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XCAN, ECOLE POLYTECHNIQUE-THALES
COHERENT BEAM COMBINATION JOINT LASER PROGRAM

J.-C. Chantdoup’, A. Hellmann', J. Le Dortz%, M. Antier®, S. Bellanger®, J. Bourderionnet?,
A. Brignon? L. Daniault’, |. Fsaifes', E. Lallier? C. Larat? and C. Simon-Boisson®

! Ecole Polytechnique, Université Paris-Saclay, F-91128 Palaiseau cedex, France
Thales Research & Technology, 1 avenue Augustin Fresnel, 91767 Palaiseau Cedex, France
3 Thales Optronique SAS, 2 avenue Gay Lussac, 78995 Elancourt cedex, France

The XCAN project carried out by Thales and Ecole Polytechnique is alaser system relying on the
Coherent Addition of laser beams produced through a Network (CAN) of Large Mode Area (LMA)
Yb doped amplifying optical fibers. This technique known as Coherent Beam Combination (CBC)
offers an attractive approach to simultaneously achieve the high peak and high average powers
required for various scientific, industrial, and societal applications. The coherent addition of
61 individual beams should allow us to obtain a single beam carrying a 3 mJ/300 f5/200 kHz pulse
train; i.e. about half a kW average power.

Interferometric phase measurement has proven to be particularly well suited for CBC of a very
large number of fiber amplifiers in continuous regime operation [1]. By using this technique, we have
demonstrated the coherent combination of 19 femtosecond pulses in passive (i.e. non-amplifying) fiber
architecture [2] and the phase locking of seven fiber amplifiers with nonlinearities.

Fig. 1. Pictures of XCAN fluorescing Y b doped amplifying fiber

Acknowledgements

This project has received funding from the French Ministry of Defense (Direction Générale de
I’ Armement) and the European Union’s Horizon 2020 research and innovation programme under grant
agreement no 654148 L aserlab-Europe.

References

1. J. Bourderionnet, C. Bellanger, J. Primot, and A. Brignon, "Collective coherent phase combining
of 64 fibers', Opt. Express, 2011, 19(18), 17053-17058.

2. J.LeDortz, A. Heilmann, M. Antier, J. Bourderionnet, C. Larat, |. Fsaifes, L. Daniault, S. Bellanger,
C. Simon Boisson, J.-C. Chanteloup, E. Lallier, and A. Brignon, "Highly scalable femtosecond coherent
beam combining demonstrated with 19 fibers®, Optics Letters, 2017, 42(10), 1887—1890, May 15.

15



ON THE INITIATION OF LIGHTNING IN THUNDERCLOUDS
A. Chilingarian

Y erevan Physics Institute, Y erevan, Armenia, chili @aragats.am
National Research Nuclear University MEPhI, Moscow, Russia
Space Research Ingtitute of RAS, Moscow, Russia

Abstract. The relationship of lightning and elementary particle fluxes in the thunderclouds is not fully
understood to date. Using the particle beams (the so-called Thunderstorm Ground Enhancements — TGE) as a
probe we investigate the characteristics of the interrelated atmospheric processes. The well-known effect of the
TGE dynamics is the abrupt termination of the particle flux by the lightning flash. With new precise electronics,
we can see that particle flux decline occurred simultaneously with the rearranging of the charge centers in the
cloud. The analysis of the TGE energy spectra before and after the lightning demonstrates that intense high-
energy part of the TGE energy spectra disappeared just after the lightning. The decline of particle flux coincides
on a millisecond time scale with first atmospheric discharges and we can conclude that Runaway Breakdown
(RB) in the thundercloud assist initiation of the negative cloud to ground lightning.

Thunder storm Ground Enhancements (T GEs) and Runway Breakdown (RB) process

We anayzed largest TGE events [1] of spring — summer 2016 abruptly terminated by the lightning
discharge (TGE data are available from the site http://www.crd.yerphi.am/adei/). Particle flux
increased when the electrostatic field droped in the deep negative domain; after reaching a maximum
(or on the declining phase) a lightning flash abruptly terminated the particle flux. In 2016 severa
severe storms were accompanied with intense particle fluxes observed by facilities of the Aragats
Space Environmental Center (ASEC). By examining these events we see that before the lightning the
intensity of the TGE reaches a maximal value and maximal energy of avalanche particles reach
40 MeV and more. After lightning, we detect an abrupt decrease of particle flux caused by the removal
of high-energy particles. All these processes occurred within a few hundreds of millisecond. All
observed TGE-terminating lightning flashes lowered negative charge overhead. Therefore, we can
connect by causal relation the RB process and the lightning initiation, i.e. RB process in the
thundercloud serves as a trigger to the negative lightning. The group from the Langmuir Laboratory in
central New Mexico during balloon flights on 3 July 1999 measured the maximal field of 1.86 kV/cm
(130% of the threshold for a runaway process) at 5.77 km altitude just before nearby lightning flashes
[2]. The authors conclude that RB avalanches have limited the magnitude of the electric field inside
storms and initiated lightning flashes. Thus, both our measurements based on the detection of TGES
terminated by a lightning flash and published by other research groups in situ measurements of
an intracloud electric field following by lightning flashes, prove that RB is an obvious mechanism for
theinitiation of the negative lightning flashes.
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Fig. 1. TGE and TGF initiation above Aragats Mountain
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NONLINEAR DYNAMICSIN MULTIPLEX NETWORKS
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Abstract. Complex networks have been investigated for two decades as a paradigm for the interaction pattern
behind many complex systems. Nowadays, these networks are not complex enough and the interactionsin complex
systems are given by even more complex structures. multilayers, interdependent networks, time dependent
networks, .... We show here the analysis of some nonlinear phenomena on this new class of networks.

We will show some of the recent result in our group concerning dynamics in multiplex networks.
On the one hand, we consider multiplex networks as a set of nodes in different layers. At each layer
the set of nodes is the same but the connections among the nodes can be different in the layers.
Furthermore, the connections among the layers are described by a "network of layers'. We have
studied different processes across the layers (diffusion) and between the layers (reaction) [1]. In this
case Turing patterns appear as an effect of different average connectivities in different layers [2]. We
aso show that a multiplex construction where the layers correspond to contexts in which agents make
different sets of connections can make a model of opinion formation to show stationary states of
coexistence that are not observed in ssimple layers [3]. Finaly, as a particular case of multiplex
network, one can also analyze networks that change in time, since in this case each layer of the
multiplex corresponds to a snapshot of the interaction pattern. For this situation, we have shown that
there are different mechanisms that dominate the diffusion of information in the system depending on
the relative effect of mobility and diffusion among the nodes[4, 5].
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THE PHYSICSOF EL NINO

H.A. Dijkstra

Ingtitute for Marine and Atmospheric research Utrecht, Department of Physics and Astronomy,
Utrecht University, Utrecht, the Netherlands,
h.adijkstra@uu.nl

The ElI Nifio variability in the equatorial Tropical Pacific is characterized by sea surface
temperature anomalies and associated changes in the atmospheric circulation. Through an enormous
observational effort over the last decades, the relevant time scales and spatia patterns of El Nifio are
now well-documented. In the meantime, a hierarchy of models has been developed to understand the

physics of this phenomenon and to make predictions of future events. In this presentation, an overview
will be given of

(i) therobust and relevant details of the observations,
(i) thecurrent state of the theory of the El Nifio phenomenon and
(iii) the forecast skill of models as evaluated after recent El Nifio events.
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WAKEFIELD ACCELERATION IN RELATIVISTIC SHOCKS:
ORIGIN OF ULTRA-HIGH-ENERGY COSMIC RAYS

M. Hoshino!, M. lIwamoto?®, T. Amano?, and Y. M atsumoto?

! University of Tokyo, Tokyo, Japan, hoshino@eps.s.u-tokyo.ac.jp
2 Chiba University, Chiba, Japan

Abstract. We investigate particle acceleration by using a newly developed PIC code in arelativistic shock by
paying a specia attention to large amplitude electromagnetic precursor waves generated in shock upstream, and
discuss that the scheme of the wakefield acceleration, which is proposed in an ultra-intense laser pulse by Tagjima
and Dawson (197), can be applied for the origin of ultra-high-energy cosmic raysin the universe.

Background. Large amplitude waves are known to be generated in both upstream and downstream
at high Mach number collisionless shocks, and in the case of relativistic shocks large amplitude
electromagnetic waves (i.e.,, free radiation mode), which are generated at the shock front by
synchrotron maser instability, can propagate into shock upstream (Hoshino et a., 1992). Since the
wave intensity of the precursor electromagnetic waves is very strong, the ponderomotive force of the
precursor waves is suggested to be subject to the particle acceleration by the wakefield acceleration,
and then energetic particle generation has been demonstrated by using one-dimensional PIC
simulation (e.g., Lyubarsky, ApJ 2006; Hoshino, ApJ 2008).

Open question. However, it remains an open question whether or not the coherent electromagnetic
wave can be excited in multi-dimensional systems. In a multi-dimensional system, in addition to the
synchrotron maser instability whose wave vector is perpendicular to the shock front, other plasma
instabilities whose wave vectors are paralel to the shock front may be excited, and the shock front
structure may become more turbulent. The candidate of the plasma instability is the Weibel instability
due to temperature anisotropy. The competing process between the synchrotron maser instability and
the Weibel instability may destroy the emission of the large amplitude precursor waves. Furthermore,
the superposition of many precursor waves propagating from the different locations of the shock front
region may destroy the wave coherency, and then the ponderomotive force may diminish with the
superposition of waves.

Result and conclusion. In order to answer the above question, we extended the previous study of
the wakefield acceleration of one-dimensional PIC simulation to the two-dimensiona system with a
newly developed PIC code (Ikeya and Matsumoto, PAS] 2015). In my talk, | will show that the large
amplitude and coherent electromagnetic waves can survive in two-dimensional relativistic shocks,
even though the shock front region becomes turbulent with the excitation of Weibel instability. As a
result, we observe the strong particle acceleration due to the wakefield acceleration as seen in the
previous one-dimensional simulation. We will assume that the large amplitude precursor waves in
relativistic shocks can contribute to the origin of the ultra-high-energy cosmic rays in plasma universe.
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HIGH PEAK POWER LASERS AT INRSAND APPLICATIONS
OF LASER-WAKEFIELD-BASED X-RAY SOURCES:
FROM BIO-MEDICAL TO GLOBAL FOOD SECURITY

J.C. Kieffer', S. Fourmaux®, and E. Hallin?

LINRS-EMT, Varennes, Québec, Canada, kieffer@emt.inrs.ca
2Global Institute on Food Security, U. of Saskatchewan, Saskatoon, Canada

We upgraded over the past two years the INRS high peak power laser facility from 200 TW
(53, 25fs) to 600 TW (11 J, 18 fs). The experimental programs have been restarted at the beginning of
2017 in the continuity of our previous scientific directions, i.e. high intensity laser-matter interaction
and ultrafast X-ray sources. In thistalk we will present and discuss the first experiments realized with
our new laser facility, with a particular emphasis on the generation of ultrafast bright hard X-rays.

We discussed previoudly [1, 2] the potential impact of ultrafast laser-based X-ray sources. We will
present here the generation of high throughput hard X-ray radiation by Laser Wakefield Acceleration
(LWFA) process [3], which could alow a paradigm shift in a wide range of applications [4]. Ultrafast
laser wakefield accelerated electrons perform wiggler-like oscillations creating a very bright
micrometer-sized highly directional emission x-ray source. Such a laser-based betatron x-ray source is
very attractive due to its ultrahigh brilliance, microscopic effective size, and cone beam geometry
offering alarge field of view for imaging.

We demonstrated in 2011 at INRS [5], and simultaneously similar results were obtained at U. of
Michigan [6], that one phase contrast hard x-ray image could be produced in one X-ray pulse with a
reasonable signal to noise ratio. Thisis opening a new route for fast 3D imaging of various objects[7].
These X-ray sources have also a unique duration characteristics, since they are as short as the optical
driving laser pulses, offering extraordinary potential for femtosecond molecular imaging and Warm
Dense Matter probing [8].

We will present the characterization of our upgraded LWFA betatron beam line coupled to our new
laser system. X-ray source parameters are around 10° photons/0:1% bandwidth/sr/shot at 40 keV, a
critical energy between 40 and 70 keV, an effective X-ray source size of 1 um, a divergence between
10 and 50 mrads (FWHM), an X-ray beam pointing stability and an X-ray energy stability in the 2%
rms range.

We will describe our funded program in developing high throughput phase contrast screening
system based on LWFA X-ray sources for plant imaging through an initiative led by the Globa
Institute on Food Security (GIFS) at the U of Saskatchewan that aims to elucidate that part of the
functional that maps specific environmental inputs onto specific plant phenotypes. X-ray images
realized with the betatron source will be compared to thermal neutron images of same plants realized
at the Canadian Nuclear Laboratory N5 Beam line. This program is the first of this kind in the world
and we will show the very promising advantages of LWFA based betatron X-ray sources for the
Agriculture sector and for the Global Food Security challenge.
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ASTROPHYSICALLY RELEVANT, MAGNETIZED HIGH-ENERGY-DENSITY
PHYSICSEXPERIMENTSAT THE UNIVERSITY OF MICHIGAN
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Abstract. We summarize experiments performed by or in collaboration with, the University of Michigan
regarding astrophysically relevant, magnetized high-energy-density (HED) plasmas. Magnetized plasmas are
ubiquitous throughout our universe, but the study of these systems relies heavily on numerical simulations in
limited parameter regimes and has had little guidance from controlled laboratory experiments to test underlying
principles. Using high-energy lasers, we aim to create plasma conditions similar to those found in astrophysical
systems.

We seek to create supersonic plasma flows by irradiating a thin (10 s of pum), solid material with a
high-energy laser pulse in an externally seeded magnetic field. To study astrophysically relevant
systems we require the thermal and magnetic pressures to balance (f ~ 1) and the magnetic field to
advect with the plasma (Rey << 1. This regime allows us to study the structure of accretion shocks
and how they are affected by magnetic fields, which will aid in understanding the spatia structure of
hotspots on the surface of a young star [1]. We can also experimentally create conditions where a
plasma flow encounters a magnetic obstacle, which is similar to a planet’s magnetosphere interacting
with the stellar wind [2]. Finally, we can examine the effects of magnetic fields on collimated
outflows, which are observed in young stellar objects [3]. These experiments are performed at various
high-energy laser facilities and use optical diagnostics (e.g. optical pyrometry, gated optical imaging,
interferometry) and proton radiography to study these systems.
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Abstract. We anayse climate dynamics from a complex network approach. This leads to an inverse
problem: Is there a backbone-like structure underlying the climate system? For this we propose a method to
reconstruct and analyze a complex network from data generated by a spatio-temporal dynamical system. This
approach enables us to uncover relations to global circulation patterns in oceans and atmosphere.

We analyse climate dynamics from a complex network approach. This leads to an inverse problem:
Is there a backbone-like structure underlying the climate system? For this we propose a method to
reconstruct and analyze a complex network from data generated by a spatio-temporal dynamical
system. This approach enables us to uncover relations to globa circulation patterns in oceans and
atmosphere.

This concept is then applied to Monsoon data; in particular, we develop a genera framework to
predict extreme events by combining a non-linear synchronization technique with complex networks.
Applying this method, we uncover a new mechanism of extreme floods in the eastern Central Andes
which could be used for operational forecasts. Moreover, we analyze the Indian Summer Monsoon
(ISM) and identify two regions of high importance. By estimating an underlying critical point, this
leads to an improved prediction of the onset of the ISM.
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CHARACTERIZATION OF COLLECTIVE CHAOS
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Abstract. Networks of dynamical systems are often characterized by a collective (macroscopic) irregular
behavior. Mean-field (globally coupled) models provide the simplest setup where this regime can be accurately
investigated. This is the case of unidimensional maps, but aso of Stuart-Landau and phase oscillators. The
connection between microscopic and macroscopic dynamics is discussed by making use of various indicators
such as standard (microscopic) Lyapunov exponents, collective Lyapunov exponents, and monitoring the
evolution of perturbations of finite amplitude. Robustness and generality of collective chaos will be aso
discussed, exploring the behavior of sparse networks, as well as one-dimensional systems with long-range
interactions.

High-dimensional nonlinear dynamical systems are often characterized by a chaotic behavior,
whose complexity can be quantified in terms of, e.g., fractal dimension and Kolmogorov-Sinai
entropy. Both observables can be determined from the standard Lyapunov spectra, i.e. from the
(inystability along the various directions in phase space. The Lyapunov exponents in fact provide a
very detailed characterization of adynamical system.

In severa physical (typicaly network-like) setups, an additiona layer of complexity emerges and
manifests itself as a fluctuating behavior of macroscopic variables such as the average of some loca
observable. This behavior is highly nontrivial in that it proves the existence of subtle correlations
among the various units in spite of them behaving chaotically. Rigorously speaking, the collective
dynamics is mathematically well defined in the so-called thermodynamic limit, i.e. for an infinite
number of dynamical units. In such a limit, the natural object of study is a suitable probability
digtribution whose dynamics is ruled by Liouville-type or Perron-Frobenius-type equations. As it was
aready realized more than a century ago, while moving from the microscopic Newtonian laws
towards a general theory of statistical mechanics, microscopic and macroscopic dynamics deal with
different entities. Nevertheless, collective chaos can be effectively studied in large but finite
ensembles.

It is therefore natural to ask whether the stability properties of the macroscopic dynamics can be
inferred from the knowledge of the usua microscopic Lyapunov exponents, which proved so powerful
in characterizing the microscopic dynamics. | discuss this problem in the simplest possible setup: a
mean-field model of one-dimensional units (such as logistic maps). | show that the two worlds can be
compared in a meaningful way by using the microscopic variables to reconstruct a probability-like
representation. As a result, | find that small macroscopic perturbations of the probability density
cannot be typically represented as small perturbations of the variables of the single units[1].

