrowband signal [2] can simultaneously 
provide the frequency stabilization, increase of output 
power and mode selection. Such approach is well investi-
gated theoretically [2–4], but only recently was verified 
in experiment at 170GHz/1MW gyrotron [5]. Such exper-
iment became possible after the development of the mode 
converter for the modes of cylindrical waveguide with 
different rotation directions [6] and gyrotron frequency 
stabilization technique by the means of phase-lock loop 
[7, 8]. 

Experimental results 

The operations regimes are different under the influ-
ence of the external signal: there is a zone of frequency-
locked operation, where the frequency of the generation 
is equal to the frequency of the external signal at all mag-
netic fields, and the zone of beating of frequency and 
field amplitude. The position of the locking zone relative 
to the operation zone is determined by the frequency of 
the external signal. The exit of the operating zone is ac-
companied, as in a free-running gyrotron, by the excita-
tion of the parasitic modes. 

The possibility of significant (up to 2.5 times) in-
crease of the operating zone of the desired mode under 
the influence of the external signal was demonstrated in 
the experiment [5]. The locking zone shifted over the 
operating zone of the TE28,12 mode with the increase of the 
external signal frequency. At low solenoid currents the 
boundary of the operating zone was shifted by a small 
amount due to the suppression of the parasitic TE27,12 
mode. At the same time the maximum output power was 
also increased by 11% due to advance to optimal operat-
ing parameters. At high solenoid currents (112–113 A) 
the operating zone was significantly enlarged due to sup-
pression of TE29,12 mode.  

Theoretical results and discussion 

The numerical simulations of the system were per-
formed in the self-consistent model with the fixed axial 
field structure. The frequency of the external signal is 
close to the eigenfrequency of the operating mode and 
differs significantly from the eigenfrequencies of other 
 

 

interacting modes (compared to the bandwidth of each 
mode, while all the interacting modes lie within the cy-
clotron resonance band. We also assume that the external 
signal has the same transverse structure as the operating 
mode TE28,12. The energy of all electrons at the entrance 
to the interaction space is the same, but a spread in trans-
verse and longitudinal velocities.  

As in experiment, the output power and efficiency 
are increased when the locking zone is at the low magnet-
ic fields, the calculated power increase of 11% corre-
sponds to one observed in experiment. The tuning band 
can be extended about 2 times at high magnetic fields, 
which also matches with the experimental results. 

The calculated dependencies of the field amplitude 
outside of the locking zone present the beating at the fre-
quency close to the difference between the frequencies of 
the free-running gyrotron and the external signal in the 
case of big frequency mismatch. Closer to the locking 
zone the beating frequency is decreased, in conformity 
with [9]. 

Conclusion 

Demonstrated agreement of the theoretical calcula-
tions with the experimental observations confirm the ac-
curacy of the developed theoretical model and allow to 
use such rather simple and non-demanding of computer 
resources approach to simulation of complex multi-mode 
dynamics of modern gyrotrons.  
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2.45 GHz Electron Cyclotron Resonace (ECR) ion 
source has been widely used in particle accelerators, ma-
terials science, astrophysics and atomic physics because 
of its plentiful advantages, such as intense current, low 
emittance, simple structure, convenient maintenance, low 
cost, high stability and long life. In recent years, the min-
iaturization of 2.45 GHz ECR ion source has become 
significant for its wide application. Meanwhile, imperious 
demands have been placed on the intensity of H+/H2

+/H3
+ 

ion beams with the development of numerous fields. Alt-
hough a multitude of breakthroughs have been made in 
the experimental research of the ECR hydrogen ion 
source, the related mechanism research is still in process, 
which badly limits the improvement of ion source per-
formance. At Peking University (PKU), the research of 
compact microwave ion source has been launched since 
the last century. Attentions are paid both on experimental 
research as well as the fundamental physics study. A se-
ries of 2.45 GHz permanent magnet ECR ion sources 
with dielectric RF matching have been built at PKU. The 
dimension of a water-cooling three-electrode ion source 
is about 160 mm × φ180 mm, a homemade high-voltage 
breakup was developed to limited the high voltage region 
within a 180 mm × φ220 mm and a 50 kV @ 130 mA 
proton beam already be extracted with this course. It can 
also easily produce tens mA H2

+/H3
+/O+/N+/Ar+/He+ beam 

with beam density over 400 mA/cm2. The photograph of 
PKU-type 2.45 GHz ECR ion source is shown in Fig. 1. 
A continuous operation more than 300 hours has been 
recorded, and neither sparks nor plasma instability oc-
curred during that running period, displayed in Fig. 2. 
Several copies of that ion source have been used to 
 

 
 

Fig. 1. Photograph of a PKU-type 2.45 GHz ECR ion source  

 
Fig. 2. (color online) Screenshot of the monitor computer at the 
end of longevity test. Top: extraction voltage, instantaneous 
current, and counting hours. Bottom: beam current versus 
elapsed time 

 
deliver beams for accelerator facilities like DWA, C-
RFQ, PKUNIFTY, Proton-therapy and BNCT machines 
since 2006. In the meantime, some physical models are 
established, including global model, hybrid discharge 
heating model and antenna coupling mechanism, to pro-
vide guidance for the design and operation of high current 
compact ion sources to provide guidance for the design 
and operation of high current compact ion sources. 
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Introduction 

Relativistic Cherenkov-type generators based on 
high-current electron beams provide a record level of 
pulsed power in the centimeter and long-part of the mil-
limeter wavelength ranges. However, further increase in 
the output power and the advance to shorter radiation 
wavelength bands inevitably leads to the need to increase 
the oversize of the interaction space, and, corresponding-
ly, to the problem of provision of mode selection with 
respect to the transverse index. 

The most effective method for solving this problem 
in high-power oversized Cherenkov masers is the use of 
2D distributed feedback (DFB), which is implemented in 
2D-periodic slow-wave structures (SWS) by means of 
additional transverse wave-fluxes arising on such a cor-
rugation [1]. Conducted studies have demonstrated high 
potential of using the 2D DFB mechanism to obtain pow-
erful narrow-band radiation in relativistic masers of vari-
ous types, whose transverse dimensions exceed the radia-
tion wavelength by an order of magnitude or more [2, 3]. 

SWO with 2D SWS of cylindrical geometry 

Spatially-extended Cherenkov Surface-Wave Oscilla-
tor (SWO) operating at the W-band (operating frequency 
~ 73 GHz) was constructed based on the “Sinus-6” accel-
erator 0.5 MeV / 5 kA / 25 ns (IAP RAS) forming annu-
lar electron beam with a diameter of ~ 40 mm. Oscillators 
of such type are preferable among the relativistic Cheren-
kov masers due to the larger values of the electron-wave 
coupling impedance. For this SWO, the 2D SWS was 
designed with oversize factor Ø/λ ~ 10, number of azi-
muthal variations of 32, and a total length of 11 cm. 

Simulations of the 2D SWO were carried out using 
PIC-code CST Studio Suite. Results of simulations 
demonstrated establishment of narrow-band oscillation 
with the output power of ~ 175 MW under the design 
parameters. Mode pattern of the synchronous slow-wave 
demonstrates azimuthally symmetric distribution and 
contains the TM0,n – type waveguide modes. 

In the conducted experiments, a stable narrow-band 
generation was observed under the design parameters. 
The radiation frequency, according to the heterodyne 
technique used, was measured as ~ 73 GHz with a spec-
trum width close to its theoretical limit at the detected 
pulse duration up to 10 ns, which corresponded to the 
excitation of the fundamental mode of the 2D SWS. Out-
put radiation directional diagram demonstrated a pro-
nounced minimum on the axis and coincided with the 
excitation of the designed pattern of ТМ0,n – type modes, 
thus, proved the azimuthally-symmetric structure of the 
output radiation. The maximum output power was ob-
served at a guide magnetic field of ~ 1.2 T and, according 

to calorimetric measurements, reached 150 MW, which is 
in good agreement with the simulations. 

Currently, experimental studies of cylindrical SWO 
with 2D SWS have been started at the G-band (frequency 
~ 150 GHz), where the oversize factor of the generator is 
Ø ~ 20λ while maintaining the transverse size of the 
beam. For this project, 2D SWS was constructed with 64 
azimuthal variations (turns) and 7.5 cm long. 

Simulations under experimental conditions demon-
strated stable selective excitation of the fundamental “az-
imuthally-symmetric” mode of the 2D SWS, the radiation 
power reached 70–90 MW. 

In the initial experiments, a powerful narrow-band 
generation was obtained at optimal parameters. Hetero-
dyne measurements demonstrated the excitation of the 
operating surface wave of the 2D SWS having an azi-
muthally-symmetric structure of the output radiation. The 
measured radiation power was ~ 30–50 MW. The SWO 
parameters are currently being optimized in order to in-
crease electron efficiency and output power. 

Project of super-power planar SWO with 2D DFB 

Projects of super-power Cherenkov masers of planar 
geometry are under development within the framework of 
the BINP - IAP collaboration based on the ELMI acceler-
ator 1 MeV / 10 kA / 3 μs, forming sheet electron beams 
with a transverse size up to 20 cm (BINP RAS). Simula-
tions showed that in such generators, a GW-power level 
in the W-band (operating frequency ~ 75 GHz) and up to 
~ 0.6 GW in the G-band (frequency ~ 150 GHz) can be 
achieved. Herewith, the use of planar 2D-periodic SWS 
implementing the 2D DFB mechanism makes it possible 
to ensure a stable coherent oscillation regime with trans-
verse size (width) of the system amounting to 50 and 100 
radiation wavelengths, respectively. 

Currently, all components of the W-band SWO have 
been manufactured. The assembly of the generator was 
completed and its high power testing was started. 
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Research on gyrotrons and applications is conducted 
at Ariel University, Israel. Advance in gyrotron develop- 
ments during the recent years of is presented. W-band 
long and short pulse gyrotrons as well as Ka-band short 
pulse gyrotrons were developed [1], built and tested ex- 
perimentally. Long pulse gyrotron at W-band with room 
temperature electromagnets were developed for almost a 
decade. 

The first gyrotron demonstrating the concept of room 
temperature electromagnet for W-band gyrotron at sec- 
ond harmonic was presented at 2016 [2, 3]. It produced 
few kilowatts peak power with pulse duration of 50 µs 
and 5% duty cycle for a few seconds. 

Following, a long pulse gyrotron with room tempera- 
ture magnet was made with internal mode converter and 
cooled collector [4]. The output power for a long pulse 
operation was about 10 kW limited by the high voltage 
power supply. For short pulses the gyrotron output was 
more than 30 kW with efficiency above 20%. 

The third gyrotron in this series is with improved ef- 
ficiency after some modification of the magnetic profile 
and depressed collector, see Fig 1. Its output power is 
~ 30 kW with efficiency of ~ 30%. This gyrotron experi- 
mental results will be presented. 

 
Fig. 1. Model of the W-band room temperature gyrotron 

with depressed collector 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

These long pulse gyrotrons are millimeter wave 
sources for applicator that is used for collaborations with 
scientists in the fields of chemistry, biology [5] and mate- 
rials engineering within Ariel University and worldwide. 
Hard rock melting and initial results of drilling with this 
gyrotron will be present. Development of 100 kW 
W-band second harmonic gyrotron for deep drilling of 
hard rock is an ongoing research. Some preliminary work 
of this gyrotron will be presented too. 

A Ka-band MW short pulse gyrotron is also in the in- 
itial stage of development, it is intended for integration in 
particle accelerator. 

Acknowledgements 

This work is supported by the Israeli Ministry of 
Energy and Infrastructure, the grant number 222-11-011. 