Modds with a diversity among the single units are also discussed [2] as an example where
collective chaos emerge even in phase oscillators, where the single-unit dynamics cannot per se be
chaotic at all.

Finally, I will explore the robustness of thisregime, by discussing its emergence in models with afew
mutual connections (sparse networks) [3] and even more traditiona setups such as one-dimensional
lattices with long-range interactions [4], where the coupling strength decays as a power law.
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COHERENCE RESONANCE CHIMERASIN DYNAMICAL NETWORKS

E. Schall
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We show that chimera patterns can be induced by noise in nonlocally coupled neural networks in
the excitable regime [1, 2]. In contrast to classical chimeras, occurring in noise-free oscillatory
networks, they have features of two phenomena: coherence resonance and chimera states. Therefore,
we call them coherence-resonance chimeras. These patterns demonstrate the constructive role of noise
and appear for intermediate values of noise intensity, which is a characteristic feature of coherence
resonance. In the coherence-resonance chimera state a neural network of identical elements splits into
two coexisting domains with different behavior: spatially coherent and spatially incoherent, a typical
property of chimera states. Moreover, these noise-induced chimera states are characterized by
alternating behavior: coherent and incoherent domains switch their location periodically. We show
that this aternating switching can be explained by analyzing the coupling functions.

Joint work together with Anna Zakharova, Nadya Semenova, and Vadim Anishchenko.
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THERMAL-LENS-FREE HEAT CAPACITIVE ACTIVE MIRROR
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Abstract. A new concept for thermal-lens-free solid state lasers, Heat Capacitive Active Mirror (HCAM), is
proposed according to the systematic calculation of temperature profile and thermal-induced phase shift on
0.25-5 mm thick active mirrors of 10-mm diameter with 5-mm area pumping. Three orders of magnitude of
thermal-lens reduction under the efficient cooling condition is possible. This is the first proposa for the
paradigm shifting technology of thermal-lens-free active mirror available for coherent beam combination.

How to generate super-high power by the solid state lasers? Power scaling law of a laser is
changing from the aperture scaling to the beam number scaling. Coherent beam combining has been a
dream of the laser technology since 1960. Thermal-lens is a difficult problem to solve for solid state
laser technology for along time. There are two kinds of solution. One is the development of thermal
laser ceramics using mixed solid solution to tune the optical parameter. And another is the thermal-
lens compensation inside the laser material.

We propose a smple and efficient idea of Heat Capacitive Active Mirror (HCAM) capable of
reducing the thermal-lens-effect by three orders with respect to 100% bottom cooled case.

HCAM in thermal equilibrium condition is shown in Fig. 1. The bottom cooling areais tuned to the
pumping volume, typically 50% radius pumping and 50% bottom cooled (B-cool). Top to the bottom
heat flow in the pumping volume gives us an efficient cooling almost equivalent to the 100 B-cool
case. Most important point is the constant temperature halo areain the unpumped outer edge. Thisisa
heat capacitive volume because there is no heat generation and heat sink. Thermal insulation on the
heat capacitive volume reduces the non-flat wave component less than 1/50 over a wide range of disk
thickness as shown in Fig. 2. When we tune the bottom surface temperature of heat capacitive volume
to be constant to the average temperature of pumping volume, the thermal-shift decreases less than
1/1000 for thin disk (t = 0.25 mm) to thick disk (1 mm <t <5 mm) range. Even a thick active mirror
shows the order of magnitude smaller thermal shift than atypical thin disk. HCAM design relaxes the
requirement on the doping concentration and pumping optics significantly. This is a ssmple solution
toward thermal-lens-free solid state lasers for the coherent beam combining under CW and high rep.
rate operation. The detailed properties of HCAM will be discussed in the presentation.
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Fig. 1. Temperature profile of aHCAM laser Fig. 2. Thermal-lens reduction curve
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DYNAMICAL AND STATISTICAL CHARACTERISTICS
OF DIFFERENT CHIMERA STRUCTURESIN NETWORKS
OF NONLOCALLY COUPLED OSCILLATORS

V.S. Anishchenko, N.I. Semenova, and G.I. Strelkova

Saratov National Research State University, Saratov, Russia
wadim@info.sgu.ru

Abstract. We explore the bifurcation transition from coherence to incoherence in ensembles of nonlocally
coupled chaotic systems. It is firstly shown that two types of chimera states, namely, amplitude and phase
chimeras, can be found in a network of coupled logistic maps. We revea a bifurcation mechanism by analyzing
the evolution of space-time profiles and the coupling function with varying coupling coefficient and formulate
the necessary and sufficient conditions for realizing the chimera states in the ensemble. The regularities are
established for the evolution of cross-correlations of oscillations in the network elements at the bifurcations
related to the coupling strength variation. We reveal the distinctive features of cross-correlations for phase and
amplitude chimera states.

We study the dynamics of the ensemble of coupled maps|[1, 2]:

c i+P
X=f(X) 455 2 [F()- ()] @

j=i-P
where X, are real dynamical variables, i =1, 2, ..., Nisthe serial nhumber of partial oscillators closed in
the ring, t denotes the discrete time, ¢ is the coupling strength, P defines the number of neighbors on the
left and right of the i-th element, r = P/N is the coupling radius, and the logistic map f(x) = ax(1 — x)
describes the i-th oscillator. System (1) is analyzed with the parameter a = 3.8, which corresponds to
the chagtic regime, for N = 1000 elements in the ring and with initial conditions randomly distributed

in the unit interval [0, 1]. We fix the coupling radiusasr = 0.32.

The second term in (1) describes the overall effect of neighbors on the particular i-th element of the
ensemble (1) and we cal it as the coupling function. We explore numerically the behavior of the
coupling function and the dynamics of the network (1) with the parameter values given above. We plot
snapshots and space-time profiles and study their evolution when the coupling strength is varied. We
have found two different types of chimera states, namely, phase and amplitude chimeras[3].

The transition from coherence to incoherence and chimera states are analyzed quantitatively by
calculating the cross-correlation coefficient [4]. We reveal that this characteristic is principally
different for various chimera states found in the considered network.
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IMPACT OF PERTURBATIONS ON NEURON RESPONSE
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Abstract. We propose an overview of the effects of deterministic and stochastic perturbations on the
response of a neuron. Our study is based on numerical simulations and experiments with an elementary neural
circuit. We use different excitations to highlight various phenomena such as Mode locking, Vibrational
Resonance, Ghost Stochastic Resonance... We close the study with alattice of coupled circuit.

Summary

The understanding of the information encoding by neural system undoubtedly constitutes a
fascinating challenge to overcome. Indeed, a great interest has been devoted to the response of
neuronal models to various stimuli. Sinusoida driving has been considered to demonstrate that the
emergence of phase-locking modes in the spike triggering depends on both the amplitude and the
frequency of the stimulation [1]. More complex excitations have also been considered by including the
contribution of random fluctuations. For instance, Stochastic Resonance has been established in
neuronal systems to show that noise can enhance the detection of subthreshold stimuli [2, 3].
Moreover, the electrical activity of neurons in the absence of deterministic excitation has been
explained by the presence of noise which can induce a maximum of regularity in the spiking dynamics
[4, 5]. On the other hand, bichromatic excitations, which consist in a low frequency sine component
perturbed by an additive high frequency sine wave, have attracted a considerable interest in reaction-
diffusion media [6]. Two main nonlinear signatures with relevant implication in neuro-context have
been highlighted depending on whether the low and high frequencies are close or not [7]. Indeed,
considering two close frequencies has alowed to explain how a ghost frequency, which is lower than
the two frequencies of the input bichromatic excitation, can be percelved by sensory neurons of the
auditory system [8, 9]. The role of noise in the detection of this ghost frequency has been highlighted
in various reaction-diffusion media [10, 11], including the FitzHugh-Nagumo system [12]. Moreover,
the influence of noise features has been also addressed to better understand the underlying
mechanisms leading to pitch perception [13,14]. Lastly, bichromatic excitations with distant
frequencies have also attracted a considerable attention with the highlight of Vibrational Resonance
(VR) [7, 15-18]. VR expresses the property of anonlinear system to use a high frequency perturbation
to enhance its response to a low frequency sine excitation. It is the aim of this communication to
presents all these effects of resonance in an elementary neural circuit. We conclude with information
propagation assisted by a high frequency perturbation in alattice of coupled elementary circuits[19].
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CONSERVATION LAWSAND POTENTIAL SYSTEMS
FOR A GENERAL FAMILY OF THIN FILM EQUATIONS
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Abstract. We derive and investigate the first-level and second-level potential systems of afamily of thin film
equations. From the first-level system, we obtain a new nonlocal conservation law.

The motion of a liquid under the influence of surface tension and their interaction with adjacent
hard surfaces is a phenomenon that arisesin daily life and many industrial processesrely on the ability
to control these interactions [1]. Long-wave unstable equations are ubiquitous in the modeling of
pattern formation in physical systems that involve interfaces [2]. In [5] the lubrication approximation
was obtained from systematic rescaling and asymptotic expansion of the Navier-Stokes equations

ut+V(f(u)(VAu—Vg(u)))=O (1)
where u is the thickness of the film f(u)=u®+b*Pur, g(u)=(C,)"?u+Cn(u), b represents a

dimensionless slip length, C, is the capillary number, n(u)=A,uP-5, A, isthe Hamaker constant

and C is adimensionless parameter that depends on the Hamaker constant and the characteristic height
of the film.

From equation (1) several equations have been considered by some authors [3-9]. In [10] the
authors considered a generalization of equation (1) and they made a classification of symmetries

ut+V(f(u)(VAu—Vg(u)))+h(u)=0. (2)

By using the multiplier method [11-14] we show that equation (2) admits conservation laws. From
these conservation laws we obtain the associated first-level potential system and by using the Lie
group method we classify the point symmetries. From each potential system we deduce the integrated
equation and for these equations we investigate conservation laws. These conservation laws yield
second level potential system and we make a point symmetry classification of this system.
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Chaos in the rhythmic activity is a major issue that has been discussed in many studies of neuro-
science and physiology, and especially in the respiratory air flow. Here, we present the results of two
studies concerning the activity and the connectivity of the respiratory neural network in healthy
humans and patients with obstructive lung disease. Our results show an increase in the dynamic chaos
of airway flow in patients, focusing on expiratory flow. We then seak for the reasons for this
augmentation in analyzing the activity of neural centersinvolved in respiratory rhythmogenesis, using
functional brain imaging of the automatic neura networks, the first group generating inspiration (pre-
Botzinger complex) and the second in charge of expiration (the parafacial group). Brain imaging
reveals in healthy humans a significant activation of the pre-Bétzinger complex linked to a high active
inspiration while patients have a higher expiratory parafacial excitability leading to an active
expiration. We aso propose a theoretical model of respiratory rhythmoge- nesis which reproduces the
synchronized respiratory neural network from two chaotic pacemakers, the first modelling the pre-
Bdétzinger complex and the second modelling the expiration. Our model reveals how the synchronized
chaotic activity of this network reproduced the experimental data of the activity of the respi- ratory
nerve centers both in healthy humans and the patients. We are able to reproduce fMRI signal after
hemodynamic convolution of the simulated synchronized neural network. Besides, the respiratory
neural network comprises the automatic brainstem and voluntary cortical network. The extension of
the study to other important aspects such as functional connectivity and Granger causality allow to
better understand the com- munication within the network with the aim to develop new therapeutic
strategies involving the modulation of brain oscillation.

31



Invited

LOOK AT THE WORLD IN A DIFFERENT LIGHT:
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Abstract. The problem of wideband illumination of objects and surfaces by radiation from artificial
noncoherent microwave sources with the aim of subsequent observation by radiometric equipment is considered.
The main problem in solving this task consists in creating efficient microwave generators analogous to available
sources of lighting in the visible spectral range. We propose to use generators of ultrawideband chaotic
oscillations as sources of noncoherent microwave radiation.

By radio-illumination we imply artificialy created noisdlike field of wideband (or ultrawideband,
UWB) spatiadly and temporarily noncoherent radiation in the radio-frequency or microwave spectral
range. Radioillumination can be provided using one or more noncoherent UWB microwave sources.
Being incident on surrounding objects and surfaces, this microwave radiation is partly absorbed,
transmitted, and reflected, after which the subsequently propagating radiation bears information about
the medium with which it interacted. In this respect, the situation is analogous to that with standard
visible light. The essential difference consistsin involving different frequency range and different laws
of radiation—medium interaction.

The observation of objects with the aid of noncoherent microwave radiation and other noncoherent
signalsin frequency intervals different from that of visible light has been successfully used for a long
time, e.g., in space research, monitoring of the Earth from space, and in medical diagnostics. These
observations employ either the noncoherent microwave radiation generated by natural processes such
as intrinsic thermal radiation of physical bodies or the scattering of microwave radiation emitted by
highpower natural sources (e.g., by the Sun). Another extensively developing field of using
noncoherent microwave radiation for the observation of objects is related to radiometric systems with
noiselike illumination. In these systems, the radiometer contains a directional source of artificial
noncoherent electromagnetic radiation that illuminates the examined part of space by analogy with a
projector in the visible spectral range.

The existing microwave technology employs noiselike signal sources of two types. gas-discharge tubes
and semiconductor p— diodes operating in the avalanche breakdown regime. The main parameter of these
devices is the so-called excess noise ratio (ENR, expressed in dB), defined as the ratio of the generated
noise power to the noise power in a resstor matched with a particular transmission line at the given
temperature of environment. The ENR of gas-discharge tubes is typicaly on alevel of 15 dB, which is
about 30times the thermal noise power in a matched resistor at the ambient temperature of 290 K. Thus, a
gas-discharge tube generates noise corresponding to a temperature of 9 - 10° K. The ENR of diode sources
reaches 30 dB and their noise temperature is about 3 - 10° K, which corresponds to a spectral power density
of p~ 4 - 10° mW/MHz (-84 dBm/MHzZ). Further increase in the ENR level can be achieved by using
amplifiers. However, a significant increase in the power would require using rather complicated and
expensive equipment. Thus, neither of the two types of noise sources can provide appropriate solution for
radio-illumination tasks. We propose to use dynamic chaos generators for radio-illumination sources
(lamps of radiolight), which can be treated as sources of noisdlike analog signals in the corresponding
frequency range.

An experimental prototype of this device developed using the chaos microgenerator. This lamp
design comprises a chip with electronic components, antenna, and a secondary power supply unit that
transforms 220-V ac mains voltage into a 5-V dc bias. The frequency band of the lamp is 3-5 GHz. The
upper metal-coated chip side with a cone-shaped element forms a disk polycone emitter antenna. In
addition, the upper chip side bears an LED indicator of the device on/off state. The electronic circuitry is
arranged in a standard case for LED lamps with a radio-transparent plastic hemisphere and E27-type
base. The secondary power supply source also is located in the base. The lamp radiates within a broad
angular range symmetric relative to the longitudina axis. Radio-illumination of aroom or open space is
provided by screwing the lamp into a standard socket and switching on the mains voltage.
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Abstract. We report on self-induced switchings between multiple distinct space-time patterns in the
dynamics of a gpatially extended excitable system. These switchings between low-amplitude oscillations,
nonlinear waves, and extreme events strongly resemble a random process, although the system is deterministic.
We show that a chaotic saddle — which contains all the patterns as well as channel-like structures that mediate
the transitions between them — is the backbone of such a pattern switching dynamics.

We study inhomogeneous small-world networks of excitable systems. As a paradigmatic model for
excitability, we consider diffusively coupled FitzHugh-Nagumo oscillators. The inhomogeneity is
realized by choosing different parameter values for each FitzHugh-Nagumo unit in the network. The
topology of our network is determined by two properties: the number of long-range connections,
which is controlled by the rewiring probability p, and the range of short-range connections, which can
be manipulated by resizing the sphere of local influence (via the number of neighbors m involved in
the coupling).

For a large range of parameter values we observe a switching between three different types of
space-time patterns, which are manifested as low-amplitude oscillations, nonlinear waves and extreme
events. We study this pattern switching from different points of view — phenomenologically,
statistically, as well as dynamically and geometrically, which yields a coherent picture of the possible
underlying ingredients and mechanisms.

Our investigations revealed two properties that are essential for the pattern switching as observed in
our system to occur:

« The units have inhomogeneous control parameters, but are al in the oscillatory regime and, if

coupled, they are capable of self-generating localized excitations.

» The coupling topology is dominated by connections that are short-ranged with respect to at

least atwo-dimensional geometry, but also contains random long-range connections.

From a dynamical point of view, our findings suggest that the observed pattern switching is avery
long transient on a chaotic saddle, which contains all three distinct space-time patterns. This structure
of the transient chaotic behavior extends the usual notion of a chaotic saddle in the sense that it does
not need to exhibit one type of spatiotemporal dynamics only as in many examples studied previoudy
but can be characterized by an irregular switching between different space-time patterns. We identified
channel-like structures in phase space through which the trgjectory switches from one particular
pattern to the next. The observed pattern switching has proven to be robust against moderate changes
of the number of long-range connections and parameter inhomogeneity. Moreover, the phenomenon is
not tied to a specific system size.

With our findings, we present an alternative to the well-known ways to obtain self-induced pattern
switching, namely noise-induced attractor hopping, heteroclinic orbits, and adaptation to an external
signal. This alternative way can be expected to improve our understanding of pattern switchings in
spatialy extended natural dynamical systems like the brain and the heart.
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Abstract. We analyze the emergence of slow rate fluctuations and rate oscillations in random neuronal
networks influenced by external and internal noise, as well as coupling delay. The second-order stochastic mean-
field model is derived to examine (i) network’s stability and bifurcations in the thermodynamic limit and (ii)
fluctuations associated to finite-size effects. Regarding (i), external and internal noise are found to affect
macroscopic dynamics in a fundamentally different fashion. Considering (ii), we demonstrate that slow rate
fluctuations between two quasi-stationary states may be understood as noise-driven transitions in a double-well
potential, whereas delay-noise interplay can yield fluctuations involving two oscillatory regimes.