References 
1. M. Witman, E. Avraham, R. Ben-Moshe,  M. Pilossof and 

M. Einat, "Long-Pulse Uncooled Copper Magnet for Gyro- 
tron," in IEEE Transactions on Electron Devices, vol. 66, 
no. 11, pp. 4928–4931, Nov. 2019. 

2. D. Borodin and M. Einat, "Copper Solenoid Design for the 
Continuous Operation of a Second Harmonic 95-GHz Gy- 
rotron," in IEEE Transactions on Electron Devices, vol. 61, 
no. 9, pp. 3309–3316, Sept. 2014. 

3. M. Pilossof and M. Einat, "Initial results of 95 GHz gyro-  
tron with water cooled magnet," 2016 41st International 
Conference on Infrared, Millimeter, and Terahertz waves 
(IRMMW-THz), Copenhagen, Denmark, 2016, pp. 1–2. 

4. M. Pilossof and M. Einat, "High-Average-Power Second 
Harmonic W-Band Gyrotron with Room-Temperature So- 
lenoid," in IEEE Transactions on Electron Devices, vol. 67, 
no. 4, pp. 1804–1807, April 2020. 

5. L. S. Kaczmarczyk, K. S. Marsay, S. Shevchenko, 
M. Pilossof, N. Levi, M. Einat, M. Oren, & G. Gerlitz. 
Corona and polio viruses are sensitive to short pulses of W-
band gyrotron radiation. Environmental chemistry letters, 
19(6), 3967–3972. 2021. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



146 

On saturation of induced scattering low-threshold instability 
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Parametric decay instability (PDI) is a nonlinear phe-
nomenon often encountered in various plasmas. The 
threshold of PDI excitation in inhomogeneous plasmas is 
usually determined by the efficiency of nonlinear cou-
pling of a pump wave with daughter waves leaving the 
finite interaction region, where the wave decay conditions 
for the numbers of interacting waves are fulfilled. Theo-
retical analysis of the behavior of microwaves used for 
electron cyclotron resonance heating (ECRH) of plasma 
in toroidal fusion devices had been carried out three dec-
ades ago and had resulted in fairly high values of excita-
tion thresholds and optimistic predictions on the role of 
nonlinear phenomena in ECRH experiments [1]. Howev-
er, recent observations of anomalous scattering of micro-
waves [2], plasma emission at half-integer harmonics of 
the gyrotron frequency [3], fast ion group generation dur-
ing ECRH [4], broadening of the power deposition pro-
file (PDP) of EC waves [5–7] and missing power effect 
[8,9] evidence a nonlinear behavior of strong microwaves 
in toroidal devices.  

To explain and describe the anomalous phenomena 
that accompany microwave propagation, the model of 
low-threshold PDI was proposed [10]. It predicts the de-
cay of a pump wave, when it passes any local maximum 
of the density profile, into daughter waves, at least one of 
which is localized in the decay region. This model allows 
a detailed quantitative explanation of anomalous phe-
nomena during ECRH (see, e.g., [11, 12]).  

It deserves to be mentioned that the broadening of the 
PDP at ECRH and the missing power effect was observed 
also in the case of a monotonic plasma density profile [6, 
8, 9]. In this report, we propose the model describing a 
significant decrease in the PDI threshold at a monotonic 
density profile and allowing us to qualitatively explain 
the broadening of the PDP. Quite unexpectedly the pump 
microwave parametric decay can occur in the steepest 
region of the density profile, i.e. in the edge transport 
barrier, which usually exists in high performance dis-
charges, and where, at first sight, the convective losses of 
daughter waves should be maximum and the conclusions 
of the theoretical analysis [1] should be justified. Never-
theless, the specific transparency domains [13] for inter-
mediate frequency range electron plasma waves (EPWs) 
within the transport barrier result in their easy parametric 
excitation [14]. As it was shown, these daughter EPWs 
can be trapped both in the direction of plasma inhomoge-
neity due to the edge transport barrier and along the mag-
netic field in its ripples associated with a finite number of 
the toroidal magnetic field coils. Since the threshold of 
the PDI leading to the excitation of localized EPWs [14] 
turn out to be much lower than those predicted for the 
generation of non-localized daughter EPWs [1], absolute 
PDI of megawatt microwave beams seems possible in 
future O1-mode ECRH experiments at ITER. This can 

lead to a broadening of the PDP at ECRH. The character-
istics of this broadening are determined by the saturation 
level of this instability.  

We show that the saturation of this low-threshold PDI 
in current toroidal devices is due to the amplitude-
dependent "stochastic" damping of the daughter localized 
EPWs [15]. The balance between the "stochastic" damp-
ing of the daughter EPWs and their nonlinear pumping 
leads to equilibrium in this nonlinear system and, eventu-
ally, to the instability transition to the saturation regime 
[15]. However, in the case the pumping provided by sev-
eral microwave beams acting in the same tokamak port 
exceeds the EPW maximal stochastic damping the insta-
bility develops further. This “second” PDI power thresh-
old in the case of ITER edge transport barrier is estimated 
as 4 MW. In the case the “second” threshold is exceeded 
a substantial pump depletion can be expected. 
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Microwave complexes are currently actively used as 
ECR heating of low-temperature plasma in various instal-
lations. The most striking examples of such applications 
are compact sources of high-current ion beams and heavy 
ions. The areas of application of such systems are varied: 
from the production of new elements to ion and boron-
neutron capture therapy [1, 2]. Low-temperature plasma 
physics technologies also include growing diamond films 
and disks using the CVD method. In all such installa-
tions, complexes based on gyrotrons are increasingly 
used as a source of ECR plasma heating. Unlike other 
vacuum microwave generators, these devices are capable 
of providing radiation in large frequency ranges (from 
several GHz to the THz range) and powers (from several 
watts to megawatts). The overwhelming number of exist-
ing gyrotron complexes operate at the second harmonic 
of cyclotron resonance, which allows one to significantly 
reduce the consumption of an electromagnet, which pro-
vides a magnetic field for electron-wave interaction. The 
development of the such technologies increases the re-
quirements for frequency, power and long-term (months) 
stability of microwave radiation, which is becoming in-
creasingly difficult to achieve in existing systems. 

Therefore, the development of a new generation of 
technological gyrotron complexes is currently underway, 
some of which have already been successfully imple-
mented. The basis of such systems is a magnetically 
shielded system (MSS), which makes it possible to obtain 
twice the magnetic field while maintaining the same level 
of power consumption. On the one hand, this makes it 
possible to operate at the main cyclotron resonance. In 
this way, it is possible to achieve greater efficiency, pow-
er and stability of single-mode excitation in the process, 
for example, of power adjustment over a wide range. On 
the other hand, the concentration of the magnetic field in 
the cavity region leads to a complication of the problem 
of electron optics - the formation and deposition of an elec-
tron beam. In the process of developing such a gyrotron 
complex, the following tasks were self-consistently solved: 
optimization of the MSS and the profile of its ferromagnet-
ic screens, electron optics, electron-wave interaction, syn-
thesis of the radiation output system. 

As the first prototype, a 28 GHz / 25 kW / CW 
gyrotron complex (fig. 1) was created [3]. The experi-
mental results showed the possibility of achieving large 
(g ≈ 2) values of the beam pitch factor while maintaining 
a small spread of electron transverse velocities. This is 
evidenced by both the low anode current (about 20 mA) 
and the obtained generation efficiency (up to 55%) with-
out a residual energy recovery system. The development 
of this complex was primarily carried out in order to up-
grade the existing complex for growing diamonds using 
the CVD method at the IAP RAS [4]. To integrate the 
new generator into the existing microwave path, a unique 
converter of complex shape was synthesized and produced. 

 
 

Fig. 1. Photograph of the 28 GHz/25 kW first harmonic 
gyrotron setup based on MSS 

 

Currently, similar complexes are being developed in 
the frequency range of 14-28 GHz and powers of 2– 
10 kW for projects on the synthesis of new elements at 
the Joint Institute for Nuclear Research [5]. As part of the 
first stage, the PRISMA 28 GHz / 10 kW complex (fig. 2) 
with a new control system was successfully implemented.  

 
Fig. 2. Photograph of the 28 GHz /10 kW-based complex for 

ion sources in JINR 
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The new ECR ion source DECRIS-5M has been de-
veloped to meet the needs of the DC-140 accelerator 
complex. The planned experiments are primarily intended 
to solve applied problems across a variety of fields. 
For successful experiments, the ion source must produce 
a wide range of metallic ion beams and gases 
(Ne4+ ÷ Bi38+). 

The source is a modification of the source developed 
in 2010 for the DC-110 accelerator complex project [1]. 
Most of the changes are related to the modernization of 
axial and radial magnetic systems to increase magnetic 
fields in terms of injection (2.5 T) and extraction (1.4 T) 
of the ECR source. The assembly of the ion source was 
completed in early 2024. 

The source design 

For applied experiments, ion beams in the A/Z range 
5÷8 are required (O3+, Ne4+, Ar8+, Fe11+, Kr16+, Xe24+, 
Au36+ и Bi38+). To achieve the desired charge level, it is 
necessary to create sufficient plasma density and ion con-
finement time. A sufficient level can be achieved using a 
frequency of 18 GHz and a power of up to 2 kW. At this 
frequency, the value of the resonance magnetic field of 
the ECR zone corresponds to a value of 0.64 T. The mag-
netic fields of the source were selected in accordance 
with the established ratios for ion sources of this type, rela-
tive to the field of the ECR zone and amounted to 
Br = 1.3 T, Binj = 2.5 T (using a soft iron plug), Bextr = 1.4 T. 

The magnetic system of the DECRIS-5M include 5 
coils with the sizes: Dinner/Douter = 88/343 mm for the injec-
tion and extraction coil, the middle coil has Dinner/Douter = 
= 230/406 mm. The coils are cooled with water with an 
operating pressure of 15 atm. The winding is made of an 
8×8 mm copper conductor, with an inner diameter of 
5 mm for cooling.  

Figure 1 shows the distribution of the magnetic field 
at operating currents of Iinj = 1150 A (injection current), 
Imid = 700 (current on the middle coil) and Iext = 1050 
(current on the extraction coil). 

 
Fig. 1. The distribution of the magnetic field in the plasma 

chamber of the DECRIS-5M ion source 
 
To create a radial distribution of the magnetic field, a 

hexapole magnet with an inner diameter of 80 mm and an 
outer diameter of 210 mm, the length of the hexapole is 

300 mm. This system consists of 24 sectors, the material 
is NdFeB. 

The injection plug in the form of cone-shaped soft iron 
insert is used to enhance the local magnetic field. It includes 
a standard 16×8 mm waveguide for injecting 18 GHz  
microwaves, a biased electrode, and two identical stain-
less-steel tubes with a 10 mm inner diameter. These tubes 
serve the purpose of gas injection and installing the micro-
oven, both positioned off-axis. The plug's design also al-
lows for the integration of equipment to generate solid 
element ions through MIVOC and sputtering techniques. 

The DECRIS-5M accel-decel extraction system com-
prises of three electrodes. The electrodes, one negatively 
biased and the other grounded, are mechanically connected 
to each other using ceramic insulators. They are assembled 
together and mounted on a driven carriage capable of re-
mote positioning. The extraction gap can be adjusted up to 
a distance of 13 mm in both directions along the extraction 
axis. The plasma electrode has an aperture of 10 mm. The 
extraction voltage ranges from 15 to 20 kV. The negatively 
biased puller electrode can receive a voltage of up to 5 kV. 
Unlike the prototype, this electrode is not equipped with a 
water-cooling system in order to simplify the design. 