In recent years, the issue of how fluctuations and correlations affecting individual neurons are
reflected at the network level has become a focal point of research in neuroscience. The externa
and/or internal sources of noise, combined with other ingredients, such as the coupling delay, play an
important part in self-organization of collective behavior. One of the points attracting particular
interest is that the spontaneous activity of cortical neurons comprises a doubly stochastic process,
involving highly variable spike-trains on a short timescale, and slow irregular firing rate fluctuations
on much longer timescales. The dow rate fluctuations (0.4—2 Hz) congtitute emergent macroscopic
events, consisting of “on” episodes of high spiking activity interspersed with “off” episodes of relative
quiescence, and have been indicated to mediate certain forms of learning and memory, as well as to
contribute to cortical response variability.

In order to gain an insight into the described phenomena, we introduce a model of a sparse random
network of excitatory rate-based neurons [1, 2], where the local dynamics is influenced by external
and internal noise, while the interactions include coupling delay. Our approach to analysis of network
dynamics is based on deriving the second-order stochastic mean-field (MF) model which incorporates
an implicit Gaussian closure hypothesis [3], in a sense that the macroscopic behavior is characterized
by the mean (network-averaged) rate and the associated variance. MF dynamics is deterministic in the
thermodynamic limit (TDL), while the stochastic terms make up the finite-size effect.

Using bifurcation analysis, we demonstrate that the MF model can (i) predict the network’s
stationary states, (ii) anticipate the delay-controlled onset of mean-rate oscillations, and (iii)
qualitatively account for the generic mechanisms underlying slow fluctuations of the mean-rate.

Concerning (i), an important result is that the internal noise does not influence the MF dynamics at
al, while the external noise may change the number of stationary states and their levels.

Regarding (iii), the slow rate fluctuations are shown to emerge via two scenarios. In the delay-free
case, the leading mechanism can be seen as noise-driven transitions of a particle in a double-well
potential. Then, the MF model in the TDL displays bistahility between the “up” and the “down” state,
whereas the finite-size effect gives rise to stochagtic transitions between two metastable states. The
second scenario for slow rate fluctuations involves cooperative action of noise and delay, where the
fluctuations can be interpreted as stochastic mixing between two different oscillatory regimes.
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Abstract. Many higher-order functions of the brain such as language acquisition and motor learning require
sequence learning. Chunking enablesthe brainto generate compact representations of complex sequential
events, and hence plays a pivotal role in the modeling of the external world by the brain and artificial
intelligence. Several mechanisms have been proposed for chunking in the literature of computational
neuroscience and computer science. However, the performance of the previous models was limited to relatively
simple sequences, and the neural mechanisms underlying chunking in complex sequences remain elusive. Here,
we propose a recurrent network model that is capable of learning chunks in such complex sequences.

Chunking refers to a process by which pieces of information (e.g., characters) are bound together
into a meaningful whole (e.g., words). Chunking is thought to occur through two processes. Long and
complex sequences are first segmented into shorter and simpler sequences. Then, frequently repeated
segments may be concatenated into a single unit. While various approaches to chunking mechanisms
have been proposed [1-3], chunking is still a challenge in such sequences as alternately repeat
multiple chunks and random sequences of arbitrary length. | will present a novel mechanism of chunk
learning in recurrent neural networks. The key is to use independent multiple reservoir computing
systems that supervise each other during learning. The reservoir computing consists of a recurrent
neural network and readout neurons, and has been known as a basic model of cortical information
processing [3]. Although several extensions of the system, for instance to spiking neuron networks [4],
have been attempted, their applications have been typicaly limited to motor sequence learning and
control through supervised learning. In our model, while each reservoir is trained in a supervised
manner, as in the original model for motor learning and control, the entire system learns multiple
chunks in an unsupervised fashion. Through this learning, the system converges to a state of stable
operations when each reservoir computing system produces teaching signals that are consistent with
the temporal structure of input sequences. Thus, our model extends the reservoir computing system to
a more flexible unsupervised learning system for chunking. Interestingly, readout neurons in our
model behave like “stop cdls’ which have been discovered in the basal ganglia after motor sequence
learning. This result suggests the biological relevance of our model.
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We consider a generalized equation admitting compacton solutions induced by a non-convex
convection. A complete classification of low-order conservation laws is obtained for this equation.
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Abstract. We study the conditions of amplitude death in a network of delay-coupled limit cycle oscillators
with time-varying delay coupling. By generalizing the master stability function formalism, we analyze the
amplitude death regimes in a ring and a multiplex network of Stuart-Landau oscillators. We further investigate
the influence of time delay (constant, time-varying, or distributed) on the dynamical regimes and the lifetime of
amplitude chimera states in the case when coupling breaks the rotational S symmetry. We demonstrate that the
lifetime of amplitude chimeras and related incoherent states can be deliberately reduced or increased, depending
upon the type of coupling delay.

In this talk, we first describe a method to control amplitude death in networks of delay-coupled
limit cycle oscillators [1]. We consider the impact of the variability of the time delay in the node
interconnections, as well as in the self-feedback, either at each node or at a single node only. The
variability of the coupling delay in rea networks is often due to random fluctuations induced by the
environment, or due to imperfections of the system. In these cases, the delay varies stochastically in
time, being distributed over an interval of values and characterized by a distribution function. To
investigate analytically the regions of amplitude death in the parameter space, we generalize the
formalism of the master stability function, which is a method originaly used to analyze the
synchronous dynamics of complex networks. At high-frequency delay modulation, analytical results
for the occurrence of amplitude death can be obtained by approximating the variable-delay coupling
terms by distributed delay with delay-distribution kernels matching the probability density function.
The superiority of the proposed method with respect to the constant delay case is demonstrated both
numerically and analyticaly for a regular ring network consisting of Stuart-Landau limit cycle
oscillators in the regime near a Hopf bifurcation. We have shown that controllability of the network
fixed point is strongly limited by the local node dynamics, which could be removed in certain cases by
including a variable-delay self-feedback. In addition, we have shown that amplitude death can even be
induced if the self-feedback is applied at a single node only, for certain control parameter intervals and
not too large networks. We aso apply our control method to investigate amplitude death patterns in
more complex situations of multiplex network topologies.

Next, we report on our investigations of a ring network of Stuart-Landau oscillators coupled non-
locally and through the rea part of the complex variable [2—4]. While analyzing various space-time
patterns observed in this network, we focus on the transition from transient amplitude chimera states to
phase-lag synchronization (traveling waves) and higher-order coherent structures. Since the Kuramoto
order parameter cannot be used as an indicator for such a transition, we have developed a measure
which generalizes the global Kuramoto mean-field order parameter and allows us to detect the
transition from partialy incoherent states (e.g., amplitude chimeras) to any type of coherent structures.
We have systematically studied the impact of time delay in the coupling on the dynamics of the
system, comparing the results for constant, distributed, and time-varying delays with different
modulation types. We have shown numericaly that at high-frequency delay modulation, the system
with time-varying delay coupling is equivalent to distributed delay coupling with related delay-
distribution kernels.
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Abstract. We introduce a practical and computationally undemanding technique for inferring interactions at
various microscopic levels between the units of a complex network with adaptive links from the measurements
and the processing of macroscopic signals. Our methodology is then applied for taking alook at the microscopic
interactions occurring in a neurophysiological system, namely, in the thalamo-cortical neural network of an
epileptic brain, where the group electrical activity is registered by means of EEG. We demonstrate that it is
possible to infer the degree of interaction between the interconnected regions of the brain during different types
of brain activities, and to estimate the regions participation in the generation of the different levels of
CONSCiOUSNESS.

The current trends in neuroscience and neurophysiology relate to the analysis of brain networks
which interact with each other to perform different types of cognitive tasks such as, e.g., the formation
of a memory trace, the processing of a visual object, or the development (on a clinical level) of
pathological rhythms like epileptic seizures. These interactions are often quantified by means of the
degree of synchrony, which can be measured both locally (i.e. within the same brain structure), or over
amore global scale (i.e. in between brain structures).

In this talk, we introduce a practical and computationally undemanding technique for inferring
interactions at various microscopic levels between the units of a complex network with adaptive links
from the measurements and the processing of macroscopic signals. Starting from a network model of
Kuramoto phase oscillators which evolve adaptively according to homophilic and homeostatic
adaptive principles, we give evidence that the increase of synchronization within groups of nodes (and
the corresponding formation of synchronous clusters) causes aso the defragmentation of the wavelet
energy spectrum of the macroscopic signal.

Our methodology is then applied for taking a look at the microscopic interactions occurring in a
neurophysiological system, namely, in the thalamo-cortical neural network of an epileptic brain of a
WAG/RIij rat, where the group electrical activity is registered by means of multichanne
electroencephal ograms. We demonstrate that it is possible to infer the degree of interaction between
the interconnected regions of the brain during different types of brain activities, and to estimate the
regions participation in the generation of the different levels of consciousness. We compare our
approach with wavelet coherence calculations and show the advantages of our method. We apply our
approach to devel op the brain-computer interface for prediction and prevention of epileptic seizure[1].
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Abstract. We propose a model of human cardiovascular system which describes the main heart rhythm, the
regulation of heart function and blood vessels by the autonomic nervous system, baroreflex, and the formation of
arterial blood pressure. The proposed model demonstrates the phenomenon of synchronization of mean arterial
pressure regulatory system by the signal of respiration with the basic period close to 10 s, which is observed in
the physiological experiments.

The studies of complex multicomponent systems of the real world are usually accompanied by
consistent improvement of the model. Starting with the simple block diagrams that only qualitatively
describe the behavior of the rea system, the models are developed and grow more complex as new
knowledge becomes available. These more complicated models offer both qualitative and quantitative
description of the observed phenomena. Simulation is of particular importance in physiology, biology,
and medicine, where the possibilities of experimental invasive research and the range of acceptable
impacts on the object under investigation are fundamentally limited [1].

A model of human cardiovascular system is proposed which describes the main heart rhythm, the
regulation of heart function and blood vessels by the autonomic nervous system, baroreflex, and the
formation of arterial blood pressure [2]. The model takes into account the impact of respiration on
these processes.

Its capabilities and the boundaries of applicability were compared to the experimental results and
the model proposed earlier by Kotani [3]. For this purpose spectral analysis of heart rate variability
(HRV) signals was carried out. Also, frequency synchronization between 0.1 Hz oscillations in HRV
signals and respiration with linearly changing frequency was detected.

It was shown that the addition of baroreflex regulation loop of mean arterial pressure (AP) in the
form of self-sustained oscillator with time delay [4] in the proposed model alows one to reproduce the
power spectra, the values of statigtical indices of HRV, and the ratio of systolic and diastolic blood
pressure typical for healthy subjects at rest. Besides, the proposed model demonstrated the ability to
simulate the phenomenon of phase synchronization of 0.1 Hz rhythm of mean AP baroreflex
regulation and respiration with linearly changing frequency that was previously observed in our
experiments. Moreover, it is possible to reproduce the autonomous blockade and arterial hypertension
by the choice of the model parameter values[5].
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In this talk, we study the (2 + 1)-dimensional Zoomeron equation which is an extension of the well-
known (1 + 1)-dimensional Zoomeron equation that has been studied extensively in the literature. We
determine the classical Lie point symmetries admitted by the equation and compute an optimal system
of one-dimensional subalgebras. Based on this optimal system, we obtain symmetry reductions and
new group-invariant solutions. Furthermore we construct the conservation laws of the underlying
eguation using the multiplier method.
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Abstract. A model neuron with slow synaptic input demonstrates high variability of its excitability threshold
properties. This alows the neuron to receive and transform fast external synaptic signals in a complicated
nontrivial manner. The slow modulation of the threshold properties not only changes the number of spikesin the
response, but also makes the number of spikes from the fast pul se amplitude nonmonotonic.

The study of systems modeling the properties of nerve cells is one of the intensively developing
areas of modern nonlinear physics [1]. The neural modeling on the one hand alows us to understand
the basic mechanisms of the brain and on the other to develop new ways of processing and
transmitting information.

An important place in the research of neura activity is occupied by the identification of
mechanisms of action potential generation in an individual neuron under the influence of an external
stimulus. The change in the membrane potential of a neuron is determined by the sum of different
incoming synaptic currents that can be either pulsed relaxation or slowly monotonically increasing or
decreasing [2]. Here we study the dynamics of a model neuron with a complex-threshold excitation
[3, 4] under the additive effect of weak slow and fast pulsed synaptic currents. The processes of short
pulse transformation are investigated depending on the characteristics of the slow stimulus and the
state of the neuron itself. It is shown that the response of the model has selective properties in terms of
the amplitude of the incoming pulse. Depending on the parameters of the model the response can be
either single action potential or a series of several action potentials called bursts.

A key role in the formation of the neuron response to a pulsed signal is played by the presence of a
complex threshold of excitability. In the absence of dow synaptic input the threshold properties are
determined in the model phase space by the oscillating separatrix of the saddle equilibrium state. The
presence of adowly varying synaptic current leads to a significant change in the shape and location of
the threshold manifold. Threshold transformation with an increase in the rate of the dow synaptic
current occurs in a complex nonlinear manner. Its distinctive feature is the appearance of structuresin
the form of folds on the threshold manifold. The appearance of folds is a purely dynamic effect. Its
existence can't be established directly from the classical methods of analysis of slow-fast systems.
Thus, the threshold of neural excitability has a complex nonstationary structure, which can’'t be
obtained directly on the basis of static threshold analysis. It is shown that with simultaneous action of
fast and slow synaptic currents on a neuron, a fast pulse current excites spike-burst oscillations, while
a slow synaptic current has a modulating effect on them. Activating a weak slow current not only
changes the number of spikes in the response, but also makes the number of spikes from the fast
current amplitude nonmonotonic. The established regularities of the action potential sequence
emergence are of considerable interest for the construction of neuroinspired sensory systems capable
of processing or transmitting information at relatively short time intervals of the order of several
action potentials.
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Abstract. We report a novel type of the dynamics in oscillatory networks with pulse delayed coupling. In
such networks the regular low-periodic oscillations may destabilize giving birth to the higher-periodic ones, the
so-called "jittering" regimes. The period of the emergent regimes is proportional to the value of the coupling
delay. Another characteristic feature is high multistability of these regimes. At the bifurcation point, the low-
periodic regime destabilizes, and a bunch of higher-periodic ones appear at once. The number of the coexisting
"jittering" regimes grows exponentially with the coupling delay.

Interaction via short signals, or pulses, is a characteristic feature of many types of dynamical
networks. Delayed interaction is typical for many of them as well. A prototypical example is neura
networks where neurons interchange spikes which propagate with finite speed leading to coupling
delays. Numerous researches have shown that the introduction of time delays may lead to significant
changes in the dynamics of a system, the reason for which isthe increase of its dimensionality.

Here we report a novel type of the dynamics that emerges in oscillatory networks with pulse
delayed coupling. Recently we showed that in such networks the regular low-periodic oscillations may
destabilize giving birth to the higher-periodic ones, the so-called "jittering" regimes. The period of the
emergent regimes is proportiona to the value of the coupling delay and may be arbitrarily large.
Another characteristic feature of such regimes is their high multistability. At the bifurcation point, the
low-periodic regime destabilizes, and a bunch of higher-periodic ones appear at once. The number of
the coexisting "jittering" regimes grows exponentially with coupling delay.

Thejittering regimes are observed in networks of various configurations, such as a single oscillator
with feedback, a pair of oscillators, rings with unidirectional coupling and small motifs of various
topology. The onset of the "multi-jittering" bifurcation is determined by the form of the coupling
function and can be predicted analyticaly.

Acknowledgements

The research is supported by the Ministry of Education and Science of the Russian Federation
(Agreement No. MK-8460.2016.2) and the Russian Foundation for Basic Research (grant 17-02-
00904).

References

1. V.V.Klinshov, D.S. Shchapin, S. Yanchuk, and V.I. Nekorkin, Phys. Rev. E, 2016, 94, 12206.

2. V.V.Klinshov, L. Licken, D.S. Shchapin, S. Yanchuk, and V.I. Nekorkin, Phys. Rev. Lett., 2015, 114,
178103.

3. V.V.Klinshov, L. Licken, D.S. Shchapin, S. Yanchuk, and V.1. Nekorkin, Phys. Rev. E, 2015, 92,
42914.

42



Invited

CHARACTERISTICS OF NOISE-INDUCED INTERMITTENCY
IN BISTABLE SYSTEMS

A.A. Koronovskii

Saratov State University, Saratov, Russia
alexey.koronovskii @gmail.com

The irregular alternation of two different regimes in time, while al system parameters are fixed,
has been observed and studied intensively in many dynamical systems, from electrical circuits [1] and
lasers [2] to immensely complex living objects [3—7]. Recently, the notion of intermittency was
extended to multistable systems (multistate intermittency) manifested as the alternation between
coexisting periodic or chaotic behaviors [8,9]. In bistable and multistable dynamical systems,
irregular switches between coexisting states can be induced by noise resulting in so called noise-
induced intermittency, also known as multistate intermittency, or noise-induced attractor hopping [10—
13].

Despite of some achievements in the study of noise-induced intermittency, there remain severd
problems demanding consideration and discussion. One of them is the lack of an appropriate theory
which would reveal the main characteristics of noise-induced intermittency, including the case of a
bistable dynamical system.

The aim of thistak isto develop a quantitative theory of noise-induced intermittency in a system
with two coexisting regimes, and prove it with several different systems, from the point of view of the
proposed theory comparing the statistical characteristics of the behavior of these systems with the
theoretical predictions. We consider several systems where the noise-induced intermittency is
observed, namely, the bistable energy model, erbium-doped fiber laser and the brain dynamics in
perception of ambiguous images.
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Abstract. The report contains an overview of approaches to constructing systems of electronic and
mechanical nature manifesting the hyperbolic chaos.

Hyperbolic chaos has fundamental advantages for applications. First, it is characterized by
roughness, or structural stability, i.e. insensitivity of chaos to dlight variations of parameters and to a
form of the evolution operator. Second, presence of a well-elaborated mathematical theory is attractive
for devel oping profound opportunities for applications, for example, in communication systems. Until
recently, however, hyperbolic chaos was represented exclusively by mathematical constructions
(Smale-Williams attractor, Plykin attractor, and Anosov dynamics). If mathematicians develop their
examples using geometric, topological, algebraic methods, a physicist for design of mechanical or
electronic models with hyperbolic chaos should use another toolbox: oscillators, particles, interactions,
feedback loops etc. [1].

The simplest approach is to consider a mechanical system, for example, a particle in aplane or in
space, under periodic kicks, the magnitude and direction of which depend on the instantaneous
position of the particle, implementing such conditions that the mapping over the period would
correspond to some mathematically constructed map with a hyperbolic attractor [2].

The second approach is based on the use of two or more oscillators, which pass the excitation of
each other so that the complete cycle of the transfer corresponds to the expanding map for the angular
variable, which corresponds to the phase of the oscillations [3]. A similar method may be applied to
digtributed systems, where the expanding map is subjected to a phase of spatial patterns, such as
Turing structures or parametrically excited standing waves on a nonlinear string [4].

Several approaches are based on the purposeful design of models in the form of differential
equations with right parts of periodicaly switched form. In particular, this made it possible to indicate
an example of a system where an attractor of the Plykin typeisrealized [5].

One more recently developed direction is constructing mechanica systems starting from Anosov's
dynamics on a surface of negative curvature. In particular, such dynamics are redlized in the Thurston-
Wicks-McKay-Hunt triple-linkage hinge mechanism. Several versions have been considered, where
the mechanical congraint through hinges and pivots is replaced by potential interaction for the three
rotators [6]. Introducing dissipation and feedback makes the system with hyperbolic chaos self-
oscillatory. The Anosov type dynamics occurs on an attractive set in the phase space but the attractor
retains the hyperbolic nature due to the inherent structural stability. Being inspired by the mechanical
system, it appears possible to implement an electronic circuit operating as a hyperbolic chaos
generator, where a phase-locked loop is used as an analog of the mechanical rotator.

All the mentioned principles of design of systems with hyperbolic chaos are illustrated by concrete
examples represented by differential equations or electronic circuits, and results of simulation of their
functioning are presented.
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In this talk | will discuss the dynamics of systems with many degrees of freedom. We first will
consider some results obtained in the case of long-range interacting systems with Hamiltonian
dynamics. Starting from these we shall see how some of the properties can be transferred to the
dynamics on networks, either on regular lattices or more complex networks.

Finally if 1 have time, | will briefly present some simple models of the growth of a network itself

(mainly with atree like structure at this stage) and discuss some of the obtained results with possible
comparison to real trees.
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In this paper, bifurcation trees of period-1 motions to chaos in a parametrically excited pendulum
are predicted semi-analytically. To construct discrete mapping structure of periodic motions, implicit
discrete maps are developed from the discretized differential equation of such a parametric pendulum.
The bifurcation tree of period-1 motions to chaos is presented via the complete bifurcation trees of
period-1 to period-4 motions. The corresponding stability and bifurcation anaysis are carried out
through eigenvalue analysis. Finaly, numerica simulations of various periodic motions are
completed, and such simulations are illustrated over the analytically predicted trgectories for
verifications.

46


mailto:yu.guo@mwsu.edu�

MEAN-FIELD MODEL FOR A NETWORK OF GLOBALLY COUPLED
STOCHASTIC MAP-BASED NEURONS
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Abstract. We analyze the emergent regimes and the stimulus-response relationship of a population of
stochastic spiking neurons modeled by discrete-time systems by means of a mean-field (MF) model, derived
within the framework of cumulant approach complemented by the Gaussian closure hypothesis. It is
demonstrated that the MF model can qualitatively account for stability and bifurcations of the exact system,
capturing all the generic forms of collective behavior, including macroscopic excitability, subthreshold
oscillations, periodic or chaotic spiking, and chaotic bursting dynamics. Apart from qualitative analogies, we
find a substantial quantitative agreement between the exact and the approximate system, as reflected in matching
of the parameter domains admitting the different dynamical regimes, as well as the characteristic properties of
the associated time series. The effective model is further shown to reproduce with sufficient accuracy the phase
response curves of the exact system and the assembly's response to external stimulation of finite amplitude and
duration.

In this talk we present results on the systematic analysis of the emergent dynamics and the
stimulus-response relationship of a network of globally-coupled map-based neurons using a mean-
fidd (MF) approach. The considered map neurons can exhibit a variety of regimes, including
excitability, subthreshold oscillations, regular and chaotic spiking or bursting, as well as mixed
spiking-bursting oscillations. Despite the extensive studies of collective motion of spiking neurons
subjected to noise using different models of discrete local dynamics, a MF theory for a population of
noisy map neurons is obtained here for the first time. Our derivation of the effective model relies on
Gaussian approximation, which is introduced within the framework of a Gaussian closure hypothesis.
In physical terms, such an approximation suggests that the local variables at an arbitrary moment of
time are independent and conform to a normal distribution centered about the assembly mean and
characterized by the associated assembly variance.

Within the MF framework we have demonstrated that the effective model can qualitatively capture
all the bifurcations of the exact system leading to the onset of different generic regimes of collective
behavior. As far as the quantitative agreement is concerned, we have established substantia matching
between the parameter domains admitting the respective dynamical regimes for the exact and the
approximate system. Moreover, the typical features of the associated regimes, such as the average
interspike interval or the average bursting cycle, exhibit analogous changes with parameter variation,
and in many parameter domains display numerically similar values.

Apart from considering asymptotic dynamics, we have verified that the MF model is capable of
capturing the stimulus-response features of the exact system. For short pulse-like perturbations, it has
been found that the approximate system reproduces the phase response curves of the exact system for
both the spiking and bursting regimes of collective activity with high accuracy. Substantial analogies
have also been observed in case of macroscopic excitable regime for scenarios where the assembly is
stimulated by rectangular pul se perturbations of finite amplitude and duration.
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Abstract. We study two coupled neurons using the FitzHugh-Nagumo model. We analyze how mutual
coupling affects the detection and transmission of a periodic, subthreshold signal that is applied to only one of
the neurons. Recent work has shown that, in a single neuron, the interplay of noise and modulation induces
temporal ordering in the spike sequence. We analyze under which conditions the coupling to a second neuron
further enhances the temporal order of the spikes of the first neuron, improving signal encoding. We aso study
which conditions enhance temporal order in the spikes of the second neuron, improving signal transmission.

In sensory neurons the presence of noise can facilitate the detection of weak signals, which are
encoded and transmitted via temporally correlated sequences of spikes. In a recent work [1] the
dynamics of a stochastic FitzHugh-Nagumo (FHN) neuron was studied, when a weak periodic signal
was applied to the neuron (the amplitude of the signa was kept below the excitable threshold, such
that by itself, in the absence of noise, the signal did not generate spikes and the response of the neuron
was a subthreshold oscillation). In the presence of noise, however, spikes were generated which
encoded information about the applied subthreshold signal. By using a symbolic method of time-series
analysis known as ordinal analysis [2] applied to the sequence of inter-spike-intervals (ISls), it was
shown that the interplay of noise and the periodic signal induced the emergence of relative temporal
ordering in the timing of the spikes (i.e., induced temporal correlations among several consecutive
ISls). Different types of temporal ordering were found, in the form of preferred and infrequent ordinal
patterns that depended on both, the strength of the noise and the period of the input signal.
A resonance-like behavior was also found, as the probabilities of the preferred/infrequent patterns
were maximum/minimum for certain periods of the input signal and noise strengths. In contrast, the
spike rate was found to be nearly independent of the period of the signal. These results suggest that
single sensory neurons in noisy environments might encode information about weak periodic stimuli
not in the rate of the generated spikes (“rate coding”) but rather in the reative timing of the spikes
(“temporal coding”), in the form of more/less frequent ordina patterns, which vary with the period of
theinput signal.

Here we analyze under which conditions the coupling to a second neuron, which is assumed to be
mutual, linear and instantaneous, can further enhance the temporal ordering in the spike sequence of
the first neuron, improving the encoding of the weak, subthreshold external signal. Asin [1], we apply
the method of ordinal analysis to the output sequence of inter-spike intervals of the first neuron. We
find that for certain periods and amplitudes of the external signal, the coupling to the second neuron
changes the preferred (and also the infrequent) ordinal patterns. A detailed study of how the ordina
probabilities vary with the coupling strength is performed. In a second step, we analyze which
coupling conditions enhance temporal order in the spikes of the second neuron, improving the
transmission of the signal.
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Abstract. We propose a model of an adaptive network of spiking neurons that gives rise to a hypernetwork
of its dynamic states at the upper level of description. Left to itself, the network exhibits a sequence of transient
clustering which relates to a traffic in the hypernetwork in the form of random switching between different
states. Receiving inputs the system is able to generate reproducible sequences corresponding to stimulus-specific
paths in the hypernetwork. We illustrate these basic notions by a simple network of discrete-time spiking
neurons together with its FPGA realization and analyze their properties.

We propose a paradigmatic model of how network dynamics and structure evolution can lead to the
emergence of a new level of description which may be considered as an emergence of functions from
evolving dynamical structures [1, 2]. The outline of the model is the following. First, we consider a
neuronal population as a network of interacting nodes-oscillators coupled by directed links. Thisisthe
bottom level. The nodal dynamics as well as the activity of links are governed by some deterministic
evolutionary operators. Depending on nodal dynamics the links become active or inactive thus
forming different structural patterns in the network. Physiologically this can mean that some synaptic
links become strong while others tend to be weak. A structural pattern results in a specific
spatiotemporal activity in the form of synchronous or asynchronous clusters. Depending on the
internal state as well as external conditions the network can adapt to different stimuli and reconfigure
the structure of strong and weak couplings thus changing the spatiotemporal pattern. Different
perception stimuli or cognitive tasks give rise to the activation of different distributed neurona groups
or to a different order of sequential activation of various brain areas. We relate this distributed
neuronal group specified by the common task to a corresponding hypersimplex. Hypersimplices are
ordered, or structured, sets of nodes with an explicit relation; in other words, they exist at a higher
level of representation than network’s nodes. In our model, hypersimplices are specified by the
coupling topology that leads to a certain cluster activity. A structured set of hypersimplices determines
a hypernetwork where the connections between hypersimplices describe their functiona relations. In
our model, we assume that two hypersimplices are connected if the network can change its state from
one hypersmplex to another due to the evolutionary rules governing its structure and dynamics.
Internal as well as external conditions usualy tend to slowly evolve or drastically change which
causes the network to adapt by reconfiguring the structure of itslinks. In general, this leads to rewiring
and anew hypersimplex appears in the system. Hence the coevolution of structure and dynamics at the
bottom-level network gives rise to a kind of traffic at the upper level-in the hypernetwork. The
complexity of the hypernetwork and potentia transitionsin it depend on the dynamical principles and
evolutionary rules that govern the constituents of the basic network. An actual path in the
hypernetwork depends on the joint action of external inputs and the network’s internal state. Sensory
information and task requirements activate some subset in the hypernetwork thus transforming it to a
simpler structure that enables to move along the hypernetwork by a specific path. Each such path is a
unique pattern of transient cluster activity for a given task performance and is robust in non-stationary
environments.
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Abstract. The defining property of chimera states is the coexistence of coherent and incoherent domains in
symmetric coupled systems. The recent realization that such states might be common in oscillator networks
raises the question of whether an analogous phenomenon can occur in continuous media. Using the complex
Ginzburg-Landau equation as a model system, we characterize continuous chimera states consisting of a
coherent domain of a frozen spiral structure and an incoherent domain of amplitude turbulence. In contrast with
discrete network systems, fluctuationsin the local coupling field here play a crucia role in limiting the coherent
regions.

Chimera states are spatiotemporal patterns resulting from symmetry breaking. The discovery of
such states in oscillator networks demonstrated that even in systems of identically-coupled identical
oscillators, mutually synchronized oscillators can coexist with desynchronized ones [1]. Chimera
states were initially identified in networks of phase oscillators with nonlocal coupling [1, 2], but they
have been recently demonstrated for a wide range of oscillator networks [3]. Yet with very few
exceptions, previous, previous work has focused exclusively on chimeras in (discrete) network
systems. It is thus natural to ask the extent to which chimera states can exist and have salient
properties in continuous systems. To address this question, we consider as a model system the

complex Ginzburg-Landau equation, % = A + (1+ic,)V?A- (1 —icy)|A|?A, which describes the

universal behavior of a homogenous oscillatory medium in the vicinity of a supercritical Hopf
bifurcation [4]. This system exhibits different dynamical phases depending on the parameters ¢, and
c;. Relevant phases for our study include amplitude turubulence, consisting of a disordered and finite
density of defects, and frozen vortex glasses, consisting of multiple domains of dowly evolving spiral
structures with time-independent amplitude near the spiral cores.

By studying the previously under-explored parameter regime between vortex glasses and amplitude
turbulence, we report novel frozen vortex chimera states, consisting of a frozen spira structure
coexisting  with  surrounding o o
amplitude turbulence, as shown in () 94 = — (b)

Figure 1. We characterize these ' [0zis i 25 ~
frozen vortex chimeras using a '
local coupling field anaysis
inspired by the Kuramoto-
Battogtokh  approach [1]. We L

find that, in contrast to the i s | I ke o
fluctuations in chimera states in 128t i s ] 10 -
nonlocally  coupled  discrete <126 64 0 64 126 0.68 u.rr 0.86 0-95
systems, fluctuations in the local am c3

coupling field in these continuous  Fig. 1. Frozen vortex chimeras (FVC) (a) consist of a coherent spiral
chimeras cannot be neglected, and  structure surrounded by amplitude turbulence and (b) are found in an
we  conjecture  that  such undq-explored parameter regime between vortex glasses (VG) and
fluctuations are key to amplitude turbulence (AT).

understanding the coexistence of order and disorder in these state. This mechanism provides insights
into experimental observations[5, 6] of coexisting order and disorder in continuous media.
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Abstract. Turbulenceisinherently statistical in nature. Further, from large-scale direct numerical simulations
we have an overwhelming evidence, that the Navier-Stokes equations are an excellent model to describe
turbulence. Independent of this, from a group theoretical point of view the Navier-Stokes equations admit the
classical Galilean symmetry group extended by a scaling group, which gives a deep understanding on the
physical properties together with the link to the underlying conservation laws.

Interesting enough, the three complete statistical theories of turbulence all derived from Navier-
Stokes equations, i.e. the infinite hierarchy of multi-point moments, the infinite Lundgren-Monin-
Novikov hierarchy of the probability density function and the Hopf characteristic functional theory, al
admit the above mentioned classical Galilean group. However, and most important, they all admit
additional symmetries so-called statistical symmetries. These are in particular two statistical symmetry
groups, which quantify two important properties of turbulence: intermittency and non-gaussianity
(Waclawczyk et al. 2014).

Very recently, these results were significantly extended for turbulence in two dimensions. Though
in 2D the key mechanism of vortex stretching is absent and, hence, the generation of small scales does
not exig, it is still an important model for many theories and applications.

The new finding of additional statistica symmetriesin 2D traces back to a conjecture by Polyakov
(1993) and Falkovich (2007) that the probability density function (PDF), or more precisely the
probability measure of vorticity, is invariant under the conformal group (CG). This conjecture has
recently been proven by the present authors, though interesting enough the CG is only “visible” if the
PDF is based on the vorticity (and not the velocity), which for 2D flowsis a scalar function.

Asthe CGisinfinite dimensional, it may have important implications, though details have not been
explored yet. Still, due to its infinite dimensionality, an infinite number of conserved quantities exist
and, hence, the system isintegrable — at least in principle (Schottenloher, 2008).
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Abstract. We investigate numerically the behavior of a two-component reaction-diffusion system of
FitzHugh-Nagumo type before the onset of subcritical Turing bifurcation in response to local rigid perturbation.
In alarge region of parameters, initia perturbation evolves into a localized structure. In a part of that region,
closer to the bifurcation line, this structure turns out to be unstable and undergoes self-completion covering all
the available space in the course of time. Depending on the parameter values in two-dimensional space this
process happens either through generation and evolution of new structures or through the elongation,
deformation and rupture of initial structure, leading to space-filling non-branching snake-like patterns.

Spatio-temporal patterns formed in systems far from thermodynamic equilibrium are widely spread
in nature. They are observed in systems of different nature: physical, chemical, biological. In
experiments, two major types of spatially non-uniform structures are observed: non-localized patterns
that occupy the whole available space, and localized structures, that do not spread far away from the
place of their origin. While in the region of Turing instability non-localized dissipative structures are
aways formed, localized structures can arise rigidly in the prebifurcation region of subcritical Turing
instability due to large enough initial local excitation. Under appropriate parameter values, these
structures may evolve into non-localized ones due to perturbations.

We investigate numerically the behavior of a two-component reaction-diffusion system of
FitzHugh-Nagumo type with two control parameters: the ratio of diffusion coefficients D and the
reaction parameter o

U=DAu—-u(u+a)u-1)-v, (1)
V=Av+U-—-V.