The first results 

Magnetic measurements were taken for each of the 
source systems, and the cooling system for the solenoids 
and plasma chamber were tested. Enhancements were 
made to the design of multiple injection components 
to improve the vacuum seal and facilitate system assem-
bly. Initial results were obtained using an argon beam 
in the ECR source test bench. At the UHF power 92 W, 
330 µA of Ar8+ ions were produced, and 200 µA of Ar11+ 

ions at 300 W (fig. 2). Further tests will be aimed at ob-
taining beams of Krypton, Xenon and Bismuth of the 
required charges. 

 
Fig. 2. The ion spectrum of 40Ar tunned on 11+ charge. 

The value of the UHF power is 360 W 
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Currently, despite the availability of various sources 
of electromagnetic radiation of low and medium power in 
a wide range of wavelengths [1], the development and 
creation of long-pulse (0.1–1 μs) sources of coherent 
electromagnetic radiation of subGW power in the milli-
meter and submillimeter ranges is of great interest for 
various scientific research and technical applications. The 
need for such radiation sources is relevant in the devel-
opment of new chemical compounds, drugs and energy 
materials, in particular for the implementation of the 
mechanism of vibration pumping processes in the crystal 
structures of materials [2]. In this regard, various promis-
ing schemes for generating radiation pulses with such 
parameters are being developed and studied at the Insti-
tute of Nuclear Physics (BINP) together with the Institute 
of Applied Physics (IAP) [3–5]. Based on one of these 
schemes, we have proposed and are currently implement-
ing a project for a subTHz free electron laser (FEL) [4, 
5], based on the electron beam (Ee = 5–10 MeV, Ib = 1– 
2 kA, normalized emittance ~500–1000 π mm mrad), gen-
erated on the new linear induction accelerator "LIU". The 
report provides a description of individual systems and the 
overall technical design of the FEL-generator (see Fig. 1).  

 
Fig. 1. 1 – stand, 2 – FEL section positioning system, 3 – input 
section of the FEL vacuum chamber, 4 – magnetic compression 
system (two solenoids) located inside the magnetic shield, 5 – 
helical undulator, 6 – platforms for mounting current leads from 
power supplies 

Despite the presence of a large number of beam in-
stabilities in a multi-module linear induction accelerator, 
we managed to select the necessary geometry of the ac-
celerating modules and the location of electromagnetic 
absorbers in them, which made it possible to obtain the 
beam at the “LIU” exit with the amplitude of the beam 
oscillations acceptable for the FEL operation. As an ex-
ample of measurement result Fig. 2 demonstrates the de-
pendence of the logarithm of the oscillation amplitude of 
 

the beam centroid on the number of the accelerating 
module. The slope of this curve characterizes the incre-
ment of the strongest BBU-instability of the electron 
beam along the accelerator which value (Г = 0.1 ± 0.02) 
coincides within the error bars with the result of our 
computer simulations. So, based on the modeling results 
and data from the first experiments on compression and 
transport in stable equilibrium of an electron beam with a 
diameter of ~10 mm, a current of 1 kA and an energy of 
5 MeV in the FEL channel close in diameter to its 
electrodynamic system, we can conclude that the com-
pressed beam from the “LIU” applicable as a driver for 
FEL in the THz range [5].   

 
Fig. 2. The dependence of the logarithm of the maximal oscilla-
tion amplitude of the beam centroid on the number of the accel-
erating module in the “LIU”, obtained from the signals of fast 
current transformers in these modules  
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Introduction 

Gyrotron travelling-wave tubes (gyro-TWTs) and 
gyrotron backward-wave oscillators (gyro-BWOs) are 
types of cyclotron resonance masers (CRMs), which dif-
fer from gyro-klystrons and gyrotrons (the most devel-
oped versions of CRM) by the potential for a much wider 
amplification band or band of smooth oscillation frequen-
cy tuning (see e.g. [1, 2]). In conventional gyro-BWOs 
using a section of a smooth waveguide, the frequency 
tuning is, as a rule, piecewise with strong variations in the 
power and spatial structure of the output radiation [3]. 

In [4] we proposed a concept of a CRM, based on the 
use of an open quasi-optical (QO) mirror transmission 
line, in which a Gaussian wave beam is guided by mirrors 
along a zigzag trajectory, so that it periodically intersects 
with the electron beam (Fig. 1). The CRM instability and 
thus resonant beam-wave interaction occurs at the regions 
of perpendicular beam-wave intersections inside which 
an electromagnetic wave with the Bz-component propa-
gates across the e-beam yielding in the cyclotron phase 
bunching and energy exchange with minor sensitivity to 
the particle velocity spread similar to a gyrotron.  

 
a) 

 
b) 

Fig. 1. Schematic layout of a gyro-TWT (a) and a gyro-BWO 
with 3-period zigzag QO transmission line 

Results 

The developed simplified theory and 3D PIC simula-
tions shows prospects of this “zigzag” CRM in realization 
of frequency tunable amplifiers and oscillators capable of 
high power and unique (octave frequency band) tuning in 
the short-millimeter wavelength range [4–9].  

In the first experiments on a zigzag gyro-BWO [10], 
it has been proven that the device can ensure the operat-
ing bandwidth as wide as one octave (more than 70%), 
within which there are a number of sufficiently wide 
bands (3–5%) with smooth and continuous tuning 
(Fig. 2). At all operating frequencies, it generates a nearly 
Gaussian wave beam at the output. Despite rather low 

interaction efficiency (around 3%), the net efficiency can 
be enhanced to 10–12% using a single-stage depressed 
collector. As the theoretical analysis shows, the gaps be-
tween the bands of continuous frequency tuning can be 
significantly narrowed (or even eliminated) using the 
specific hysteresis [8, 9]. 

 
Fig. 2. Measured bands of continuous frequency tuning for a 
zigzag gyro-BWO powered by DC power supplies with a total 
power of 10 kW  
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Generation of powerful electromagnetic radiation in 
frequency range 0.1–10 THz is one of the important tasks 
of modern physical research. One of the approaches for 
solving this problem is to apply processes of radiation 
emission from plasmas due to pumping electron plasma 
wave by a high-current relativistic electron beam (REB). 
Experimental research in this frame was started in Budker 
institute of nuclear physics at the GOL-3 facility in 2010 
year [1]. Further these studies aimed at generation of multi- 
megawatt radiation fluxes in frequency range 0.1– 
1 THz were continued at GOL-PET facility [2, 3]. There 
are several physical mechanisms to generate such radiation 
fluxes in the beam-plasma system. In particularly, among 
of them is a plasma waves conversion into electromagnetic 
ones on plasma density gradients [3] and a merging of two 
upper-hybrid waves into electromagnetic one [4]. 

To the current moment, the experimental studies at 
the GOL-PET facility have shown that the spectrum of 
the flux generated in magnetized plasma column covers 
frequency range 0.1–0.5 THz and the maximum of the 
spectral power density localizes near the upper-hybrid 
frequency 0.15–0.25 THz [5]. Pulse duration is up to 
4 us, total energy in pulse up to 10 J [6]. Flux outgoing 
from vacuum into atmosphere has angular divergence less 
than 10° and propagates at distance of several meters [7]. 

The purpose of the further experiments is to in- 
crease main frequency of the radiation flux outgoing into 
the atmosphere. As it was mention above one of the 
methods to control radiation frequency is varying of 
plasma density. In order to create preliminary plasma 
with higher density, a plasma creation system is now 
upgraded. Scheme of plasma section before and after 
upgrade presented in fig. 1. Previous configuration was 
 

 
Fig. 1. The scheme of plasma creation system before (a) and 
after (b) upgrade. 1 – high-voltage electrode; 2 – ground 
electrode; 3 – hydrogen puffing 
 
 
 

described in [8]. Three main changes were made during the 
upgrade. Higher plasma density requires higher density of 
the neutral gas. In order to ensure sufficient density level 
of neutral hydrogen, a gas puffing system was 
reconstructed to provide gas puffing in cross-section of 
the REB transportation. Configuration of discharge 
electrodes was modified to ensure preliminary plasma 
discharge developing inside quartz tube. That's why two 
half-ring electrodes located in a center cross-section of a 
quartz tube and powered by the same voltage was 
removed. 

Two ring electrodes was installed at ends of the 
quartz tube. High voltage applied only to one of these 
electrodes and the second is grounded. Also to de- crease 
time of plasma discharge developing a system to form 
high-voltage pulse was reconstructed. In given report 
changes of plasma creation system will be described. 
Parameters of preliminary plasma and REB-plasma 
system measured in experiments with new plasma 
creation system will be presented. Ac- cordance of the 
properties of the upgraded plasma creation system to 
general requirements of the THz radiation flux generation 
in the GOL-PET facility has been tested in a series of 
experiments. 
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Currently, the possibility of creating gyrotrons oper-
ating at the frequency of 1 THz with the output wave 
power at the level of several kilowatts is being investigat-
ed at the IAP RAS [1]. Such gyrotrons should be used to 
provide a gas-discharge plasma; this is a way to create a 
stable point-like source of extreme UV radiation.  

To ensure 1 THz radiation, it is attractive to work at 
higher harmonics of the cyclotron frequency using the 
large-orbit-gyrotron configuration (based on axis-
encircling electron beams) providing an improved mode 
selectivity. In 2008, a pulsed gyrotron was successfully 
implemented, in which, when operating on the 3rd cyclo-
tron harmonic at the mode TE 3,7 at an accelerating volt-
age of 80 kV in a magnetic field of 13.7 T, radiation at a 
frequency of 1 THz with a power of 0.4 kW was obtained 
[2]. Work is underway to modify this gyrotron in order to 
increase the radiation power at a frequency of 1 THz to a 
level of several kW [1]. At the first stage of the modifica-
tion in the 80 kV / 0.7 A/10 µs version, a cavity with a 
short selective irregularity (Fig. 1) was used in a new 
experiment. This modification allowed to expand the 
range of parameters of the selective excitation of the op-
erating high-harmonic wave, as well as to increase the 
output radiation power up to 1.3 kW due to a significant 
reduction of Ohmic losses [3]. According to CST simula-
tions (Fig. 1), this became possible due to the transition 
to operation on the two-variation axial mode having a 
reduced diffraction Q-factor.  

    
 

Fig. 1. CST simulations of the gyrotron based on the cavity 
with a short azimuthal selective irregularity 

In the experiment [3], the characteristic duration of 
the output wave power was ~ 10 µs (Fig. 2 a). Recently, 
in a new series of experiments the duration of the output 
wave pulse has been increased up to ~ 30 µs (Fig. 2 b) at 
practically the same level of the output power. In addi-
tion, in the long-pulse experiment we observed a regime 
of competitions of two axial mode, where the lowest axial 
mode was exited at the edges of the electron beam pulse, 
whereas in the center of the pulse the second axial mode 
(having lower ohmic losses and, therefore, higher power) 
was generated (Fig. 2 c). Two-peak pulses of the output 
power were also observed (Fig. 2 d). 

As a way for the further increase in the output power, 
we consider transition from 80 kV / 0.7 A to 100 kV / 1.2 A 
electron beam. SCT simulations predict the possibility for 
achieving the output power of 4 kW in this case due to (i) 
doubling the electron beam power was doubled, (ii) in-
crease in the electron-wave coupling in the case of the 
higher electron energy, and (iii) decrease in Ohmic losses 

[1]. However, a special cavity providing selective excita-
tion of the third cyclotron harmonic should be used.  

 

 
 

Fig. 2. Typical oscilloscope traces. Voltage, current, and the 
detected output power versus the time in regimes of (a) 10 µs 
and (b) 30 µs operation, as well as (c) in the regime of competi-
tion of two axial modes and (d) in the two-pulse regime  

 

 
Fig. 3. Scheme of the gyrotron radiation input into a quasi-
optical cavity with a traveling wave. The stages of correction 
and the result of focusing the wave beam are shown  

 
One more way to increase the wave power used to 

provide the plasma discharge is to use a quasi-optical 
cavity three-mirror cavity consisting of two focusing mir-
rors and one flat corrugated Bragg-type photonic struc-
ture providing coupling between the gyrotron wave pulse 
and the operating wave of the cavity (Fig. 3). Despite the 
high pumping frequency (1 THz) and, therefore, a huge 
oversize factor (the ratio between typical sized to the 
wavelength) of the operating cavity, as well as despite the 
pulsed character of the output wave signal of the 
gyrotron, it is possible to propose a cavity that ensures 
both effective accumulation of the wave signal in time 
and focusing of the wave in space simultaneously [4]. 
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Introduction 

Gyrodevices make it possible to obtain high power in 
the mm wavelength range. In particular, gyrotrons are 
used for microwave generation [1]. To achieve maximum 
efficiency, optimization is carried out according to a vari-
ety of parameters, which requires multiple calculations of 
various device components.  

This paper lists the possibilities implemented in the 
ANGEL software package created at the IAP RAS, de-
signed for the development and optimization of 
gyrotrons. This complex contains numerous tools for tra-
jectory analysis, modeling of electron-wave interaction, 
analysis and synthesis of output transducers and windows 
for gyrodevices. The entire software package is enclosed 
in an integrated development environment that makes it 
possible to carry out the primary design of the device, 
select regimes and configure parameters, analyze the pro-
cessed calculation results in tabular and graphical form. 

Trajectory analysis 

For the design and optimization of the electron gun 
and collector, a trajectory analysis is performed. This 
allows calculating the trajectories of electrons from the 
emitter to the collector. It is assumed that the gun oper-
ates in the regime of temperature limitation of emission. 
An initial velocity spread can be added to the position 
velocity spread, which simulates the roughness of the 
cathode. The calculation can be performed both without 
and with taking into account the static spatial charge of 
the beam. The algorithm implemented in the code con-
sists in an iterative solution of the Poisson equation by 
the method of discrete sources together with the method 
of current tubes [2, 3]. Basically, an azimuthally symmet-
ric (2D) magnetic system and an electrode system are 
used. Therefore, it allows to quickly obtain a result by 
performing a calculation. It is also possible to set azi-
muthally asymmetric electron emission and form elec-
tron-optical systems (EOS) with misalignment of the 
electrode and magnetic subsystems. In addition to the 
static calculation model, modeling of dynamic processes 
has been implemented, including reflected electrons. 

Electron-Wave interaction 

The possibility of mode excitation in the first approx-
imation is proportional to the structure factor. The calcu-
lation of starting currents Ist(B0) is an additional tool for 
analyzing the conditions of self-excitation of the operat-
ing mode and estimating the probability of excitation of 
competing modes [4]. The efficiency of the electron-
wave interaction and the power of the output radiation of 
gyrotrons with a hollow or coaxial resonator can be found 
within the framework of a stationary self-consistent mod-
el that takes into account the heterogeneity of the static 
magnetic field, and the spread of oscillatory electron ve-
locities [5]. Non-stationary models with both fixed and 

self-consistent field structure are used to analyze the start 
up scenarios and modes competition [6]. 

Radiation output system 

The radiation output system includes a wave beam 
transportation system with the possibility of converting 
the transverse structure and an output window. To opti-
mize the transportation system, the following tools are 
integrated into the ANGEL complex: synthesis of a wave 
converter with a gyrotron TEm,p mode into a Gaussian 
wave beam, convenient for further transportation [7]; 
analysis of RF-fields in the entire output path consisting 
of a converter and a set of cylindrical, parabolic and flat 
reflectors [8]; preparation of geometric parameters and 
visualization of fields. The tools implemented in the 
ANGEL software package allow to optimize the output 
window consisting of a set of flat layers. 

Conclusion 

Mathematical models implemented in the ANGEL 
software package make it possible to perform preliminary 
optimization of gyrotron parameters using minimal com-
putational and time resources. The results of calculations 
based on these models have been repeatedly verified both 
in comparison with calculations in other programs and 
with experimental gyrotron data. Currently, the ANGEL 
software package is actively used in the IAP RAS and 
GYCOM Ltd. in the development of gyrotrons with vari-
ous frequency ranges and powers. 

Acknowledgements 
The authors are grateful to A.S. Sergeev, M.Yu. 

Glyavin, V.E. Zapevalov, A.P. Fokin and A.S. Sedov. 
The work supported by State Agreement 

#Н.4а.241.19.24.1024 from 20.03.2024, Contract 
#17706413348240000190/37-24/01/45-416 from 22.05. 
2024. 

References 
1. G. S. Nusinovich, M. K. A. Thumm, M. I. Petelin, J. Infra-

red Millim. THz Waves, 2014, 35(4), 325–381. 
2. V. K. Lygin, V. E. Manuilov, Sh. E. Tsimring, 

Elektronnaya tekhnica. Ser.1. Elektronica SVCh, 1987. 
7(401), 36–38. 

3. E. S. Semenov, O. P. Plankin, R. M. Rosenthal. Izvestiya 
VUZ Applied Nonlinear Dynamics., 2015, 23 (3), 94–105. 

4. E. S. Semenov, A. S. Zuev, A. P. Fokin, Information and 
mathematical technologies in science and management, 
2022, № 1 (25), 35–47.  

5. E. S. Semenov, M. D. Proyavin, M. V. Morozkin,  et al., 
Radiophys. Quantum Electron., 2023, 66(7/8). 

6. E. S. Semenov, V. E. Zapevalov, A. S. Zuev, Communic. 
in Computer and Information Science, 2021, 1413, 49–62. 

7. D. I. Sobolev and G. G. Denisov, IEEE Trans. Plasma Sci., 
2010, 38(10), 2825–2830. 

8. A. P. Gashturi and D. I. Sobolev, Radiophys. Quantum 
Electron., 2022, 65(5), 442–450. 



154 

Kinetic instabilities of a mirror confined plasma driven 
by strong electron-cyclotron heating 

A. G. Shalashov, E. D. Gospodchikov, I. V. Izotov, V. A. Skalyga, M. E. Viktorov 
A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia,  

ags@ipfran.ru 

In this paper, we focus on electron-cyclotron interac-
tion of electromagnetic waves and plasma confined in 
laboratory mirror traps. Such studies are usually associat-
ed with electron-cyclotron resonance plasma heating used 
to achieve a high electron temperature in open magnetic 
configurations of various scales, from compact techno-
logical ion sources to large-scale magnetic traps used in 
fusion researches. These applications have a long history 
but still remain topical, mostly due to a progress in the 
development of high-power sources of microwave radia-
tion, especially gyrotrons, followed by essential increas-
ing the rf-power load and thereby by increasing the popu-
lation of non-equilibrium resonant electrons.  

The interaction of rf waves with resonant electrons 
leads to a specific transport of electrons in a momentum 
space that ends with their falling into the loss-cone and 
precipitation from a trap. Such electrons may result in the 
development of electromagnetic electron-cyclotron insta-
bilities in a wider frequency range then those used for the 
resonant plasma heating. If this occurs, suprathermal 
electrons act as an amplifying medium for its own elec-
tromagnetic noise while bulk plasma and vacuum cham-
ber serve as a cavity providing positive feedback for 
unstable modes. In many cases this mechanism deter-
mines the losses of excess energy stored in accelerated 
electrons, thereby limiting the achievement of peak plas-
ma parameters in applications [1]. Recent advance in 
the basic theory suggests approaches for the control of 
 

 
Fig. 1. Example of bifurcation of electron cyclotron instability 
regimes found in ECR ion source at the JYFL accelerator labor-
atory. Intensity of microwave emission in 8–12 GHz band re-
ferred to the generation of (a) periodic bursts, (b) cw emission, 
and (c) spontaneous transition from quasiperiodic bursts to 
cw and back. Stray radiation of the heating TWT amplifier at 
11.8 GHz is shown with a red line. Three regimes differ only by 
the value of the minimum magnetic field in the trap: Bmin/BECR = 
= 0.935 for the burst, 0.947 for the cw, and 0.98 for the transient 
regimes, correspondingly. First published in [5] 

 
Fig. 2. Example of electron precipitations through the axial 
mirror with energies of (a) 51.2±0.25 keV and (b) 201.6± 
±0.25 keV measured at JYFL ECR ion source; the microwave 
emission in the 8–15 GHz range is denoted with red lines. (c) 
Energy distributions of escaping electrons averaged over 100 s 
in the stable, burst, and cw regimes First published in [5] 

 
 

unwanted plasma turbulence caused by the strong ECR 
heating. We review these new ideas aimed at fundamental 
understanding of various dynamic regimes of cyclotron 
maser emission in laboratory traps [2–4], discuss its ex-
perimental verification available at present [5–7] and 
achievement of a better plasma performance in applica-
tions [8].  
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Today, the problem of creating sources of high-power 
pulses of electromagnetic radiation in the mm/submm 
range is of great interest for scientific research and tech-
nical applications. In this regard, the research activities 
on the creation of such sources based on various genera-
tion schemes are being successfully developed by the 
BINP (Novosibirsk) together with the IAP (Nizhnii Nov-
gorod). Among them are the experiments with beam-
plasma generator of intense fluxes of THz radiation in the 
range 0.1–0.5 THz with a power level of ~10 MW, a du-
ration of ~1 μs at the GOL-PET device (BINP) [1]. In 
these experiments, plasma waves are pumped by a high-
current electron beam (0.6–1 MeV/20 kA/8 μs) in a 
plasma with a density of 1014–1015 cm–3, confined in a 
multi-mirror trap with the magnetic field of 4 T. Another 
high-power source of mm-radiation is a planar free elec-
tron maser (FEM) with two-dimensional feedback at the 
ELMI-device (BINP). In this maser a sheet electron beam 
(0.7–0.9 MeV/3 kA/5 μs) pumps EM-oscillations in a 
hybrid Bragg resonator and produces 20–40 MW narrow-
band radiation pulses at a frequency of 75 GHz with a 
duration of 100 ns [2]. In addition, two projects of high-
power THz-radiation sources are being constructed now 
by the BINP together with the IAP. The first is a new 
FEL-generator based on an electron beam formed by the 
linear induction accelerator LIU (5 MeV/2 kA/100 ns). It 
will advance long-pulse FELs into subTHz/THz ranges 
with subgigawatt power level and energy content in a 
radiation pulse of ~10–100 J [3, 4]. Another one is a 
high-power short-wavelength Cherenkov maser of planar 
geometry [5] based on a sheet electron beam (0.7– 
0.9 MeV/2–3 kA/5 μs), which pumps the surface wave in 
the area adjacent to the two-dimensional Bragg struc-
tures. According to calculations, it will allow generating 
intense flows of coherent radiation in the frequency range 
up to 300 GHz with a subgigawatt power level. 

All of these sources of mm/submm radiation use 
high- intensity relativistic electron beams (REB) with 
small energy and angular spreads of their particles as a 
driver. The values of these spreads determine the level of 
the beam-wave interaction and, ultimately, the electron 
efficiency of the interaction. To generate such beams of 
microsecond duration, we use a magnetically insulated 
diode of ribbon geometry [6]. For this type of diode, we 
analyzed the contributions of the main sources of angular 
divergence of the beam electrons: noncollinearity of the 
electric and magnetic fields near the cathode surface, 
cathode roughness, anode lens effect, and nonadiabaticity 
of the beam compression by the magnetic field. Based on 
these results, the necessary conditions for achieving max-
imum beam current density at minimum angular diver-
gence of beam electrons are discussed. To generate a 
hundred nanosecond beam in the linear induction acceler-
ator, we use an axially symmetric diode with Pierce ge-
ometry in the absence of a magnetic field. For this type of 

diode, we studied the contribution of the cathode temper-
ature, residual magnetic field, and cathode roughness to 
the value of the normalized beam emittance [7]. Various 
aspects of ensuring the transportation of such beams in 
slit and round channels under stable equilibrium condi-
tions are considered. 