Turing bifurcation takes place when 1> o > 2D~ D. Using week nonlinear analysis we show that
the bifurcation becomes subcritical for sufficiently small diffusion coefficient: D < 0.094.

Close to the line of Turing bifurcation in parameter space before the onset of bifurcation, similar
structures arise in the same manner as in the region of instability. New spots arise around the initia
localized structure because of rotational symmetry breaking. They build up to new localized deformed
spots the whole process resulting in a dissipative structure covering the whole available space.

When moving away from the bifurcation line at small values of D another type of self-completion
takes place — the initial spot deforms and starts elongating in one direction. The growing structure
folds and corrugates, but never branches, densely occupying all the available space in course of time.
The first elongating patterns, which appear with the increase Aa, accidentally rupture during their
development, but further from the bifurcation line, they become more rigid.

Moving away from the bifurcation line, the rate of self-completion process decreases and its
behavior qualitatively changes. The nature of this change differs for different values of D. When D is
less than ~0.002, with the growth of Aa the rigidity of the line structures continues to grow, until the
region in parametric space is reached where self-completion ceases and initialy arisen structures
remain localized. However, for larger values of D with the increase of Aa the line structures rupture
more frequently and quite near the edge of the self-completion region they begin to break apart soon
after initial deformation into spot-like structures, which then elongate into perpendicular direction.

Numerical simulations for one- and two-dimensional spatial cases detected essential difference
between them in the behavior of FitzHugh-Nagumo type model. For 2D case the parametric domain
within which non-localized patterns are formed is significantly larger. Parameter values, under which
in 2D case sdf-completion of initia localized structures takes place through elongation, in 1D case
correspond to stable localized structures. The reason of this striking difference is apparently due to the
break of cylindrical symmetry of theinitial circular spot, which isimpossiblein 1D.
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Abstract. In the present paper, formation of multi-modes chaotic attractor, based on the multi-dimensional
quasiperiodic torus observed in numerica and radiophysical experiments is reported. Characteristic phase
portraits are shown.

One of the promising directions of practical application of radiophysical generators of chaotic
signalsisto use them for secure communication systems [1-4]. This direction has been developing for
quite a long time, however, there are a number of problems, not allowing to use these generators in
applications. Such problems include: the dependence of generation mode of chaotic signal on the
parameters and initial conditions, sensitivity to noise, the problem of confidentiality of transmitted
information, etc. In general, al these problems are connected with different properties of chaotic
attractors.

Investigation of multi-frequency quasi-periodic oscillations is a topical and important problem in
different areas of science [5-7], including systems of secure communication.

In the present paper we would like to present numerical and experimental investigation of the
systems, such as a system of coupled self-generators and a system of multi-contours self-generator
with common controlling circuit. The starting point of our investigation was the dynamics of five
coupled van der Pol oscillators. Recently a model of five globally coupled oscillators of van der Pol
type was proposed, in which the Landau-Hopf scenario was observed: a sequence of the birth of torus
of high dimension. For such a system a special topology of coupling was found, when one can observe
the transition between high-dimensional torus as a result of quasiperiodic saddle-node bifurcation (it is
atypical situation), but also as aresult of quasiperiodic Hopf bifurcation (this bifurcation is typical for
the Landau-Hopf scenario). Then the multicontour self-generator is suggested. This multicontour
generator consists of several oscillating circuits (contours) with independent control circuits
responding for excitation of oscillatory mode. The interaction of different modes leads to chaotic
dynamics with a different amount of modes. We have studied chaotic and quasiperiodic regimes in
such systems numerically and experimentally.
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Abstract. We investigate the possibilities of the phase dynamics analysis-based method for detection of
directional and time-delayed couplings between two oscillators from their time series (exhibiting multiple
spectral peaks) in case of hidden third oscillator influencing both the observed ones. We have shown that
application of the method of phase dynamics modeling to such a situation leads to false coupling detections. We
have suggested a diagnostic criterion of possible errors and modified the technique of couplings detection. The
effectiveness of the proposed modification is shown in numerical experiments.

The problem of revealing couplings (causal influences) between elements in complex systems from
observed time series appears in different fields including neurophysiology and climatology (e.g. [1]
and references therein). In [2] the method for detection of directional couplings between two
oscillators from phase time series is proposed. The method is based on fitting empirical phase
dynamics models. In [3] this method was modified for estimation of directional couplings from noisy
and short time series and in [4] was modified for estimation of couplings delay time.

According to the techniques developed earlier, one computes phases of the observed signals e.g.
using the analytic signal construction and obtains the time series ¢,(t,) and ¢,(t,) where t, isa

discrete time. Then, to determine the influence of the second oscillator on the first one (and vice versa,
by analogy) and estimate couplings delay time, one fits the phase dynamics model of the second
oscillator in the form of a stochastic difference equation:

P, (t+1) =y (t) = R, (1), @,(t=A, 1)) +(1), D

where the phase increments are taken on a time interval of fixed length 1, € is the t-integrated phase
noise, A is a trial time delay and F is a trigonometric polynomial, which describes both individual
phase nonlinearity of the oscillators and coupling between them. The estimations of directiona
coupling indexes and of couplings delay time one gets through assessments of polynomial coefficients
and minimum of model errors correspondingly. This method is effective for an analysis of couplings
between oscillators with well-defined phases (narrow-band signals). However, in practice, often real
signals exhibit multiple spectral peaks and one needs modified estimators applicable to such situations.

In this work we investigate the potential of the above method for detecting directional and time-
delayed couplings between two oscillators from wideband signals. As an exemplary mathematical
system we consider the case of a hidden third oscillator influencing both the observed ones. In
numerical experiment we analyzed ensembles of time series from three coupled Van der Pol
oscillators with different coupling structures and noise levels. Application of the method of phase
dynamics modeling to such a situation is shown to lead to false detections of coupling and its delay
time. We have proposed a diagnostic criterion of the possible false conclusions which is based on the
autocorrelation function of the residual errors of the phase dynamics model. We have modified the
method in such way that the phases of the oscillators are calculated after a rejection filter eliminates
spectral components in the frequency band containing the basic spectral peak of the hidden oscillator.
We have shown that this modification is effective for detecting couplings in a wide range of
parameters of oscillators (the influence intensity of the hidden oscillator, the coupling strength
between the observed oscillators and noise level of oscillators).
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Abstract. Neuronal cultures provide a versatile experimental platform to explore living neuronal networks,
and model them through physico-mathematical toolboxes such as dynamical systems, network theory, or
information theory. Here we present different examples on the use of neuronal cultures to address important
guestions in neuroscience, specifically spontaneous activity patterns, the importance of spatial embedding, and
the resilience of circuits to damage. The studies combine experiments with numerical simulations.

Neuronal cultures are prepared by plating an ensemble of neurons over a substrate. Plated neurons
quickly connect to one another and shape within aweek a de novo assembly with rich activity. Datais
acquired through fluorescence calcium imaging, which alows the simultaneous monitoring of
thousands of neurons in the field of view (Fig. 1A-B). Images are processed to obtain, for each
neuron, the fluorescence profile along time (Fig. 1C). The analysis of this data allows the investigation
of coherent dynamics (yellow box in Fig. 1C); or the tracking of activity propagation (Fig. 1D).

In our studies, two kinds of neuronal cultures are of specia interest, namely homogeneous and
aggregated. For the former, about 5000 neurons cover uniformly the substrate [1, 2]. For the latter,
neurons form compact aggregates — about 50 in number — connected to one another (Fig. 1E), leading
to anetwork in which both the aggregates and their connections are well visible and accessible [3].

Our cultures grow on a two-dimensional substrate, which imposes strong metric correlations in the
connectivity that, in turn, shape the properties of the spatiotempora activity fronts [1]. For the
particular case of homogeneous cultures, by using modeling scenarios from dynamical systems and
statistical  physics, we link the macroscopic properties of the observed activity fronts with the
microscopic, network-level traits[1, 2, 4].

The aggregated networks exhibit an activity in which aggregates tend to fire in small groups,
shaping dynamical modules of varying size. Additionally, network dynamics show a strong sensitivity
to the details of the connectivity among aggregates. We have used such a trait to investigate network
resilience to damage, for instance by quantifying the changes in the network dynamics before and after
abiochemical attack, and to assess which network configurations are more resistant to damage [3].

B TR
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Fig. 1. (A) Neurons in culture. (B) Corresponding fluorescence image. Bright objects are firing neurons.
(C) Typical spontaneous fluorescence activity traces. (D) Propagating front. (E) Culture of aggregated neurons
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Abstract. In the present paper a modified version of the well-known pancreatic cell model is suggested. The
considered modification only produces minor changes of the model and thus allows for a stable state to arise and
develop inside the bursting dynamics. In this way the model becomes an example of coexisting stable and
bursting dynamics in a biophysical model. We present a series of numerical simulations with the model and
describe some of the main scenarios associated with the observed form of multistability.

Multistability, or coexistence of dynamical regimes, is a characteristic feature of many types of
biological cdls, neura networks [1-4], and other forms of oscillatory biophysical systems. This
feature is particularly significant in connection with the study of interacting ensembles of many, nearly
identical subsystems. It is well-known, for instance, that a variety of unusual phenomena that emerge
in ensembles of coupled oscillators can lead to major reconstructions of an oscillator population, or to
its totd collapse. It is broadly accepted, for instance, that synchronization plays an important role in
the pathogenesis of neurological diseases such as Parkinson’ s disease and essential tremor.

In line with the recent survey paper by Dudkowski et al. [5], an attracting state may be classified as
either ‘hidden’ or ‘self-excited’, with hidden attractors representing all those attractors that do not
connect to a stable equilibrium state. At the present, the mechanisms that allow bistability, such as the
coexistence of tonic spiking and silence or the coexistence of tonic spiking and bursting, appear to be
relatively well described. On the other hand, the dynamical mechanisms that support bistability
between bursting and silence have not yet been examined to the same extent [4]. Classification of
mechanisms that support the coexistence of oscillatory and silent regimes is so far incomplete, and this
remains a challenge both in relation to the progress of dynamical systems theory and in relation to
important issues in neuroscience. An example of a system that displays coexistence of silence and
bursting oscillations was presented in the recent paper by Malashchenko et a. [4]. However, further
examples of thistype of coexistence are clearly desirable.

In this paper we introduce a modified version of the pancreatic beta-cell model obtained by
introducing a new type of potassium-like ion with its characteristic set of channel parameters selected
in accordance with a standard Hodgkin-Huxley formalism. The suggested modification is designed to
be local and small enough to alow for the existence of an attracting state to live inside the regime of
stable bursting dynamics. This provides for the presence of multistability in the modified beta-cell
model and, at the same time, serves as an example of a biophysical system that allows for the
coexistence of stable silence with large amplitude bursting.
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Abstract. We study numerically the dynamics of a network of nonlocally coupled Henon maps. Temporal
random switchings between amplitude and phase chimera states are reported and studied for the first time. It is
shown that in the autonomous ensemble, a nonstationary switching process has a finite lifetime and is a transient
towards the stationary regime of phase chimera. By applying short-term noise perturbations the lifetime of the
switching regime can be increased to infinity.

We present numerical results for the dynamics of a network of nonlocally coupled Henon maps [1]
in a chaotic regime of partial e ements. The ensemble is described by the following equations [2]:
i+P
t+1 — t oty O t oyt) — t oyt
Xi _f(Xi’yi)+2Pj=i,p|:f(X],yl) f(x|ay|):|a (1)

Y =px,  i=12..N,

where x; and y; are real dynamical variables, N = 1000 is the number of ensemble elements, f(x;, y;) =
=1 —ax’+y;, the parameters o. = 1.4 and p = 0.3 are fixed, o is the coupling strength, P denotes the
number of neighbors from both sides of the ith oscillator, and r = P/N is the coupling radius (range).
The dynamics of the ensemble (1) is studied for randomly distributed initial conditions and when the
coupling strength and the coupling range are varied.

The andysis of time series x(t) indicates that there are nonstationary effects which are
characterized by random switchings between amplitude and phase chimeras [3]. It is shown that the
lifetime of these switchings is sufficiently long (about 10° iterations) but finite. This nonstationary
process is completed by the transition to the stationary regime of phase chimera. The amplitude
chimeraregime is nonstationary and has afinite lifetime.

We aso demonstrate that in this case, the lifetime of nonstationary processes of switchings can be
increased to infinity by applying very short-term noise perturbations to the all ensemble elements. If
such kind of noise influences is added to the ensemble in a certain, sufficiently large, time interval,
then the switching process is never ended. It is shown that the stationary phase chimera regime seems
to be strongly stable in the presence of noise influence.
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Abstract. Using the theory of bifurcations, we provide and find travelling wave dynamics, in a nonlinear
Klein Gordon model with anharmonic, cubic and quartic interactions, immersed in a parameterized on-site
substrate potential. The case of an anharmonic interactions and a deformable substrate potential allow theoretical
adaptation of the model to various physical situations. Non-convex interactions in lattice systems lead to the
existence of singular straight lines in phase space and thus, allow the appearance of a number of interesting
phenomena that cannot be produced with linear coupling alone. By investigating the dynamical behavior and
bifurcations of solutions of the planar dynamical systems, we derive a variety of exotic (peakons, compactons,
bright and dark solitary waves, cups, different families of periodic solutions and others) solutions corresponding
to the phase trajectories under different parameter conditions. Moreover, we demonstrate how and why travelling
waves lose their smoothness and develop into solutions with compact support or breaking.

Summary

An example of universal models, which can be used to describe a variety of different phenomenais
the Nonlinear Klein-Gordon (NKG) model. In our model, the potential energies consist of the
substrate external potential along the chain and the quite general interparticle interactions. Because in
rea physica systems, the shape of the substrate potential can deviate from the standard one
(sinusoidal or rigid) and affect strongly the transport properties of the system, we generalized the
standard NK G model by a Peyrard and Remoissenet potentials [1]. Modelling the interaction potential
of the " particle has greatly influenced the pioneering works on the dynamics of nonlinear lattices
and related solitonic exaltations. For that purpose, we connect us in this work on the Taylor expansion
of the potential at the equilibrium position in a power series of the displacements to fourth order. Thus,
we obtain an approximate k, — ks — k4 potential [2—4]. For a finite medium, standing waves are
expected and the transmissivity can be characterized. Now, we restrict ourselves to the weakly
nonlinear coupling and the envelope part, is found to obey by a new type of extended nonlinear
Schrédinger equation.

G) SR

AP +QY Y=
Vor T oxe +QJY]
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Looking solution at the form W (X,t)= a(z)exp[j (9(2)+Qor)], we obtained the following
planar dynamical system
do_ . dy_ P(P-r0) ¥ +40°f(9)

@ " A 29(P-(2r,+1,)0)(P- 1)
where fg((p) is a polynomial of degree three in ¢ and a°® = ¢. This system is a singular traveling

wave system of the first class with three invariant singular straight line solutions and it depends on
eight-parameter group [5-7]. It is worth mentioning that the nonlinear equations with singular straight
lines may have abundant and interesting new kinds of traveling wave solution.

Our aim is not only to consider all travelling wave solutions in the parameter space by using the
theory of bifurcations of dynamical systems but also to study the effects of singular straight lines in
nonlinear wave equations. We are interested in a more complete study of the existence of travelling
wave solutions of this NKG model in every parameter region and in finding why travelling waves lose
their smoothness and devel oped into breaking waves.
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Abstract. Synthetic genetic networks of identical ring oscillators with nonlinear conjugate coupling that
simulates bacterial “quorum sensing” provide unusua examples of multistability between regular attractors, the
appearance of symmetric chaos via period doubling of complex limit cycle or via torus destruction and
uncommon spatially inhomogeneous collective chaos over very large parameter areas. A study of routes to the
regions occupied by symmetric and asymmetric chaotic regimes demonstrates the presence of broad parts with
coexisting regular and chaotic oscillations, which enhances the multistability of the coupled system.

In the last decade the ring oscillator has become very popular in studies of synthetic genetic
networks. Genetic oscillators play important roles in cell life regulation. The regulatory efficiency
usually depends strongly on the emergence of stable collective dynamic modes, which requires
designing the interactions between genetic networks. We investigate the dynamics of two identical
synthetic genetic ring oscillators, called Repressilators, coupled by bacteria-type “quorum sensing
(Q9)” in each oscillator, which supports globa nonlinear coupling via the fast diffusion of small
molecules. In a basic genetic ring oscillator network (in which three genes inhibit each other in a
unidirectional manner), QS stimulates the transcriptional activity of chosen genes providing for
competition between inhibitory and stimulatory activities localized in those genes. The “promoter
strength”, Hill cooperativity coefficient of transcription repression, and the coupling strength, i.e.,
parameters controlling the basic rates of genetic reactions, were chosen for extensive bifurcation
analysis. The results of numerical bifurcation analysis are presented as a map of dynamic regimes and
routes to them. We found that the remarkable multistability of the anti-phase limit cycle and stable
homogeneous and inhomogeneous steady states exists over broad ranges of control parameters. We
studied the anti-phase limit cycle stability and the evolution of irregular oscillatory regimes in the
parameter areas where the anti-phase cycle loses stability. In these regions we observed torus
formation, collective chaos, and multistability between regular limit cycles and quasiperiodic
oscillations over remarkably large intervals of coupling strength. In spite of the identical nature of the
oscillators, QS-coupling stimulates the appearance of intrachaotic periodic windows with spatially
symmetric and asymmetric partial limit cycles which, in turn, change the type of chaos from a simple
anti-phase character into chaos composed of pieces of the tragjectories having alternating polarity. We
found that for large values of promoter strength the main regime is an inhomogeneous limit cycle in
which oscillators are synchronized in 1:2 limit cycle which generates strongly inhomogeneous chaos.
The very rich dynamics discovered in the system of two identical simple ring oscillators may serve as
a possible background for biological phenotypic diversification, as well as a stimulator to search for
similar coupling in oscillator arrays in other areas of nature, e.g. in neurobiology, ecology and other
systems with the domination of indirect coupling.
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In my presentation, | will review the results obtained in publications [1, 2]. They show that
oscillatory neural populations with adaptive synaptic weights governed by spike timing-dependent
plasticity (STDP) exhibit a natural resistance to noise. With the increase of the noise intensity, we
observe a dramatic increase of the mean synaptic coupling. These findings suggest that there is an
optimal noise level, where the amount of synaptic coupling is maximal. In addition to the numerical
and statistical analysis of large systems of Hodgkin-Huxley neurons and phase oscillators, we study
theoretically the influence of noise for aminimal model by considering just two coupled neurons. It is
shown how a strong bidirectional coupling, which is not present in the noise-free situation, can be
stabilized by the noise.
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We investigate the occurrence of coherence-incoherence patterns in multiplex networks where the
nodes are distributed in different layers according to the type of the relation they share. For instance,
in the case of a neurona network the neurons can form different layers depending on their
connectivity through a chemical link or by an ionic channel. The prime objective of multiplex
networks is to study multiple levels of interactions where functions of one layer get affected by the
properties of other layers. In the present work we particularly aim to understand the interplay of
multiplexity and communication delay on emergence of chimera state in which the system splits into
coexisting domains of spatially coherent (synchronized) and incoherent (desynchronized) dynamics.
Focusing on a multiplex network of nonlocaly coupled identical chaotic maps with delayed
interactions we show that the interplay of delay and multiplexing results in an enhanced or suppressed
appearance of the chimera state. Additionally, we report alayer chimera state where one layer exhibits
coherent and another layer incoherent dynamical evolution.

Joint work together with Saptarshi Ghosh, Anil Kumar, and Sarika Jalan.
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Abstract. For the flow around a body in aerospace engineering, there exists a rich variety of nonlinear
phenomena. For example, the breaking of a separation bubble is the main route to vortex shedding, which is a
complex unsteady flow. Moreover, it has an important influence on the aerodynamic performance of airfoil near
stall. Recently, experiments show that some kind of separation bubbles and their breakings, which are induced
by some unsteady perturbations or excitations, can lead to the improvement of the aerodynamic performancein a
sense. In other words, such improvement is relevant to the generating, developing and breaking of the separation
bubble. However, the nature for such phenomenon is till unclear, and hence it is necessary to study the
evolution of the bubble breaking in depth.

For such dynamic behavior, Lagrangian Coherent Structures (LCS) are introduced to study the
breaking of separation bubble in the flow around airfoil with low Reynolds number, from the
viewpoint of nonlinear dynamics. In particular, the flowing inherent modes and the transitions
between them are analyzed in detail, and then the mass and momentum transfers between modes are
studied further, the influences of breaking modes on the aerodynamic performance are obtained
finally.

The results show that there exists a transition from steady flow to unsteady flow, with a bifurcation
in the flow pattern, as the breaking of separation bubble occurs. For such an unsteady flow, the
traditional Eulerian description is no longer available to describe such dynamics, which is related to
mass and momentum transfers. To this end, LCS is used to describe the Lagrangian dynamics, and the
Lagrangian patterns, which are inherent following their definitions, are captured. Then, the breaking of
heteroclinic orhit is studied in the breaking of separation bubble, as well as the mass and momentum
transfers, following pattern dynamics. As the results, it is shows that the studies above are the key
understanding of the breaking of separation bubble. Moreover, LCS is used to study the modes in such
a complex flow, in order to find the fundamental modes which are dominant in the flow pattern and
aerodynamic performance. Also, the mode jumping or mode transition and internal resonance between
modes are studied further, so that the nature of bubble breaking is gained. Finally, the mass and
momentum transfer in the evolution of the bubble are investigated following the LCS, and the
influence of breaking of bubble on the aerodynamic performanceis studied.

As a conclusion, the results show that the numerical method presented is a powerful tool for the
stability and bifurcation analysis of the complicated flows around body, and some nonlinear
phenomena can be captured and analyzed by the method.
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INCREASING OF FRONT END SYSTEM STABILITY
FOR PARAMETRIC PETAWATT LASERS

K.F. Burdonov, | .B. Mukhin, and A.A. Soloviev
Ingtitute of Applied Physics RAS, Nizhny Novgorod, Russia, kfb.iap@gmail.com

Abstract. Here we present the results of upgrade of the FRONT END system for nanosecond pump laser of
petawatt parametric facilities. A discharge lamp based pump of a single-mode Q-switched Nd:YLF master
oscillator was replaced by a diode end-pumping system, which provides an opportunity to increase frequency
from 1 Hz to more than 20 Hz and al so to increase energy stability and control laser pulse shape. A new Nd:YLF
laser at the wavelength of 1054 nm with duration 1 ns, energy 1 mJ, repetition rate more than 20 Hz and externa
synchronization with temporal jitter less than 100 ps was developed and optimized. A new FRONT END system
will replace the existing one at the PEARL facility.

One of the main principle difficulties of OPCPA systems is the need for accurate (tens of ps)
synchronization of the signal pulse with the pump pulse. Since pumping is carried out at a different
wavelength, an individual pulse laser source is used to create the initial pulse, which usually operates
by the Q-switching principle. Jitter in Q-switched systems leads to the inability to provide sufficient
stability with commercia pulsed lasers. Typical jitter of commercia systems is 200 ps, which will
result in 20% modulation of the amplified emission spectrum. The experience of using the existing
original master oscillator [1] with acceptable jitter shows stability not better than 10% in energy,
which is substantially dependent on the tuning quality of the master oscillator, which is not
satisfactory for applications in the laser facility PEARL [2], especially when it concerns nonlinear
laser-plasma interaction modes [3-5].

We propose to change the lamp pumping of the master oscillator active e ement to the end diode
pumping. Due to a noticeable shortening of the active element, this will lead to the necessity of
switching to the Q-switching mode with cavity damping which consists of two stages. At the first
stage, the quality factor of the resonator is made as high as possible for the generation of a giant pulse,
at the second stage, at the time when the field in the cavity is maximal, all radiation leaves the cavity
with the help of afast Pockels cell in one cavity roundtrip. In this case, synchronization is determined
only by electrical jitter (which can be increased to severa tens of ps), and the pulse amplitude stability
can correspond to commercial analogs (usually, not worse than 1%).

To solve this problem we made a prototype of a new master oscillator. The active element was
1cm long Nd:YLF cut in c-orientation at an angle of 3 degrees to the optical axis to suppress
generation at 1047 nm. The master oscillator operated at a wavelength of 1054 nm. Pumping was
carried out by a diode laser at awavelength of 808 nm co-axially with the mode of generation from the
end of a cylindrical active element. Peak pumping power was about 150 W. Q-switching and
formation of the leading edge of the pulse were attained by Pockels cell. The master oscillator worked
on the principle of Q-switching with cavity damping. In such a concept the luminescence of the active
element was used as a starter (in fact ‘ start from noise’). The longitudinal mode was selected by means
of an interferometric narrow-band mirror with a spectral width of 0.1 nm. The prototype we made
showed the following parameters: single-mode generation at a wavelength of 1054 nm, repetition rate
of more than 20 Hz, pulse duration 2 ns, energy not less than 0.8 mJ, external synchronization with
jitter not worse than 100 ps. In the future we plan to optimize parameters of this prototype master
oscillator for the purpose of its subsequent integration into the existing laser facility PEARL.
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QED CASCADE SATURATION AND ELECTRON-POSITRON JET FORMATION
FROM AN ULTRASTRONG LASER-IRRADIATED THIN FOIL

M. Chen*** W. Luo"®", W.-Yu. Liu*2* T.Yuan®* Ji-YeYu?** F.-Yu Li}
D. Del Sorbo®, C.P. Ridgers’, Zh.-M . Sheng®**

! School of Nuclear Science and Technology, University of South China, Hengyang 421001, China
2K ey Laboratory for Laser Plasmas (Ministry of Education), School of Physics and Astronomy, Shanghai Jiao
Tong University, Shanghai 200240, China
3SUPA, Department of Physics, University of Strathclyde, Glasgow G40NG, United Kingdom
“|FSA Collaborative Innovation Center, Shanghai Jiao Tong University, Shanghai 200240, China
®York Plasma I nstitute, Physics Department, University of York, York Y010 5DQ, United Kingdom
*Email: minchen@sjtu.edu.cn; "Email: wenluo-ok@163.com

Abstract. QED cascade saturation and relativistic electron-positron (e'€") jet formation in a thin foil
irradiated by two counter-propagating ultraintense laser pulses are studied. A scaling of QED cascade growth
with laser intensity is found, which shows clear cascade saturation above threshold intensity of ~10%* W/cm?.
This saturation enables the production of high-yield (£ 10") ultradense (10** cm™) e e' pair plasma and
significant laser energy depletion. In the same intensity regime, the formed pair plasma is found to be further
squeezed toward the initial thin-foil location, where finally relativistic e €” jets are formed and ejected
transversely along the laser electric field directions.

With the development of ultraintense laser facilities, laser plasma interaction enters a completely
new regime, where new phenomena such as copious gamma photon generation, electron-positron
(e—et) pair production and QED cascade, etc. are expected to occur [1]. Moreover, these ultra-high
power laser facilities may allow one to study some extreme astrophysical phenomena in lab, such as
relativistic e-e+ jet formation. They are ubiquitoudy found in black holes (BHS), pulsars and quasars,
and are associated with violent emission of short-duration (milliseconds up to a few minutes) gamma-
ray bursts.

By investigating the QED cascade and consequent relativisic e € formation from counter-
propagating laser-irradiated ultrathin foils, ascaling law of QED cascade growth with laser intensity is
found which shows that QED cascade saturation occurs at laser intensities exceeding 10 W/cn?.
QED cascade saturation results in highly efficient conversion from laser photons to pairs with an
efficiency of the order of 10%. A high-yield (2 10*) ultradense (10* cm™) e €" bunch is produced,
causing the plasma to become opaque to incident lasers leading to QED pair-plasma sgueezing.
Consequent relativistic e € jet formation along the transverse direction and high-harmonic generation
(HHG) aong the longitudina direction have been observed [2]. The laser-driven relativigtic jets
formation opens up the opportunity to study energetic astrophysical phenomenain laboratory, and the
HHG discovered here provides an easy way to experimentally identify these phenomena.
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DEORBITING OF SPACE DEBRISBY LASER ABLATION

T. Ebisuzaki® and S. Wada?
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Abstract. Recent years deorbiting by the laser ablation attracts increasing attentions as an almost unique
effective method to remediate cm-sized space debris. According to Ebisuzaki et a., 2014, the deorbiting
operation is divided into three steps. First, a super-wide field telescope detects the reflection signal of the solar
light by space debris and roughly determines its position and moving direction. Second, laser beams are gjected
to the directions of the debris to determine the position and velocity precisely as well as its distance. Finally, a
high intensity laser beam is focused onto the debris surface to induce laser ablation on the surface. The reaction
force of the ablation leads the debris to the deorbiting to the Earth’s atmosphere. In this talk, we will discuss the
technical challenges to achieve the mission and propose the step-by-step approach for the technical
demonstration of the mission.

EUSO Detector

Debris
(~cm)
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HORIZONS OF SCIENCE, DRIVEN BY SUPER-POWER LASERS

J. Fuchs

LULLI, Ecole Polytechnique, 91128 Palaiseau cedex, France
julien.fuchs@pol ytechnique.edu

Abstract. During this presentation, | will discuss both the enormous progress that has been made since the
inception of the laser with respect to its parameters and its capacity to deliver the highest concentration of energy
in time and space, the highest ever achieved by man, but also the vast possihilities this has opened in terms of
applications whether in science and progress of our fundamental knowledge of matter and the Universe, or for

society at large, in energy, or medicine.
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STUDY OF SELF-FILTERING AND SMALL-SCALE SELF-FOCUSING
SUPPRESSION OF HIGH-INTENSITY LASER BEAMS

V.N. Ginzburg, A.A. Kochetkov, and E.A. Khazanov
IAP RAS, Nizhny Novgorod, Russian Federation

Abstract. Free space propagation of laser radiation with intensities over several hundred GW/cm? can act as
afilter for spatial noise harmonicsin an instability band of small-scale self-focusing (SSSF). Here we report on
the results of experimental study of intense radiation self-filtering and SSSF suppression based on direct and
indirect measurements of spatial noise gain of intense radiation propagating in a glass plate.

There is a great interest to use thin transmission optical elements to control the parameters of
petawatt laser radiation. Such elements can be used for generation of the second harmonic aimed at
increasing time contrast, time recompression of femtosecond pulses after spectral broadening by self-
phase modulation, optical polarization transformation from linear to a circular one, radiation with
intensities over several hundred GW/cn. The intensity of unfocused petawatt radiation is several
TWi/cm? In these conditions, small-scale self-focusing (SSSF) is the principal restriction in using
transmission optical elements. SSSF is induced by cubic nonlinearity of the medium and leads to
enhanced spatial perturbations and laser beam filamentation and, consequently, to damage of optical
elements. The SSSF impact may be reduced by minimizing the accumulated nonlinear phase (B-
integral), aswell as by reducing spatia noise.

According to the SSSF theory [1, 2] the noise transverse wave vector at which the amplification
coefficient is maximal is proportional to the square root of radiation intensity. In [3] it was proposed to
use free space for filtering harmonic perturbations of laser beams having intensity of several TW/cm?.
Here we report on the results of experimental study of intense radiation self-filtering and SSSF
suppression based on direct and indirect measurements [4] of spatial noise gain of intense radiation
propagating in a glass plate. This investigation confirms the beam self-filtering and reduction of
amplified spatial noise when the distance from a nonlinear element to noise source becomes large
enough for the angle of vision of the element to be much smaller than the instability band.
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ANALYTIC MODEL FOR ELECTROMAGNETIC FIELDS
INTHE BUBBLE REGIME OF PLASMA WAKEFIELD

A.A. Golovanov', I.Yu. Kostyukov?, J. Thomas?, and A.M. Pukhov?
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2| nstitut fir Theoretische Physik, Heinrich-Heine-Universitéat Diisseldorf, Diisseldorf, Germany

Abstract. We consider a model of a strongly nonlinear plasma wakefield (a bubble) excited by an intense
laser pulse or arelativistic electron bunch propagating in plasma with transverse inhomogeneity. Assuming the
general shape of the electron sheath on the border of the bubble, we obtain a second-order ordinary differential
equation for the boundary of the bubble. We find approximations when this equation is significantly simplified.
We develop a lowest-order perturbation theory for the components of electromagnetic fields inside and outside
the bubble. The results are verified with 3D particle-in-cell simulations.

Acceleration in plasma wakefields is a prospective method of electron acceleration, as it dlows
acceleration rates severa orders of magnitude higher than in conventional accelerators. Plasma
wakefields can be driven by an intense laser pulse or arelativistic electron bunch. The most interesting
is the so-called strongly nonlinear (or bubble) regime of plasma wakefield [1]. In this regime, the
driver (either a laser pulse or an electron bunch) completely gects plasma electrons, leading to the
formation of an electron-free region behind the driver. This electron-free cavity has the shape of a
sphere and is commonly referred to as a “bubble”. The feature of this regime is the electron self-
injection: background plasma electrons can be trapped and accelerated in the wakefield, which allows
obtaining accelerated electron bunches without using external electron sources. However, the
properties of such bunches are usualy insufficient for applications, and there is a difficulty of
obtaining electron bunches with low energy spread and low transversal emittance, which requires
further development of plasma methods both in experiments and in theory.

Due to its complexity, the bubble regime of the wakefield is commonly studied using 3D particle-
in-cell (PIC) simulations. However, theoretical analysis is aso of huge interest. Based on existing
theoretical models for the shape of the bubble in homogeneous [2] and radialy inhomogeneous
plasmas [3], we develop a new model in which we make no a priori assumptions about the transversal
profile of the electron sheath on the border of the bubble and, similarly to [2, 3], obtain a second-order
equation for the boundary of the bubble. When the width of the electron sheath is small compared to
the size of the bubble, this equation is significantly simplified and no longer depends on the shape of
the electron sheath [4].

In order to study the eectron injection and the electron dynamics in the bubble, it is important to
know the electromagnetic field spatia distribution. Knowledge of the bubble boundary together with
the model for electron sheath are sufficient to reconstruct all components of the e ectromagnetic field
inside and outside the bubble [5]. However, this reconstruction can be done only numerically due to
the complexity of equations describing the fields. In our work, we present a simpler model for
electromagnetic field, in which we obtain explicit expressions for its components. Our anaysis is
based on the assumption that the electron sheath on the boundary of the bubble is thin enough. This
alows us to use the perturbation theory to simplify the equations. We show that the fields inside the
bubble do not depend on the shape and the width of the electron sheath. For the fields outside the
bubble, we find the laws of their decrease to zero depending on the particular model of the electron
sheath. The analytical results are confirmed by 3D PIC simulations.

Acknowledgements
Thiswork has been supported by the Russian Science Foundation through Grant No. 16-12-10383.
References

1. A.Pukhov and J. Meyer-ter-Vehn, Appl. Phys. B, 2002, 74, 355.

2. W. Lu, C. Huang, M. Zhou, W.B. Mori, and T. Katsouleas, Phys. Rev. Lett., 2006, 96, 165002.

3. J. Thomas, |.Y u. Kostyukov, J. Pronold, A. Golovanov, and A. Pukhov, Phys. Plasmas, 2016, 23,
053108.

4, A.A. Golovanov, I.Yu. Kostyukov, A.M. Pukhov, and J. Thomas, Quantum Electron., 2016, 46, 295.