In relation to the beam-plasma generator, the prob-
lem of transforming the ribbon cross-section of an intense 
electron beam into a round one without loss of current 
and subsequent compression of the beam cross-section by 
a magnetic field has been solved [8]. The conditions for 
achieving synchronism between the motion of the beam 
electrons and plasma waves [9] and the possibility of 
transforming plasma waves into a well-directed flux of 
EM radiation [10, 11] are discussed. 

The presented analytical estimates, as well as the re-
sults of modeling the processes of the beam generation, 
transport and transformation of its cross section are con-
firmed by data obtained in experiments on both men-
tioned devices.  
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The research in the field of heavy ion physics and the 
synthesis of superheavy elements, the improvement of 
methods and technologies for accelerating charged parti-
cle beams, and new horizons in nuclear and quantum 
physics continuously pose ambitious tasks in the devel-
opment of ion sources with previously inaccessible char-
acteristics. Among the most striking current projects are 
the Superheavy Element Factory at the Joint Institute for 
Nuclear Research (JINR) in Russia and the Heavy Ion 
Accelerator Facility at the Institute of Modern Physics of 
the Chinese Academy of Sciences (IMP CAS) in China. 
Depending on the specific experiment, generation of 
beams of multiply charged ions up to uranium with a 
charge of up to +40 and a current of up to 1 mA is re-
quired. Existing ion sources are not able to satisfy all the 
requirements and provide such a high current of ions with 
a similar charge. Solutions to the problems of further in-
creasing the current and particle charge while maintaining 
high beam quality are critical in a number of experiments. 

One of the most promising types of multiply charged 
ion beam injectors are systems based on electron cyclo-
tron resonance (ECR) discharge plasma confined in open 
magnetic traps, or ECR ion sources (ECRIS). The main 
direction of ECRIS development is an increase of fre-
quency and power of radiation used to heat the plasma. 
All ECRISs operating at frequencies above 24 GHz use 
modern gyrotrons as a radiation source. IMP CAS is the 
present leader in the ECRIS development in the world. In 
Russia, the greatest experience in this field has been ac-
cumulated at JINR, Dubna. IMP CAS is currently creat-
ing a source using a classical design with a record plasma 
heating frequency of 45 GHz and a power of up to 
20 kW. But even this flagship system will not be able to 
satisfy all the requirements of the most modern projects. 
The task has been set to search for new principles for con-
structing high-current sources of ultra-highly charged ions. 

Another approach to creating (improving) the re-
quired sources is associated with the use of a high-current 
quasi-gasdynamic source of multiply charged ions. Such 
a source was proposed at IAP RAS and it is based on 
studies of ECR discharge in simple magnetic traps sus-
tained by gyrotron microwave radiation with a frequency 
of up to 75 GHz and a power of hundreds of kW. The use 
of powerful millimeter-wave radiation made it possible to 
obtain plasma with a density of up to 1014 cm–3, which 
ensured the transition to a quasi-gasdynamic regime of 
plasma confinement with a short lifetime (several tens of 
microseconds) and, accordingly, to obtain plasma flows 
with an equivalent density of up to 10 A/cm2. The possi-

bility of using this mode to obtain ion beams with high 
current and low emittance was demonstrated. In the 
pulsed operating mode of the source, experiments per-
formed to date have demonstrated the possibility of 
obtaining beams of multiply charged nitrogen and argon 
ions with a total current of more than 150 mA and a 
normalized emittance of 0.9 π·mm·mrad [1], beams 
of hydrogen ions with a current of 450 mA and 
0.07 π·mm·mrad emittance [2]. This combination of pa-
rameters is a record to date. Thus, the use of a quasi-
gasdynamic ion source with powerful microwave 
gyrotron heating makes it possible to obtain ion beams 
with record currents and a moderate average charge. 

A new concept for generating high-current 
multicharged beams is to use a quasi-gasdynamic ion 
source in combination with a linear pre-acceleration sys-
tem (up to energies of the order of 1 MeV) and an addi-
tional solid-state “stripping” system (foil stripper). Esti-
mates show that a current of 1 mA of heavy ions with a 
charge of +40 can be achieved with additional “stripping” 
of the beam with a charge from +10 to +20 and a current 
of 10 mA. This paper is devoted to discussion of possible 
ways and prospects of an ion source development for the 
implementation of such a scheme. 

To carry out experimental research at the Institute of 
Applied Physics of the Russian Academy of Sciences, it 
is planned to use the SMIS 37/75 facility after its signifi-
cant modernization. The modernization involves the 
launch of new power systems for gyrotron complexes and 
new magnetic systems (including those based on perma-
nent magnets), which will allow experiments with high 
pulse repetition rates (up to 5 Hz), a record level of spe-
cific energy input into plasma (up to 1 kW/cm3) and a 
sufficient level of the magnetic field of the trap (up to 
3 T). During the experiments the limiting capabilities of 
high-current ECR sources of multiply charged ions with 
plasma heating will be investigated. 
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An original plasma-chemical facility has been devel-
oped at the GPI RAS, based on the powerful pulsed 
gyrotron (power up to 0.8 MW, pulse duration up to 
12 ms, 75 GHz [1]). The description of the experiment, 
diagnostics, the conditions for the development of a mi-
crowave discharge, and the evolution of process parame-
ters in the reactor are described in detail in [2]. Chain 
plasma-chemical synthesis reaction was initiated when 
absorbed microwave energy in the powders mixture were 
reached 1–3 kJ [3]. The synthesis phase duration of the 
chain process was as long as several seconds. The first 
stage of the chain reaction is accompanied by the expan-
sion of charged particles according to the Coulomb 
mechanism from the surface of the powder mixture into 
the reactor volume. These particles serve as additional 
centers of condensation of synthesized secondary materi-
als. The addition of catalysts to the mixture of powders 
makes it possible to lengthen the second stage of the 
chain process and transfer the reactions to a self-
oscillatory mode. Various types of particle observed in 
our samples cannot be obtained by melting or oxidizing 
the initial particles of metals and dielectrics. This indi-
cates that the evaporation and subsequent condensation of 
materials occur during the plasma synthesis. Together 
with the data on the formation of hexagonal BN particles 
from the cubic form in the precursor powder [3], these 
results confirm that new materials are synthetized in reac-
tions.   

To date, the synthesis of materials has been carried 
out in many experiments for various applied problems. 
In this report we will focus on two tasks. 1. The synthesis 
of heterogeneous catalysts in the form of microparticles 
from various dielectrics with nanoparticles of platinum, 
palladium, copper, silver, etc. deposited on them 
(Figure 1). With the examples of their use in the reactions 
of methylcyclohexane dehydrogenation and olefin oxida-
tion. 2. The synthesis of oxide, nitride and oxonitride 
ceramic materials with the introduction of doping addi-
tives (rare earth metals) to impart luminescent properties 
in Al/Al2O3/melamine mixtures with the addition of eu-
ropium acetylacetonates (Eu(acac)3) and cerium 
(Ce(acac)3). Intense bands are observed in the 
cathodoluminescence emission spectra (Figure 2).  
  

 

 

 

 
 

Fig. 1. Top row SEM (right) and TEM (left) images 
of the sample with platinum. Bottom row EDX cards 

 
Fig. 2. Cathodoluminescence emission spectra of materials 
syntheses in the mixtures Al/Al2O3/melamine/Ce(acac)3 (left – 
1:2:1, right – 2:2:1), poured on top of the powder AlN 
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High-power gyrotrons at the sub-terahertz and te-
rahertz frequency range are currently in demand in a 
number of modern scientific applications, such as techno-
logical complexes for sintering composite materials, 
spectroscopy and diagnostics of various media, develop-
ment of communication systems, environmental monitor-
ing, and security systems. A number of the above applica-
tions require radiation sources with moderate power level 
(from tens of watts to several kilowatts), operating in 
long-pulse or continuous-wave (CW) regimes. In addi-
tion, a smooth-tunable of a generation frequency within a 
few percent is required. 

At the same time, in the submillimeter wavelength 
range, at the moment, the power of gyrotrons, even in 
record-breaking devices, does not exceed several kilo-
watts in CW regime and several hundred kilowatts in 
pulsed regime even at a wavelength of about 1 mm. 
Moreover, in the vast majority of experiments, the radia-
tion power dropped quite quickly as the wavelength 
shortened. The main problem in the implementation of 
short-wave gyrotrons is the selective excitation of an op-
erating mode. 

One of the methods of a radical increase in the output 
power and improvement of selective properties of short-
wave gyrotrons compared to existing analogues can be 
achieved by developing modified circuits that differ in 
the configuration of the interaction space. For example, in 
article [1] gyrotron based on confocal 2-mirror resonator 
was investigated. Such circuit configuration allows to 
provide smooth frequency tuning by changing a gap be-
tween mirrors. However, the efficiency of electron-wave 
interaction for this oscillator powered by a tubular 
polyhelical electron beam (HEB) is rather low due to 
non-optimal operating mode transverse structure. Double-
confocal configuration proposed in [2] partially solves 
this problem, but does not provide the optimal efficiency 
value due to the standing structure of the operating mode, 
as in the previous case. 

To solve these problems, we propose gyrotron 
scheme with triple confocal resonator consisting of 6 mir-
rors, the distance between which is much larger than a 
radiation wavelength [3]. In addition to the standing 
mode formed by 3 confocal resonators, such a system has 
a high-quality rotating mode formed by a pair of three-
mirror resonators. With optimally selected parameters, 
the specified electrodynamic system is capable of provid-
ing selective excitation of the operating mode. Such a 
system can be driven by a tubular HEB formed in a con-
ventional magnetron-injection gun. Note that this scheme 
ensures frequency tuning by mechanical variation of the 
distance between mirrors. Another important advantage 
of the proposed electrodynamic system configuration is 
 

the bility to operate at harmonics of the cyclotron fre-
quency. This report is devoted to modeling the 
electrodynamic characteristics of a 6-mirror gyrotron-
type resonator, as well as PIC simulations of the electron-
wave interaction in the gyrotron with a such resonator 
type. A comparison of the three resonator schemes de-
scribed above was carried out. 

Figure 1 demonstrates modeling results of the steady-
state single-frequency oscillations establishment for the 
gyrotron with 6-mirror cavity in the cases of rotating 
mode excitation. Simulations were performed by 3D PIC 
(particle-in-cell) method based on CST STUDIO SUITE 
software. The gyrotron was powered by the HEB with 
electron’s energy of 30 keV, total current of 5 A and 
pitch-factor of 1.2. The electrons rotated in a homogene-
ous magnetic field with the intensity of 7.5 T correspond-
ing to a resonance with an operating mode at the funda-
mental cyclotron harmonic. The operating frequency was 
chosen near 200 GHz to provide parameters required for 
potential applications. The spatial distributions of the 
radiation fields are close to the cavity eigenmode. The 
maximum radiation power reaches 10 kW which corre-
sponds to total efficiency of ~ 7%. Further increasing of 
the efficiency can be achieved by using of an energy re-
covery system [4]. 

(a) (b) 

   

Fig. 1. Results of 3D PIC simulations: (a) scenario of estab-
lishment of steady-state regime, (b) Hz structure at an operating 
frequency 
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Magnetic mirror systems for plasma confinement 
(mirror traps) hold potential for controlled nuclear fusion 
applications. A mirror cell of simple design could serve 
as a D-T nuclear fusion neutron source, generating a neu-
tron flux with power density of several megawatts per 
square meter [1]. This is essential for research on the first 
wall of future fusion reactors and controlling subcritical 
fission reactors, including the disposal of long-lived radi-
oactive waste [2]. Advanced magnetic mirror traps with 
improved longitudinal particle confinement can serve as 
the basis for fusion reactors with a high power amplifica-
tion factor (Q >> 1) that can use alternative, non-
radioactive fuels. Since 1986, the Budker Institute of Nu-
clear Physics has studied the principles of mirror trap 
physics at the Gas Dynamic Trap (GDT) facility. Recent 
unique results from the GDT hold promise for ambitious 
future projects based on open traps [3]. Achievements 
include successful hot plasma confinement with a high 
relative pressure (ratio of plasma pressure to magnetic 
field pressure) β = 0.6 [4], a fast deuterium ion density of 
nfast ∼ 5×1019 m−3 with an average energy of 10 keV, and 
electron temperatures Te ∼ 1 keV with additional electron 
cyclotron resonance (ECR) heating of moderate power 
[5]. 

The current research program at the GDT focuses on 
several key plasma confinement issues in mirror traps. 

High β Regimes 

Achieving maximum relative plasma pressure β is 
crucial for developing future fusion reactors based on 
mirror traps, since the thermonuclear power gain coeffi-
cient depends on the relative pressure as 𝑄DT ∝

𝛽
�1−𝛽

. 

High β regimes approaching β → 1, known as “diamag-
netic confinement” [6], are of particular interest. Fast 
ions, generated through charge exchange of powerful 
neutral atom beams with the target plasma, are the prime 
contributors to the plasma pressure. These ions oscillate 
between the so-called turning points, where they exert 
peak pressure. Previous experiments achieved a hot ion β 
of 0.6 at the turning points. In the new experiments, by 
reducing the distance between turning points at a constant 
beam heating power, we have achieved β ≈ 0.45 at the 
GDT central plane, suggesting that in this configuration β 
could approach unity at the turning points. 

Kinetic Instabilities 

High anisotropy in the fast ion distribution can trig-
ger kinetic instabilities that scatter ions into the loss cone, 
reducing neutron flux efficiency. In mirror traps, Drift-
Cyclotron Loss-Cone instability often arises [7], but it 
can be stabilized by partially filling the loss cone with 
warm ions, which has been experimentally demonstrated 
at the GDT. 

When β exceeds a certain threshold, Alfven Ion Cy-
clotron instability occurs [8], slightly widening the fast 
ion peak at the turning points; however, the related power 
loss is less than 0.5% of total captured neutral beam power. 

Electron Cyclotron Heating 

The confinement time of fast ions in a plasma with 
relatively cold electrons is determined by Coulomb colli-
sions as ∝ 𝑇𝑒

3/2. Electron temperature, therefore, limits 
the confinement time and power efficiency of a beam-
driven magnetic mirror fusion reactor. Typical electron 
temperatures in GDT are around 250 eV. In 2014 exper-
iments, an on-axis electron temperature of 660 ± 50 eV 
(with plasma density of 0.7×1019 m−3) was achieved, oc-
casionally exceeding 900 eV in several plasma discharg-
es. To obtain these temperatures a 0.7 MW/54.5 GHz 
ECR heating system was used in addition to standard 
5 MW neutral beam heating. 

To achieve a wide heating profile, ECR heating at the 
second harmonic of an extraordinary wave was proposed, 
utilizing a new gyrotron with 800 kW output at 
54.5 GHz. Initial experiments showed a 25% increase in 
electron temperature across the entire profile with 
300 kW injected ECR power (fig. 1), as well as increas-
ing in plasma diamagnetic flux and neutron yield.  

 
Fig. 1. Profiles of electron temperature with ECR heating  
and without it measured by Thomson scattering diagnostic 
system 

References 
1. Bagryansky P. A. et al. Fusion Eng. Des., 2004, 70, 13. 
2. Simonen T. C. et al. Nucl. Fusion, 2013, 53, 063002. 
3. Skovorodin D. I. et al. Plas. Phys. Reports, 2023, 49(9), 

1039. 
4. Ivanov A. A. et al. Trans. Fus. Technol., 2001, 39, 127. 
5. Bagryansky P. A. et al. Phys. Rev. Lett., 2015, 114, 205001. 
6. Beklemishev A. D. Phys. Plasmas, 2016, 23, 082506. 
7. Kotelnikov I. A. et al. Phys. Plasmas, 2017, 24, 122512. 
8. Chernoshtanov I. S. and Tsidulko Y. A. Fus. Sci. Tech., 

2013, 63(1T), 319–321. 
 



160 

Development of field emitters electron-optical systems 
for sub-terahertz gyrotron with an annular electron beam  

G. G. Sominskii1, V. E. Sezonov1, T. A. Tumareva1, E. P. Taradaev1, S. P. Taradaev1, 
M. Yu. Glyavin2, A. S. Zuev2 

1 Peter the Great St. Petersburg Polytechnic University, 195251, Russia, St. Petersburg, 29 Polytechnicheskaya st. 
2 A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, 46 Ul’yanov st. 

Subterahertz gyrotrons devices are used for plasma 
heating, for diagnostic of various media and other appli-
cations [1, 2]. Traditionally, to form electron flows in 
such devices magnetron injection guns (MIG) with ther-
mal cathodes are used. MIG forms polyhelical electron 
flow with velocity spread and transverse energy reasona-
ble for effective electron beam – microwave interaction. 
The use of thermal cathodes with continuous filament 
complicates the design of compact cathode units and 
made impossible inertia-free operation. The last one 
looks promising for some goals. It seems tempting to 
replace thermionic cathodes with non-heated field emit-
ters in subterahertz tubes to solve both problems. 

Using numerical modeling methods and experimen-
tally, the patterns of formation of electron flows by elec-
tron optical systems (EOS) with field emitters of a new 
type developed by the authors were studied [3, 4]. The 
influence of inhomogeneous magnetic and electric fields 
on the formation of flows has been studied. The limiting 
currents of the studied EOS are determined, and the elec-
tron velocity distribution functions are found. It is shown 
that the generation powers achievable with such parame-
ters of electron beams are sufficient for most of the appli-
cations under consideration. Optimized EOS provide 
electron currents up to 50–100 mA and give a possibility 
to realized stable operation at typical technical pressures 
of ~ 10–7–10–8 Torr. 

The main focus of the study was on examining the 
operation of EOS and gyrotron development based on the 
most attractive and reliable multi-tip emitters with a spe-
cial metal-fullerene coating [3] on a silicon substrate and 

multilayer emitters made of hafnium and platinum 
nanolayers brought into contact. Since the experimentally 
observed pitch factor values are somewhat lower than in 

 

 
 

Fig. 1. Multi-tip cathode. a – emitting cathode belt, b – opti-
mized tip structure: tip height and spacing between them is 
30 micrometers. Cathodes with diameters D = 14 mm and 
18 mm were investigated with a belt width d of 0.65 mm 

 

thermionic cathodes, to achieve stable single-mode las-
ing, a larger length of the interaction space is required 
than in traditional gyrotrons. 

 
Fig. 2. Schematic representation of a multilayer hafnium plati-
num cathode on a thin substrate: 1 – multilayer cathode holder, 
2 – emitting tape (a); emitting cathode structure. Cathodes with 
diameters D = 14 mm were investigated (b) 

 
Results of numerical simulations demonstrate that 

under the specified parameters, an electron beam in a 
subterahertz gyrotron with a operating frequency of 
140 GHz can achieve an output microwave power of 
about 50 W. 
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Achieving extremely high relative plasma pressure 
(β ̴ 1) has been a long-standing dream of the fusion com-
munity, since it allows to realize the idea of magnetic 
confinement as efficiently as possible. Today such re-
gimes are considered as the most promising for achieving 
reactor parameters in cusp [1] and mirror [2] open traps. 
In the prototype of a fusion reactor, based on the GDMT 
mirror trap, it is supposed to create an equilibrium in 
which the magnetic field will be completely displaced 
from the plasma (diamagnetic bubble [3]) due to high-
power neutral injection. Since all losses of particles and 
energy through the open ends of the system will be dic-
tated by a narrow transition layer with a size smaller than 
the radius of the bubble (λ<<a), the plasma lifetime 
should increase by a/λ times compared to time of gas-
dynamic outflow. Thus, the size of the transition layer is 
an important parameter that affects not only the rate of 
losses, but also the maximum pressure of the confined 
plasma. Indeed, if the layer turns out to be comparable or 
even smaller than the ion gyroradius, ion trajectories can 
no longer be considered circular, so the plasma pressure 
inside it becomes non-gyrotropic (the azimuthal momen-
tum flux Πφφ does not coincide with the radial one Πrr). 
Under these conditions, the MHD limit β=1 for the cen-
tral region of the confined plasma can be markedly ex-
ceeded.  

At the moment, however, there is no consensus re-
garding the size of current sheet. In Kotelnikov’s theory 
[4], which neglects charge separation fields and assumes 
the dominance of the diamagnetic current of ions, this 
size is several ion gyroradii ρi. In 2D PIC simulations of a 
multicusp trap [5], a jump in the electric potential (Ti/e) is 
formed in the transition layer, so the current is created by 
the electron E×B-drift, and the size of the sheet decreases 
to 4ρe. At the same time, 2D PIC simulations [6, 7] with 
the resolution of the particle drift direction show that the 
electric field transverse to the layer is also formed, but the 
current sheet turns out to be unstable against drift ion-
cyclotron instabilities, which lead to its broadening to a 
size of the order of ρi.  

To understand which estimate for the transition layer 
size is more adequate in equilibria with a completely dis-
placed magnetic field and how strongly the MHD pres-
sure limit can be exceeded in such equilibria, we perform 
three-dimensional particle-in-cell simulations of plasma 
injection into various magnetic configurations (uniform, 
mirror and cusp) using a semi-implicit 3D3V PIC code 
with precise energy and charge conservation [8]. For a 
cylindrical plasma column in a uniform field, the size of 
the current sheet is found to be independent of ion mass, 
and the growth of plasma pressure is stabilized at β=1.15 
due to the development of MHD instability (Fig. 1). 

 
Fig. 1. Azimuthal current at the plasma cross section during the 
development of MHD instability (top) and radial profiles of β 
calculated from Πrr, Πφφ, non-gyrotropic addition ΔΠ and the 
pressure of displaced magnetic field 1-B2/Bv

2 
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The electron cyclotron system, along with ion cyclo-
tron and neutral beams, is one of the additional heating 
systems of the ITER project. As the baseline, the project 
planned to use 24 gyrotrons with an output power of 
about 1 MW each, two 20 MW ion-cyclotron heating 
units and two 16 MW neutral beam sources with particle 
energy up to 1 MeV. All systems were considered prom-
ising not only for heating plasma components, but also 
for generating or maintaining a toroidal current. For the 
electron cyclotron system (EC), additional functions were 
planned: the breakdown and initial formation of plasma 
and the suppression of MHD instabilities, which involved 
the use of gyrotrons in a pulse-periodical regime with 
modulation frequency of up to 5 kHz. It should be noted 
that the mentioned prospects were associated with expec-
tations of the successful development of technology sam-
ples for all three methods and the possibility of their use 
for thermonuclear plasma purposes. However, to date, of 
all the methods, only gyrotrons have achieved the 
planned parameters. Therefore, and also in connection 
with the change in the material of the first wall of the 
reactor to tungsten, it is planned to increase the power 
of the gyrotron complex by 2 times by the first stage of 
ITER operation (Augmented First Plasma) and then by 
the next phase (DT1) to increase the total number of 
gyrotrons to 72. Meanwhile, the prospects of other meth-
ods need to be explored. 