5. SA.Yi, V. Khudik, C. Siemon, and G. Shvets, Phys. Plasmas, 2013, 20, 013108.

71



DEEP UV MONOCYCLE LASER FOR SEEDING OF NEXT GENERATION XFEL
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Abstract. In 2015, an approach was reported that potentially leads to free-electron lasers generating isolated
X-ray pulses with durations orders of magnitude shorter than the state-of-the-art free-electron lasers. Called
mono-cycle harmonic generation, it shortens X-ray pulses to their fundamental shortest limits of mono-cycle
durations. The scheme requires stable mono-cycle seed laser pulses with high pulse energies for the density
modulation of electrons in free-electron lasers. In this project, an approach is investigated to generate such a
mono-cycle seed pulse in the deep-ultraviolet for the initiation of the mono-cycle harmonic generation scheme.

Hard X-ray free-electron lasers (XFELS) are becoming available in several facilities in the world,
generating hard X-ray pulses with gigawatt peak powers and pulse durations shorter than 10 fs. XFELs
have various applications in nonlinear optics, time-resolved X-ray diffraction, and X-ray structure
analysis without radiation-induced deformations. Although, the pulse duration is extremely short, it is
dtill far beyond the fundamental shortest limit: the mono-cycle pulse duration or a zeptosecond
duration within which the electric field oscillates only once.

Various schemes have been proposed for shorter durations of XFELs. Among them, the one called
mono-cycle harmonic generation (MCHG) is remarkable since it potentially generates isolated mono-
cycle pulses in FELs [1]. The scheme up-converts a mono-cycle pulse to a shorter wavelength while
retaining the mono-cycle pulse feature. After applying severa times the MCHG scheme, it may be
possible to generate a mono-cycle pulse in the hard x-ray asillustrated in Fig. 1.
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Fig. 1. Pulse durations of the state-of-the-art X FEL s and the mono-cycle limits. The arrows indicate
multiple MCHG schemes for mono-cycle X FEL s with intermediate mono-cycle pul ses (open circles)

To initiate the above scenario, a mono-cycle seed laser pulse is necessary with a high pulse energy.
Although isolated attosecond pulses are generated in the extreme ultraviolet via high-harmonic
generation, no free-electron laser seeded by the harmonics has sufficient stability for practica
applications [2, 3]. On the other hand, seeding at a longer wavelength in the deep-ultraviolet has
enabled FEL radiations with stable intensities. Seeding the MCHG scheme in the deep-ultraviolet may
therefore be promising, although a mono-cycle pulse has never been generated in the ultraviolet.

In this research, an approach is proposed to generate such isolated mono-cycle pulses in the deep-
ultraviolet. Since the mono-cycle laser pulse should have a high pulse energy for effective seeding of
the MCHG scheme, the scheme relies on use of multiple multi-cycle laser pulses in longer wavelength
ranges with energy scalabilities. The third-order nonlinear optical effects generate mono-cycle
ultraviolet radiations, which is numerically simulated and will be discussed in detail.
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HIGH PEAK POWER LASERS AT INRSAND APPLICATIONS
OF LASER-WAKEFIELD-BASED X-RAY SOURCES:
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We upgraded over the past two years the INRS high peak power laser facility from 200 TW (5 J,
25fs) to 600 TW (11 J, 18 fs). The experimental programs have been restarted at the beginning of
2017 in the continuity of our previous scientific directions, i.e. high intensity laser-matter interaction
and ultrafast X-ray sources. In thistalk we will present and discuss the first experiments realized with
our new laser facility, with a particular emphasis on the generation of ultrafast bright hard X-rays.

We discussed previoudly [1, 2] the potential impact of ultrafast laser-based X-ray sources. We will
present here the generation of high throughput hard X-ray radiation by Laser Wakefield Acceleration
(LWFA) process [3], which could alow a paradigm shift in awide range of applications [4]. Ultrafast
laser wakefield accelerated electrons perform wiggler-like oscillations creating a very bright
micrometer-sized highly directional emission x-ray source. Such a laser-based betatron x-ray source is
very attractive due to its ultrahigh brilliance, microscopic effective size, and cone beam geometry
offering alarge field of view for imaging.

We demonstrated in 2011 at INRS [5], and simultaneously similar results were obtained at U. of
Michigan [6], that one phase contrast hard x-ray image could be produced in one X-ray pulse with a
reasonable signal to noise ratio. Thisis opening a new route for fast 3D imaging of various objects[7].
These X-ray sources have also a unique duration characteristics, since they are as short as the optical
driving laser pulses, offering extraordinary potential for femtosecond molecular imaging and Warm
Dense Matter probing [8].

We will present the characterization of our upgraded LWFA betatron beam line coupled to our new
laser system. X-ray source parameters are around 10° photons/0:1% bandwidth/sr/shot at 40 keV,
acritical energy between 40 and 70 keV, an effective X-ray source size of 1 um, a divergence between
10 and 50 mrads (FWHM), an X-ray beam pointing stability and an X-ray energy stability in the
2% rms range.

We will describe our funded program in developing high throughput phase contrast screening
system based on LWFA X-ray sources for plant imaging through an initiative led by the Globa
Institute on Food Security (GIFS) at the U of Saskatchewan that aims to elucidate that part of the
functional that maps specific environmental inputs onto specific plant phenotypes. X-ray images
realized with the betatron source will be compared to thermal neutron images of same plants realized
at the Canadian Nuclear Laboratory N5 Beam line. This program is the first of this kind in the world
and we will show the very promising advantages of LWFA based betatron X-ray sources for the
Agriculture sector and for the Global Food Security challenge.
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THIRD-ORDER-NONLINEAR EFFECTSIN SINGLE CRYSTALS
WITH ARBITRARY ORIENTATION AND IN CERAMICS

E.A. Khazanov, O.V. Maslennikov, V.N. Ginzburg, A.A. Kochetkov, and V.I. Nekorkin
Ingtitute of Applied Physics, Nizhny Novgorod, Russia, efimkhazanov@gmail.com

Abstract. The influence of cubic crystal orientation on the generation of cross-polarization, self-phase
modulation and laser beam self-focusing is investigated. The orientations at which these effects are maximal and
minimal have been found. The qualitative and quantitative difference of these effects in ceramics from those in
single crystals and glass has been determined. Random small-scale (of order grain size) spatial modulation of
laser beam polarization and phase has been predicted. This effect has no analogsin glasses or in single crystals.

Laser ceramics is an ensemble of densely packed grains having characteristic size ranging from
several microns to 100 microns. The orientation of crystallographic axes in each grain is random.
Crystals with cubic symmetry have a unitary linear tensor of dielectric permittivity. Consequently, the
index of refraction is the same for any single crystal orientation, as well as for ceramics. The nature of
ceramics manifestsitself in the presence of the effects dependent on crystal orientation, for instance, at
thermally induced birefringence determined by the piezooptical tensor. Similarly to this tensor, the
tensor of cubic nonlinearity ¥ of isotropic (cubic) crystals has a lower symmetry than x® of glasses;
and it is defined by yxwx and the parameter 6 = 1-3yyxy,/xxxx that is equal to zero for glasses. As a
result, the nonlinear effects related to cubic nonlinearity depend of crystal orientation; hence, they may
be significantly different in ceramics and single crystals.

Of greatest interest are four y®-effects: the generation of cross-polarization wave (XPW), self-
phase modulation (SPM), whole-beam self-focusing (WBSF), and small-scale self-focusing (SSSF).
The first thee effects may be both, parasitic and useful. SSSF is always a parasitic effect. The impact
of single crystal orientation was studied only for XPW; it was shown that the XPW efficiency for the
[110] orientation is higher than for the [001] orientation. SSSF was also studied only for three
particular orientations: [001], [110] and [111]. To the best of our knowledge, none of these x?-effects
was discussed in the literature for ceramics. In the present work we undertook a detailed study of x®-
effectsin single crystals and ceramics. The following results have been obtained.

1. The problem of changing wave polarization during propagation in an isotropic crystal with cubic
nonlinearity is described by one equation and may be considered independent of changes of the wave
phase.

2. It has been shown that, at small values of B-integral, the highest XPW efficiency may be
achieved in acrystal having [110] orientation, and for large values of B optimal orientation depends on
c and B.

3. Cubic nonlinearity in ceramics gives rise to the effects that have no analogs in glass or in single
crystas, namely, small-scale (of order grain size) spatial modulation of laser beam phase and
polarization. The key parameter responsible for these effects is N, that is the ratio of the ceramics
length to the average grain size. The standard deviation of the efficiency of XPW is inversely
proportiona to N, and standard deviation of nonlinear phase incursion Dy, is inversely proportional to
theroot of N, seefig. 1.

4. In terms of nonlinear phase incursion @, on the average over beam cross-section, ceramics is
equivalent to glass with effective nonlinearity e~ (1-36/8)xx-
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Fig. 1. Average nonlinear phase <®> and DsN? (dashed line) for ceramics and nonlinear phase @ for
some single crystal orientations (y is polarization inclination angle) versus B-integral (a), and value of ®
for 2000 random series for N = 100, B = 3 (b). Figure (b) models the profile of wave front of the beam
passed through ceramics
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EXPERIMENTAL RESEARCH OF SMALL-SCALE SELF-FOCUSING
INISOTROPIC CRYSTALS

A.A. Kochetkov, V.N. Ginzburg, M.S. Kuzmina, A.A. Shaykin, and E.A. Khazanov
IAP RAS, Nizhny Novgorod, Russian Federation

Abstract. Direct measurements of spatial noise gain in an intense wave propagating in [001]-oriented BaF,
were performed. Significant dependence of gain on the angle between the radiation polarization and the
crystallographic axis predicted earlier was demonstrated.

Isotropic (cubic) crystals are currently widely used for creating high-power lasers. The optical
element thickness as a rule varies from several millimeters to several centimeters, which imposes
restrictions on the magnitude of the intensity of transmitted laser radiation increasing due to cubic
nonlinearity of spatial perturbations. This results in small-scale self-focusing (SSSF) [1]. The
maximum instability increment [2] is proportional to the B-integral. For large increments, SSSF leads
to strong beam intensity modulation and to destruction of optical elements. Direct measurements of
spatial perturbations amplification were first made in [3] and fully confirmed the theoretical
predictions. However, the first study of SSSF in isotropic (cubic) crystals was undertaken only in 2016
[4]. A cubic crystal is amedium with isotropic linear properties but with anisotropic nonlinearity. Asa
result, two important parameters appear: crystal orientation and tilt angle of radiation polarization. The
authors of [4] found out that in crystals with [001] and [101] orientations the instability increment
greatly depends on radiation polarization, hence, SSSF may be suppressed substantially by choosing
optimal polarization. In the present work we performed direct measurements of noise gain in a BaF,
crystal with [001] orientation. The results obtained confirmed the predictions of the work [4].

Pulses with a duration of 60 fs, energy of 4 mJ and beam diameter of 6 mm were used as a source
of powerful optical radiation. The radiation was fed into a 6 mm-thick BaF, crystal of [001]
orientation. After passing the crystal the radiation was focused on a flat mirror with a drilled aperture
1.5 mm in diameter to cut-off a noise-free beam. As a result, only noise radiation was reflected at the
mirror from which the image was transferred to the CCD camera registering the angular noise
spectrum. A thin (200 um) dlightly matted glass plate placed at a distance of 17 mm in front of the
BaF, crystal was used as a source of spatial noise.
According to the SSSF theory, both in glass [2] and in
an isotropic crystal [4] spatial perturbations gain
depends not only on the angle o between the wave
vector and the z-axis, but also on the phase difference
between the strong wave and the perturbation wave at
the nonlinear medium input. For the chosen geometry of R g
the experiment, the angular spectrum of gain is
modulated, i.e., there appear rings in the intensity distribution of the amplified noise in the far field,
which was measured in the BaF, crystal (see fig. 1). The experimental dependence of noise gain
corresponds to the theoretical predictions.

As was predicted in [4], unlike glass, noise gain in
an isotropic crystal depends on the angle ¢ betweenthe | «1
electric field vector and the crystallographic axis. The
integral, i.e. averaged over the spatial spectrum noise foh
gain as afunction of the angle ¢ isplotted infig. 2. The ! : lﬁ]
solid curves show the theoretical dependences for two | ' | '
values of the B-integral: B=0.75and B =0.9. 04
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MATHEMATICAL MODEL OF AN ADDITIONAL LASER PULSE GENERATING
PROCESSIN A Q-SWITCHED GENERATOR

A.P. Korobeynikova, A.A. Shaykin, I.V. Koryukin, and E.A. Khazanov
IAP RAS, Nizhny Novgorod, Russia, nastya.k2594@gmail.com

Abstract. In this work a mathematical model is presented, that describes the generation of alaser pulsein a
Q-switched generator taking into account the possibility of generating other modes. The modeling implies the
formation of two neighbor longitudal modes with different losses of free running pulses and time variation of the
population inversion in different areas of the active element due to light intensity. It is shown that in the Q-
switched regime a second so-called postpul se can be generated after generation of the main giant pulse.

In the earlier published work [1, 2] the effect of the second giant pulse generation after the main
pulse was observed in a pulse-pumped generator with Nd:Y LF active element (wavelength 1054 nm)
in a Q-switched single-mode regime. The simulation results presented in this work explain this effect
and allow analyzing the behavior of pulse generation for different resonator parameters. The process
of the population inversion changing in different layers of the active element is aso clearly visible.

The simulation of the pulse evolution and the dependence of inversion on longitudina coordinate
and time is based on the equations
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where m is the field intensity of the resonator i-th mode, ny is the population inversion in the k-th
layer of the active element, G = T/T,, (T, is the population inversion relaxation time, Ty, is the
lifetime of a photon in aresonator), t = t/T,, is normalized time, z is the coordinate of the k-th layer,
dz = W10 is layer width, g, istheratio of the gain of the i-th mode to the gain of the mode closest to
the center of the gain band (¢, < 1), ko is central mode number, B; are losses for the i-th mode, L is

resonator length.
In the right-hand side of this system of differential equations, a running wave component was
added to the standing wave, allowing more accurate description of the real processes in the generator:
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It was shown that this simulation explains well the generation of the second giant pulse in the Q-
switching regime. There are areas in the active element where population inversion is retained after
generation of thefirst giant pulse. Thisis the cause of the nearby longitudinal mode generation.
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DESIGN AND SPECIFICATIONS OF 630-MM
PHASE SHIFTING INTERFEROMETER FOR THE QUALIFICATION
OF LARGE APERTURE OPTICS

|.E. Kozhevatov, D.E. Silin, A.V. Pigasin, E.H. Kulikova, and S.B. Speransky
IAP RAS, Nizhny Novgorod, Russia, kozh-ie@mail.ru

Abstract. A specialized phase shifting interferometer for qualification of large optics for extremely high-
power laser systems has been designed and tested at IAP RAS. The interferometer will be used to assess
homogeneity of blank material as well as in-process inspection information and final inspection qualification
data. The 630 mm system is one of the largest Fizeau phase shifting interferometers ever manufactured in
Russia. The interferometer has a high lateral resolution, but the most notable feature of this device is its high
absolute precission. In this presentation we consider vibration and distortion control of interferometer optical
elements and optical transfer function optimization. We also address the effects in the test cavity arising from
measuring transmitted and reflected wavefronts of optics mounted at various angles, including the Brewster's
angles.

I ntroduction

Construction of an extremely high power laser system requires fabricating lots of large planar
optics having apertures of approximately 600 cm. Some elements such as laser amplifier slabs and
glass polarizer plates are used at Brewster's angle. Besides these optics must be measured both at full
aperture and at reduced aperture to provide higher resolution and high precision. Analysis of markets
[1, 2] showed that conventional commercia interferometers do not meet the needed requirements. For
this reason a specia-purpose large aperture phase shifting interferometer has been developed and
manufactured at IAP RAS in Nizhny Novgorod.

M easurement parameters

The lAP RAS interferometer enables:

—qualifying the forms of flat surfaces for diameters up to 630 mm,

— testing the wavefront distortions of the transmitted and reflected wavefronts of optics mounted at
various angles;

— measuring homogeneity of blank material;

—simultaneous imaging of the wavefront distortions on two scales: 630 mm per 1024 camera
pixels, 100 mm per 1024 camera pixels.

Basic characterigtics
The IAP RAS interferometer has the following basic characteristics:

— repeatability M3000 (A =630 nm)
— absolute precision A1000 (for scale 630 + 2.5 mm)
M500 (for scale 2.5 + 0,1 mm)
— lateral resolution upto 0.1 mm
—maximal sample sizes diameter = 630 mm, thickness = 800 mm.
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LARGE BIMORPH FLEXIBLE MIRROR
FOR PETA-WATT LASER BEAM CORRECTION

A. Kudryashov?* V. Samarkin®*, A. Aleksandrov*, G. Borsoni?, T. Jitsuno®, and J. Sheldakova®

! Moscow Polytech, Bolshaya Semenovskaya str., 38, Moscow, Russia, 107023, kud@akaoptics.com
2 AKA Optics SAS, 2 rue Marc Donadille, Marseille, 13013 France
® Institute of Laser Engineering, Osaka University, 2-6 Y amada-oka, Suita, Osaka 565-0871, Japan
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Abstract. Two types of large bimorph deformable mirrors with the size of 410x468 mm and 320 mm were
developed and tested. The results of the measurements of the response functions of all the actuators and of the
surface shape of the deformable mirror are presented in this paper. The possibility of correction of the
aberrations in high power lasers was demonstrated experimentally (to get Strehl number up to 0.7) and
numerically.