The EC system functionally consists of high-voltage 
sources (HVPS), control systems and gyrotrons located at 
a distance from tokamak of more than 100 m in the re-
gion of weak scattered field of the tokamak, transmission 
lines (TL) and radiation shapers (Equatorial and Upper 
Launchers) located in the ports of the tokamak. High-
voltage sources and gyrotron complexes with a control 
system are located in building B15, transmission lines 
pass through building 13 (assembly hall), adjacent to the 
tokamak building B11. High-voltage sources, each for 
2 gyrotrons (with an output power of up to 6 MW), 
are the responsibility of Europe and India in equal shares. 
The supply of gyrotrons, which includes installation 
and configuration of equipment, is distributed between 
Japan – 8 pcs., Russia – 8 pcs., Europe – 6 pcs. and 
India – 2 pcs. The transmission line in the assembly ele-
ments is being prepared by the USA. Equatorial Launcher 
(located in Port 14) is the responsibility of Japan, 4 Upper 
Launchers located in upper ports 12, 13, 15, 16 in devel-
opment of Europe. The entire infrastructure of the com-
plex is the responsibility of Europe. In 2024, it is 
 

 

 

planned to begin the installation of the main gyrotron 
equipment already manufactured and partially delivered 
in ITER. At the time of the launchers are in design phase. 

The production phase of the gyrotrons provided by 
Russia was finished un may of 2024. All 8 gyrotron suc-
cessfully passed tests. Here are the main technical charac-
teristics of gyrotrons produced by NPP GYCOM: output 
power at the diamond window is at least 1 MW, frequen-
cy 170 GHz, efficiency. not less than 50% (actually up to 
57%), the HE11 mode content at the input to the trans-
mission line is not less than 95%, the pulse duration is not 
less than 1000 s with a reliability of more than 95%, etc. 

 

 
Fig. 1. The ITER EC system layout as presented in baseline 

 

 
Fig. 2. The 3D representation of the proposed EC system layout 

for DT1 phase with 72 gyrotrons 
 
The work was carried out within the State Contracts 

of the State Corporation Rosatom. 

 
 
 



163 

Peculiarities of nonthermal electromagnetic emission spectrum 
of a dense mirror-confined ECR discharge plasma 

M. E. Viktorov, I. V. Izotov, A. G. Shalashov, E. D. Gospodchikov, V. A. Skalyga  

A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia,  
mikhail.viktorov@ipfran.ru 

Under natural conditions in the Earth’s magneto-
sphere, processes often occur that involve several types of 
plasma emissions and a coupling between the plasma 
modes is observed. Observations from spacecrafts have 
shown that the whistler mode chorus waves are often 
modulated by low-frequency waves (ULF radiation) [6]. 
ULF waves periodically change the second derivative of 
the background magnetic field, which, in turn, changes 
the threshold for nonlinear excitation of chorus waves 
and, therefore, contributes to the excitation of chorus in 
the vicinity of the maximum amplitude of ULF waves. 
The study of such nonlinear processes in space plasma is 
associated with difficulties in their detection and the ir-
regularity of their occurrence, therefore, studies of non-
linear processes of interaction of various plasma waves in 
nonequilibrium laboratory plasma under repeatable and 
controlled conditions are extremely important. 

We study the stationary stage of plasma turbulence 
arising in a dense nonequilibrium plasma of an electron 
cyclotron resonant (ECR) discharge sustained in an open 
magnetic trap by the microwave radiation. The use of 
high-power millimeter radiation of modern gyrotrons 
allows one to create in the laboratory a nonequilibrium 
two-component plasma characteristic of space conditions 
and to simulate the physical mechanisms of instabilities 
developing in space magnetic traps.  

We present results obtained at two experimental fa-
cilities, where plasma is created by pulsed microwave 
radiation (SMIS37, 100 kW at 37.5 GHz) and continuous 
radiation (GISMO, 10 kW at 28 GHz). 

At both facilities we observe the development of cy-
clotron instability, which leads to the generation of whis-
tler waves, which are accompanied by the development of 
low-frequency plasma turbulence in lower hybrid fre-
quency range [2, 3]. This leads to amplitude modulation 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

of higher-frequency whistler oscillations at the frequency 
of plasma oscillations and the formation of a zebra-like 
structure of emission spectra. 

In the plasma created by pulsed gyrotron radiation at 
a frequency of 37.5 GHz under ECR conditions in a mir-
ror magnetic trap at the SMIS37 setup, nonthermal elec-
tromagnetic radiation at higher frequencies, correspond-
ing to 2–5 electron cyclotron harmonics of the ambient 
magnetic field, was detected [4]. The plasma emission is 
attributed to the excitation of electrostatic plasma waves 
such as electron Bernstein waves. During these experi-
ments we found experimental evidence of two different 
mechanisms of plasma wave transformation into electro-
magnetic modes. 

At both facilities with plasma created in pulsed 
and continuous mode we found common features in elec-
tron cyclotron instabilities development. In the pulsed 
ECR discharge whistler waves and electron Bernstein 
waves are excited at the same time independently. We 
discuss the self-consistent model of plasma turbulence in 
these experiments, responsible for the excitation of dif-
ferent plasma modes by multi-component ECR discharge 
plasma. 
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A development of generalized Lagrange’s and Ham-
ilton’s equations without the use of variational principles 
is proposed. The use of new technique is applied to deri-
vation of some equations. 

Introduction 

For a wide class of mechanical systems and fields, 
equations of motion can be derived from variational prin-
ciples (see, e. g., [1–4]). On the one hand, this fact may 
reflect some specific properties of related differential 
equations and can be considered as a more compact writ-
ing of these equations. On the other hand, these specific 
properties and variation principles are important since 
they form the background of quantum mechanics. In the-
se approaches, conservation of energy is a consequence 
of no explicit dependence of the Lagrangian on time. This 
paper suggests an alternative approach. Based on conser-
vation of energy, we derive equations of motion that are a 
generalization of Lagrange’s equations. The important 
fact, that the energy is defined as the function on the tan-
gent bundle (of coordinates and velocities), is used ex-
plicitly for the derivation. 

Motion equations 

Let ( ),E const=q v  be the energy of the system, 
which depends on the generalized coordinates qi, i = 1, … 
N and generalized velocities vi = dqi/dt, the bold letters 
denoting a set of variables: q = (q1, …, qN). The state of 
the system is described with a point with the coordinates 
(q, v) on the tangent bundle TQ of N-dimension manifold 
Q = {q} [4]. It means that the motion equations have to 
be the second order differential equations. Conservation 
of energy along the motion trajectory can be written as 

 
( ),

0 i i
i i

dE E Ev v
dt q v

∂ ∂
= = +

∂ ∂
q v

 . (1) 

Now we will try to find equations of motion that conserve 
the energy. Eq. (1) is true for any coordinate q and veloc-
ity v. One scalar equality ( ), , , 0i

iv f t =q v v , which is 
true for any q and v in the tangent bundle TQ is equiva-
lent to N equalities ( ) ( ), , , , , , j

i ijf t C t v=q v v q v v   for any 
antisymmetric tensor Cij. To use it one can define La-
grange’s function L(q,v) as solution of partial differential 
equation [1, 5] 

 
( ) ( ) ( ),

, ,i
i

L
v L E

v
∂

− =
∂
q v

q v q v . (2) 

Then Eq. (1) can be rewritten as 
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Then Eq. (3) gives generalized Lagrange equations [5, 6] 

 ( ), , , j
iji i

d L L C t v
dt v q

∂ ∂  = + ∂ ∂ 
q v v , (4) 

where Cij is an antisymmetric tensor and represents gyro-
scopic forces.  

Examples 

If E(q) does not depend on velocities, L = –E is the 
solution of Eq. (2) and Eq. (4) is changed to 

 ( ), , j
iji

E C t v
q
∂

− =
∂

q v , (5) 

which leads to Hamilton’s equations if C does not depend 
on v. 

This approach can be applied to partial differential 
equations also. For example, at 
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∞
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one gets 

 ( ) ( )23 , , , ,xx t
E u u G u x x t u x t dx
u

δ
δ

∞

−∞

′ ′ ′= + = ∫ . (7) 

For ( )sgn 2G x x′= −  it leads to Korteweg - de Vries 
equation 

 6 0t x xxxu uu u+ + = . (8) 

Equations of motion that conserve a given energy 
E(q,v) were derived in this paper. In general case differ-
ential form of gyroscopic forces is not exact and such 
gyroscopic forces can not be described by additional terms 
in Lagrangian. The nonuse of variational principle is a re-
markable feature of this approach. It allows obtaining more 
general equations of motion. The alternative axiomatics of 
the analytical mechanics and the field theory described in 
this paper is close to the axiomatics of thermodynamics, 
which is also based on conservation of energy. 

References 
1. L. D. Landau, and E. M. Lifshitz, Mechanics, 3rd edition. 

Pergamon, Oxford, 1974. 
2. H. Goldstein, Classical mechanics, 2nd edition. Addison-

Wesley, Reading, 1981. 
3. A. Sommerfeld, Mechanics (Lectures on theoretical phys-

ics Vol. 1), 4th edition. Academic Press, 1964. 
4. J. V. José, and E. J. Saletan, Classical dynamics: a con-

temporary approach. Cambridge University Press, 1998. 
5. N. A. Vinokurov, Physics – Uspekhi, 2014, 57 (6), 593–

596. 
6. N. A. Vinokurov, arXiv:1505.04786, 2015, https://doi.org/ 

10.48550/arXiv.1505.04786. 



165 

Design of a multi-barrel terahertz gyrotron  
for DNP/NMR spectroscopy 

V. E. Zapevalov, A. S. Zuev, O. P. Plankin and E. S. Semenov 

A.V. Gaponov-Grekhov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia, 
 zapev@ipfran.ru 

Introduction 

Nowadays, nuclear magnetic resonance (NMR) spec-
troscopy has become an important research tool in phys-
ics, chemistry, biology, medicine, interdisciplinary and 
for monitoring technological processes [1]. The use of 
dynamic nuclear polarization (DNP) methods can signifi-
cantly increase the capabilities of NMR spectrometers in 
terms of accuracy, reliability and speed of measurements 
[1]. In large scientific centers, several NMR spectrome-
ters with different frequencies are often used simultane-
ously, located in the same building, which makes it desir-
able to have corresponding DNP sources of microwave 
radiation with different frequencies.  

Microwave and terahertz radiation sources with a 
power of 10–100 W of 263 GHz, 395 GHz, 526 GHz and 
594 GHz are required for DNP/NMR spectroscopy with 
frequencies of 400 MHz, 600 MHz, 800 MHz and 
900 MHz (1H each), respectively. Gyrotron is one of the 
most suitable high-frequency vacuum electronics devices 
for such purposes. Currently, many gyrotrons with the 
above frequencies are successfully used in different sci-
entific centers [2]. Most of them operate at low cyclotron 
harmonics. Unfortunately, a significant disadvantage of 
the canonical gyrotron during the transition to operation 
at high cyclotron harmonics is the aggravation of mode 
competition. In this regard, there is growing interest in 
non-canonical gyrotrons [3]. 

Multi-barrel gyrotron concept 

Multi-barrel gyrotron (MBG) is one of the attractive 
non-canonical gyrotrons with improved capabilities for 
tuning and increasing the operating frequency with addi-
tional mode selection [4]. Figure 1 shows the general 
scheme of a multi-barrel gyrotron. 

 
Fig. 1. General scheme of a multi-barrel gyrotron 

with one cathode-heating unit 
 

The general scheme of a multi-barrel gyrotron in-
cludes an adiabatic magnetron injection gun (MIG) form-
ing several helical electron beams (HEB); a cavity system 
consisting of several barrels (cavities) with axis-
encircling beams like in large-orbit gyrotrons [5]; and an 

energy output system with the transfer of RF power to the 
output window from each barrel. MBG concept can be 
used for simultaneous or sequential radiation at frequen-
cies that are multiples of each other in relation to various 
problems of spectroscopy, diagnostics, and exposure to 
various objects.  

MBG for DNP/NMR spectroscopy  

In particular, a multi-barrel gyrotron with simultane-
ous radiation at frequencies of 263 GHz (n = 2), 395 GHz 
(n = 3) and 526 GHz (n = 4) at the second, third and 
fourth cyclotron harmonics is of interest for DNP/NMR 
spectroscopy [6]. Here n is the cyclotron harmonic num-
ber. The gyrotron operates in a single-mode regime in 
each barrel of the cavity system. Additionally, the possi-
bility of radiation in the fourth barrel of the system at a 
frequency of 594 GHz at the third cyclotron harmonic 
was considered.  

The calculated output powers were 90, 60 and 40 W 
with simultaneous radiation at frequencies of 263, 395 
and 526 GHz, respectively. The output efficiency is no 
more than 1%, but it is possible to increase the efficiency 
using a collector system with single-stage energy recov-
ery. In this way, the efficiency of the gyrotron can be 
increased fivefold. The maximum output power at 
594 GHz in single-frequency regime was about 200 W. 

Conclusion 

The current of each electron beam in the multi-barrel 
terahertz gyrotron is significantly limited, which reduces 
the power level of the output radiation. However, many 
applications require frequency-tunable terahertz radiation 
sources with power on the order of 10 W or even less. As 
research has shown, such a power level is certainly 
achievable in the devices under consideration. One MBG 
set up can satisfy the needs of a whole complex of 
DNP/NMR spectrometers with different frequencies. 
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At present, relativistic Cherenkov surface-wave os-
cillators (SWO) are promising high-power sources of 
pulsed microwave radiation. Such sources employ syn-
chronous interaction of a rectilinear electron beam with a 
decelerated fundamental harmonic of the electromagnetic 
field in a periodically corrugated waveguide. The ampli-
tude of this harmonic decays with the distance from the 
corrugation thus forming a surface wave and thereby en-
sures spatial coherence of radiation in this direction.   

However, the advancement of this oscillators class 
into shorter wavelength ranges at high power levels re-
quires increasing relative size of the interaction space and 
ensuring mode selection along two transverse coordi-
nates. Under conditions of significant oversize, spatial 
coherence of radiation can be achieved by using two-
dimensional distributed feedback (2D DFB) [1]. Such a 
feedback mechanism can be implemented by using two-
dimensional periodical Bragg structures in which, in ad-
dition to conventional longitudinal wave fluxes, there are 
also transverse ones synchronizing the radiation from 
large-size relativistic electron beams (REB). In the case 
of a planar configuration of the SWO, this slow-wave 
structure (SWS) provides electrodynamic mode selection 
along all three spatial coordinates [2, 3]. 

This report is devoted to an experimental study of 
G – band planar relativistic SWO with 2D DFB imple-
mented using 2D SWS. The project design and oscillator 
parameters estimations are based on theoretical data ob-
tained through 3D PIC modeling. The SWO were pow-
ered by a high-current magnetized REB formed by 
SINUKI accelerator: accelerating voltage 600–650 kV, 
operating electron current 1 kA, guiding magnetic field 
3T [4]. 2D periodic SWS had a sinusoidal profile of cor-
rugation with depth 0.4 mm and grating period 1.6 mm. 
In this configuration the nonlinear dynamics are quite 
simple and a stable excitation of a fundamental mode takes 
place for system width of lx / λ ~ 12. The output power 
reached ~ 50 MW at a frequency close to 160 GHz.  

Experimental investigations of the planar SWO were 
conducted at the SINUKI accelerator equipped with ex-
plosive-emission cathode. An optimized electron-optical 
system provided the formation of a sheet electron beam 
with a thickness of about 0.3 mm and a width of about 
20 mm with uniform linear current density of 50 A/mm. 
The total beam current at the input of the device was 
about 1 kA. To date, proof-of-principle experiments were 
being carried out to observe generation regimes in the 
G – band SWO. Fig. 1a presents typical SWO output ra-
diation pulse at an intermediate frequency. The result of 
radiation frequency heterodyne measurements is presented 
 

in Fig. 1b. The data obtained are in good agreement with 
the result of theoretical predictions.  

(a) 

 

(b) 

 
 

Fig. 1. Results of experimental measurements of the output 
radiation spectrum of the 160 GHz planar surface wave oscilla-
tor. (a) Oscillograms of accelerating voltage (yellow curve) and 
the output pulse at an intermediate frequency (majenta curve). 
(b) Power spectral density of output radiation 
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High-gradient acceleration of electrons by relativistic microwave sources 
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An increase in the acceleration gradient has tradition-
ally been one of the central problems of accelerator phys-
ics. In the currently existing linear electron accelerators 
powered by L- and S-band klystrons [1], the acceleration 
gradients do not exceed 100 MV / m (this value is a rec-
ord, more typical values are 30–50 MV / m). The prob-
lem of surpassing the specified level has given rise to a 
number of new rapidly progressing concepts, including 
laser-plasma and beam-plasma acceleration, acceleration 
based on optical-terahertz conversion, etc [2–4]. Never-
theless, research on high-gradient electron acceleration 
(HGEA) in hollow metallic non-superconducting 
("warm") structures remains relevant. Progress in this 
direction is associated with solving the problem of radio-
frequency (rf) breakdown and structure degradation, 
which is facilitated by the use of higher-frequency, short-
pulse radiation with a nanosecond duration. 

The indicated requirements stimulated research into 
the development of laser-controlled switches [5] and 
compressors [6] of high-power gyrotrons radiation, as a 
result of which it is expected to obtain 10–20-ns pulses 
with a power 1–30 MW in the W- and G-bands. At the 
same time, existing relativistic microwave generators are 
capable of providing significantly higher short-pulse ra-
diation from the X- to G-bands without the use of addi-
tional compression. At present, the most powerful (multi-
gigawatt) nanosecond-scale pulses are generated in 
superradiant backward-wave oscillators (SR BWOs) [7–
10]; in more conventional operating regimes of BWOs 
and surface-wave oscillators, a power level of hundreds 
of megawatts is reached with pulse durations of up to 
several tens of nanoseconds. Such sources can be used to 
test the principles of short-pulse acceleration in various 
types of metal structures. 

The report is devoted to theoretical and experimental 
studies of high-gradient electron acceleration in fields of 
short pulses generated by relativistic microwave sources. 
In particular, this approach was implemented in recent 
experiments [11], where to demonstrate high-gradient 
(about 400–500 MV/m) electron acceleration at a full 
energy gain of ~1 MeV, pumping of a low-Q “pill-box” 
resonator with a 1-GW /300-ps Ka-band SR pulse was 
used. The experiment was carried out on a compact (ta-
ble-top) setup of an original design with two co-axis elec-
tron beams formed based on the RADAN accelerator 
(Fig. 1). An outer tubular beam generated a Cherenkov 
SR pulse in the backward-wave regime. When moving 
towards the cathode, this pulse pumped a pill-box resona-
tor, in which the paraxial inner beam was accelerated. 
Note that the obtained acceleration gradient corresponds 
to the maximum value demonstrated in a much more 
cumbersome setup which uses wake-field radiation [12] 
from pre-formed ultrarelativistic (60 MeV) electron 

bunches. The experiments also made it possible to deter-
mine the limiting breakdown fields on the walls of accel-
erating structures of 800–100 MV/m, which is important 
for further C studies. 

 

 
Fig. 1. Experimental setup designed for HGEA by SR pulses 
(left). Current pulses after Al filters with a cutoff energy of up 
to 1.25 MeV (right) 

 
As a further development of these studies, it seems rel-

evant to move into shorter wavelength ranges, as well as to 
increase the total electron energy. In the latter case, to en-
sure long-term electron-wave interaction, it is advisable to 
use traveling wave structures powered by longer pulses 
(10–20 ns), which can be obtained from relativistic BWOs. 
The analysis of acceleration possibilities in such systems 
was carried out on the basis of numerical simulation. 
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Introduction 

At the present time most commercially produced 
gyrotrons have a traditional design with a magnetron in-
jection gun producing an annular helical electron beam 
(HEB) [1]. Such an electron-optical system (EOS) has 
demonstrated high efficiency in all gyrotrons of different 
frequency ranges, especially in the case of high-power 
gyrotrons. Currently, there is growing interest in relative-
ly low-power sources in the subterahertz and terahertz 
ranges, which are in demand in various applications [2]. 
For most of these applications, radiation power of ten 
watts is sufficient, which exceeds the capabilities of clas-
sical vacuum tubes. Meanwhile, a canonical gyrotron 
surpasses the required output power and can be consid-
ered as a very expensive one. In this regard, there is a 
demand for the development of new devices of interme-
diate power levels. This helps to reduce the cost and the 
dimensions of the set-up, including power supplies, mag-
netic, control, and cooling systems, etc. 

Gyrotron concept 

One of the promising sources seems to be a new op-
tion, i.e. a “compact gyrotron”. The main idea of this type 
of gyrodevice to use the advantages of a scheme with an 
axis-encircling beam, namely, a large-orbit gyrotron 
(LOG) [3, 4] and to form a HEB by a new version of an 
adiabatic electron gun. It is proposed to place the emitter 
near the axis of symmetry of the magnetic system at a 
certain angle and form the helical beam using crossed 
electric and magnetic fields. In this case nonadiabatic 
effects are not used for a HEB formation, unlike previous 
LOGs [3, 4]. A conventional magnet with a quasi-dipole 
field distribution (cryo or pulsed) can be used here. But 
the axial symmetry of the system electrodes is disap-
peared. Figure 1 shows a scheme of the compact gyrotron 
with an axis-encircling beam. This electron-optical sys-
tem is similar to that described in [5] and a simplified 
version of a multi-barrel gyrotron [6], in which the partial 
emitter and the corresponding anode are moved towards 
the center of symmetry of the system. 

 
Fig. 1. Scheme of the compact gyrotron 

with an axis-encircling beam 

Further, under the influence of an increasing magnet-
ic field, the electron beam is compressed and enters a 
quasi-regular cylindrical cavity. The interaction of the 
electron beam with the RF field of the cavity is carried 
out like in LOG with the high mode selection. The radia-
tion from the cavity is transported either directly on the 
operating mode, or converted into a RF field with a re-
quired structure and directed through the output window. 
Additional coils can be used to transport and deposit the 
electron beam onto the walls of the collector. 

395 GHz compact gyrotron 

As an example, a compact LOG with radiation fre-
quency of 395 GHz at the second cyclotron harmonic 
with the operating ТЕ2.5 mode was proposed. The cathode 
emitter was located on the symmetry axis of the magnetic 
system. Dimensions of the emission section were strongly 
limited by the required beam dimensions in the interac-
tion region. A triode circuit with an accelerating voltage 
of 12 kV is considered for additional control of the beam 
parameters. The calculation of electron trajectories 
showed the possibility of forming a HEB with a current 
of 70 mA, a pitch factor of up to 1.4, and a spread of os-
cillatory velocities at cutoff levels of 0.1 and 0.9 about 
30%. According to the preliminary calculations, an output 
power of 30 W is achievable with an efficiency of 3.6% 
in such a device. 

Conclusion 

The concept of LOG makes it possible to form a thin 
HEB with a high pitch factor and an acceptable spread of 
oscillatory velocities. The power of gyrotron with the 
formed HEB is relatively low. Nevertheless, it is quite 
sufficient for spectroscopic applications of gyrotrons.  

Such approach can lead to a significant reduction in 
the dimensions of the gyrotron set-up due to the use of a 
“budget” magnetic system with a significantly smaller 
bore diameter. Similar “compact” magnetic systems are 
commercially available. 
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