There are various solid state pulse lasers based on Nd:glass with the output beam power of the PW
level, such asthe National Ignition Facility (NIF) in the USA, the MEGAJOULE (LMJ) in France, the
LFEX in Japan, Lutch in Russia and etc. The increasing of the laser pumping power leads to an
increase of the inhomogeneities in the active media and the distortions of the reflective and refractive
surfaces of the optical elements primarily due to heating. As a result the wavefront of the output beam
is distorted significantly. To obtain the beam intensities of ~10"%* W/cm?® and more at the target-laser
interaction spot, the large scale and the low frequency wavefront aberrations have to be corrected. This
isonly possible with adaptive optical systems. Of course, the deformable mirror isthe main element of
any adaptive optical system. Correction efficiency depends first of all on the technology implemented
on the deformable mirror. Different measurements performed in high power lasers have shown that the
real wavefront aberrations are mainly low order ones [1]. Deformable mirrors based on bimorph
technology can perform a precise correction of low order wavefront aberrations using a small number
of the controlled electrodes (called bimorph actuators) [2]. A traditional semi-passive bimorph mirror
consists of a comparatively thick glass substrate firmly glued to a flat thin actuator disk made of
piezoelectric ceramic. The key problem of all wide aperture bimorph mirrorsis their attachment in the
housing — the larger the mirror the closer its behavior is to a simple membrane. For larger apertures,
the problems with the initial mirror quality before and also after coating will even increase. This is
why we have designed and manufactured a so-called combined deformable mirror, which includes
both bimorph el ectrodes and piezo-stack actuators. The clear aperture of the mirror manufactured with
this technol ogy was 410x468 mm [3]. This mirror was designed to correct the wavefront distortions of
a laser beam with a size up to 400x400 mm and with an angle of incidence on the mirror of
28 degrees. The amplitude of the deformation of the mirror surface ranged from —8 to +12 um for each
bimorph electrode with a control voltage applied ranging from —300 to +500 V. The roughness of the
mirror after polishing was better than 2 nm (RMS). The flatness of the surface before assembling it in
its mounting was better than 1.5 um, it contained mostly defocus, because P-V decreased to 0.5 pum
after analytically subtracting the total curvature. The dielectric coating offered a reflection coefficient
of 99.9% at the wavelength of neodymium phosphate glass laser radiation, A = 1.053 um, and the
damage threshold was better than 50 Jcm? In order to minimize the initial mirror aberrations caused
by the mechanical tension after placing it into its mounting, we used the piezoelectric actuators glued
on the edge of the mirror. The initial surface error after the bimorph mirror was attached to its
mounting was about 30 um (P-V). While using a standard correction procedure in a closed loop
system with a Shack-Hartmann wavefront sensor [4], using only the stacked actuators, the aberration
decreased to 1.517 um (P-V). A deformable mirror with such a surface quality would initialy
introduce small phase aberrations in the laser beam, which need to be corrected. This additional
wavefront error can be compensated by bimorph electrodes. Indeed, in the last step, when the bimorph
electrodes were also activated by the closed loop the flatness obtained was equa to 0.162 pm (P-V)
and 0.033 um (RMYS). Every voltage applied to e ectrodes was under 50 V that is ho more than 10% of
the dynamic range of the control voltage. This will save almost full control range for correction of the
big amplitude aberrations of the high power laser beam.
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FORMATION OF THE LASER BEAM WITH THE HELP
OF DIFFERENT TYPES OF DEFORMABLE MIRRORS

A. Lylova*? J. Sheldakova', A. Kudryashov*?, V. Samarkin?, and A. Rukosuev®

! Active Optics NightN Ltd., Moscow, Russia, lylova@activeoptics.ru
2Moscow Polytech, Moscow, Russia

Abstract. Adaptive optics alows transforming intensity distribution from Gaussian to flattop, doughnut etc.
In this work, two types of the wavefront correctors for the beam shaping were used: bimorph deformable mirror
and stacked-actuator deformable mirror. The flattop and doughnut beam formation results with the use of
adaptive optics are also presented.

In some laser applications, it is necessary to optimize the beam parameters to transform the shape
of the beam on the target [1] from Gaussian one to a flattop, doughnut etc. Adaptive optical systems
are used to modify the wavefront to obtain the desired intensity distribution in the far-field. They
could be also used for beam shaping. The modification of beam intensity in the far-field is important
for high-quality laser beam cutting, laser fusion, laser thermal processing etc.

To get the desired shape of the focal spot we designed an adaptive optical system that included the
collimated beam source, wavefront corrector, wavefront sensor and PC to control the beam shaping
process.

In this work, we investigated two types of the desired intensity distribution: flattop and doughnuit.
To model theintensity distribution, we used the following algorithm:

1. Defined the desired wavefront through Zernike polynomials using hill-climbing algorithm [2].

2. Calculated voltages to be applied to the deformable mirror electrodes to form the wavefront
with calculated Zernike polynomials coefficients.

3. Checked far-field with CCD camera placed at the focal plane of focusing lens.

4. Changed the wavefront through a slight change of Zernike coefficients to make the focal spot
closer to the flattop or doughnut one.

Experimental Results

In our work, we used two deformable mirrors: bimorph mirror [3] with 48 electrodes and stacked-
actuator mirror [3] with 37 actuators. Using this wavefront correctors, we calculated the estimated
reconstruction of the desired beam shape. The residual error of the estimated reconstruction with the
use of the bimorph mirror was 0.003 u for flattop intensity distribution and 0.004 u for doughnut
intensity distribution. The residua error of the estimated reconstruction with the use of the stacked-
actuator mirror was 0.005u for flattop intensity distribution and 0.007 u for doughnut intensity
distribution.

The experimental results of the beam shaping are also presented in this work. It may be noticed that
the real focal spot contains some extra aberrations like astigmatism and coma. It means that the setup
is not ideal and these extra aberrations should be also compensated for. For this purposg, it is better to
use the bimorph mirror due to its ability to obtain good reconstruction of the low-order aberrations.
Theresidual error of the experimental reconstruction was about 0.04 1.
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THERMO-OPTICAL CHARACTERISTICSOF UNIAXIAL CRYSTALS

E.A. Mironov and O.V. Palashov

Ingtitute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia
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Abstract. Thermally induced distortions of laser radiation caused by the photoelastic effect during high-
power beam propagation through optical elements cut along the optical axis of uniaxia crystals have been
investigated. The optical anisotropy parameter § and thermo-optical constants Q and P specifying the magnitude
of thermally induced depolarization and thermal lens, respectively, have been defined for uniaxial crystals of all
three syngony types. The introduced thermo-optical characteristics may be used as applicability criteria of
various uniaxial crystals for work with high-power laser radiation.

Uniaxial crystals are currently widely used for developing high-power laser systems, despite
certain difficulties in working with them. This is explained by the advantages some of them have over
their opticaly isotropic anaogs.

Heat release accompanying the transmission of a high-power laser beam through optical elements
may give rise to thermally induced phase and polarization distortions. These effects have been well
studied for elastic isotropic optical media and are described fully enough by three thermo-optical
characteristics: optical anisotropic parameter & [1] specifying the direction of the axes of thermally
induced birefringence and the thermo-optical constants Q and P determining the magnitude of
thermally induced depolarization and thermal lens strength, respectively [2]. Introduction of such
characteristics for uniaxial optical media will aso be useful for describing thermally induced optical
digtortions in these media and their measurement will allow assessing applicability of one or another
crysta for work with high-power laser radiation.

In this work the problem of finding the distributions of the axes of thermally induced birefringence
and the phase difference of eigenpolarizationsin uniaxial crystals cut along optical axis was solved. In
the case of trigonal and hexagonal crystals these distributions are the same as in the case of mediawith
isotropic elastic and piezo-optica properties and in the case of tetragonal crystals, they are similar to
the case of cubic crystals with [001] orientation assuming that their elastic properties are isotropic.

Formulas describing polarization and phase distortions of radiation are the same up to notations of
thermo-optical characteristics & Q and P. Thermo-optical characteristics of uniaxia crystals of al
three syngony types were introduced in this way analogously to cubic crystals in elastically isotropic
approximation. The obtained expressions take on the known form in corresponding particular cases.

The optical anisotropy parameter & of trigonal and hexagonal crystals has been found to be equal to
unity by virtue of the isotropy of their piezo-optical propertiesin a plane perpendicular to the optical
axis.

We have analyzed by way of example thermally induced polarization distortions in a tetragonal
DKDP crystal [3] and in a trigonal CeF; crysta [4]. The distributions and dependences observed in
experiment fully agree with the theoretical considerations.
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CONTROL OF TEMPORAL INTENSITY PROFILE FOR PW LASER PULSES
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Abstract. A possibility of using self-phase modulation and cascaded quadratic nonlinearity effects for
enhancement temporal parameters of PW laser pulses was demonstrated with the help of numerical smulations.
Pulse duration can be shortened and intensity contrast ratio can be increased after a standard grating compressor.
Implementation of the techniques to output radiation of TW and PW laser systems will multiply peak power in
times.

Present day technologies allow generating PW-level laser pulses. The focused radiation finds
applications in different experiments devoted to investigation of the behavior of matter in a strong
electromagnetic fields, acceleration of electron and proton bunches. Further increasing of peak power
of pulses can be done by enlarging the energy level and/or reducing pulse duration after a standard
grating compressor. The first way requires development of laser amplifiers with big aperture (>10 cm)
and wide spectral band. It requires significant investments to modernization of powerful laser systems
and development of technologies for producing laser amplifiers. The second approach to peak power
increasing is more promising and simple. It is based on using the self-phase modulation effect, which
appears in powerful beams during their propagation through a thin (less 1mm) plane paralel plate and
and due to the consequent correction of spectral phase with the help of chirped mirrors. Cubic
nonlinearity effects modify parameters of the laser pulses (spectra broaden and nonlinear spectra
phase appears). The correction of the quadratic component of the phase allows compressing the pulse
and increasing the peak power. The technique was verified experimentally [1, 2].

It is mostly attractive to use the technique for high-energy (kJ-level) pulses from PW glass lasers.
The bright example of the system is PETAL (1 kJ, 500 fs, 40 cm beam diameter, 1054 nm). Peak
intensity at the beam is about 1.5 TW/cm?® Numerical simulations demonstrate possible pulse
compression down to 108 fs at accumulated B-integral 6.5in 3 mm fused silica plane parallel plate. In
this case, peak intensity will be increased up to 6 TW/cm?.

The use of cascaded quadratic nonlinearity in a KDP crystal allows implementing the idea without
chirped mirrors and realizes a pul se self-compression regime. A KDP crystal is optimal for high power
laser beams as it may be grown up to apertures of more than 10 cm with thicknesses 1 mm and less.
The value of accumulated phase in the process of second harmonic generation depends on the value
and the sign of wave vector mismatch Ak and is linearly proportiona to the intensity of the
fundamenta pulse as well as the phase obtained due to self-action effects. As a result, the cascaded
quadratic nonlinearity can be used for compensation or magnification of cubic polarization effects.
Numerical simulations show the possibility of pulse shortening down to 220 fsin 1 mm KDP crystal.

The mentioned methods do not result in enhancement of intensity contrast ratio. The use of KDP
crystals for second harmonic generation can improve it significantly on pulse wings. Optimal (more
that 80%) energy conversion can be experimentally obtained for the same 1 mm KDP crystal.
Moreover, with the use of chirped mirrors for second harmonic beam leads to pulse shortening down
to 200 fs and peak power in SH beam will be more than in the fundamental one.

It is aso worthy of notice that a couple of KDP crystals can be used for pulse contrast cleaning.
The fundamental beam should be linearly (45 deg) polarized to have equal intensity in “0” and “¢€"
components. The crystals should be placed so that the “0” wave in the first crystal should change for
the “€” wave in the second crystal and vice versa. The crystals should be detuned from the phase
matching angle in the opposite directions. The waves participating in a low efficiency SHG process
can accumulate nonlinear +m/2 phase shift. If at the end of the second crystal the phase difference
between the waves is 7, the component can be filtered by the polarizer. The phase shift appearsonly in
the areawhere the intensity is sufficient for producing a nonlinear phase shift.
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The High Energy Density Science (HED) instrument at the European X-ray Free-Electron Laser
Facility is dedicated to the investigation of awide range of materials at extreme conditions of pressure,
temperature, ionization or electro-magnetic field. Severa separate optical laser systems (-5 J/ 25 fs,
~100 Jns, ~2 mJ/ 15 fsand ~45 mJ/ 1 ps) will be available for warm- to hot-dense-matter creation,
dynamic compression, relativistic laser-plasma interaction and more.

The instrument is designed to enable the application of various x-ray probing techniques including
spectroscopic, diffraction and imaging methods with 3 up to 25 keV photon energies. Being one of the
6 basdline instruments of the European XFEL, first user experiments are planned for the autumn of
2018. The installation of several high-power lasers, a dedicated diamond anvil cell setup and of the
~60 T pulsed magnets will be available through contributions by the Helmholtz International Beamline
for Extreme Fields (HIBEF) User Consortium.

We present an overview of the experimental capabilities.
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SPACE-TIME EMPIRICAL MODESASAN INSTRUMENT FOR INVESTIGATION
OF NONLINEAR PHENOMENA IN THE SUPERRADIANT LASERS

A. Sdleznev, A. Gavrilov, E. Kochar ovskaya, E. L oskutov, D. M ukhin,
VI. Kocharovsky, and A. Feigin

Ingtitute of Applied Physics of the RAS, Nizhny Novgorod, Russia,
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Abstract. The work is devoted to investigating spatial-temporal dynamics of the laser field in the low-Q
cavities where photon lifetime is less than polarization relaxation time. We develop the spatial-temporal-
dependent mode technique that takes into account strong coupling of standard cold or hot laser modes due to
non-adiabatic and nonlinear effects. Its efficiency for the spectra-correlation analysis of the laser field is
demonstrated.

Highly nonlinear spatia-temporal patterns are inevitable features of lasing in the low-Q (bad)
cavities where a photon lifetime T is less than polarization relaxation time (lifetime of the optical
dipole oscillations) T, [1]. Analysis of spatia-temporal dynamics of the field and its spectra and
correlation features in such lasers, known as the superradiant lasers, cannot be based on a standard
decomposition via‘cold’ or ‘hot’ modes [2] because they have fixed spatia profiles and are defined by
a cavity without or with taking into account the active medium, respectively. Progress in modern
technologies, especially in the field of semiconductor heterostructures, leaves no doubts about near
fabrication of superradiant lasers and their applications in the optical information processing, the
wideband dynamical spectroscopy, and diagnostics of many-particle systems in condensed active
media. Thus, the efficient method to unveil the fundamental nonlinear phenomena in these lasers is
needed.

In this work we suggest an approach of Space-Time Empirical Modes (STEMs) based on the
singular spectrum analysis technigue [3] instead of analyses of nonlinear coupling of cold and/or hot
modes. The method is applied to investigate the regimes of 1D model of low-Q hybrid Fabry-Perot
cavity and an active medium with a distributed feedback of the counter-propagating waves. By their
nature STEMs assumes taking into account not only spatial, but also temporal correation of the
gridded data set of complex fields of the counter-propagating waves, taken at the discrete points along
acavity z at the discrete moments of time t, within a common time interval [t,t+T], which is defined
by a characteristic time scale T under consideration. On the basis of the STEM approach, we describe
in details possible dynamical spectra and qualitatively different lasing regimes including quasi-
stationary, self-modulated, regular pulsed, irregular bunched and quasi-chaotic ones. In particular, we
demonstrate that it is possible to separate the components of laser emission with different timescales
even if the respective field components are not separable in frequency domain due to a complicated
dynamical spectrum of radiation.

Acknowledgements
The study is supported by the Russian Foundation for Basic Research (grant # 16-02-00714).
References

1. VLV.Kocharovsky, A.A. Belyanin, E.R. Kocharovskaya, and V.V. Kocharovsky, " Superradiant lasing
and collective dynamics of active centers with polarization lifetime exceeding photon lifetime", Advanced
Lasers: Laser Physics and Technology for Applied and Fundamental Science Series: Soringer Seriesin
Optical Sciences, V. 193. Shulika, Oleksiy; Sukhoivanov, Igor (Eds.) 2015, Ch. 4. p. 49.

2. E.R.Kocharovskaya, A.S. Gavrilov, V.V. Kocharovsky, E.M. Loskutov, D.N. Mukhin, A.M. Feigin,
and VI.V. Kocharovsky, "Empirical mode with a variable spatial-temporal structure and the dynamics
of superradiant lasers', Journal of Physics: Conference Series, 2016, 740, 012007.

3. D. Mukhin, D. Kondrashov, E. Loskutov, A. Gavrilov, A. Feigin, & M. Ghil, "Predicting Critical
Transitionsin ENSO models. Part |1: Spatially Dependent Models', Journal of Climate, 2015, 28(5),
1962-1976.



MODEL FOR HARD X-RAY GENERATION AND ELECTRON ACCELERATION
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Abstract. When a laser pulse with dimensionless amplitude ag ~ 2-8 is incident onto a solid-density planar
target under small angles to the surface (~5-15 degrees), the superposition of the incident and the reflected
waves results in appearance of strong longitudinal force at a certain distance from the target. The electrons
(coming from, for example, a preplasma) can accelerate in the presence of this force up to tens of MeVs. PIC
simulations also reveal that this effect is even enhanced if a reaches 30-50 because of nonlinear alteration of the
target surface. As a result, the electrons produce hard X-ray or even gamma-ray flash in the direction of their
propagation. We study this process by means of both theoretical model and numerical simulations and determine
the optimal parameters for the most efficient electron acceleration x-ray generation.

Femtosecond laser pulses are known to provide ultrastrong electric fields so that the electrons
during laser-plasma interaction can be accelerated up to hundreds of MeVs using both complicated
techniques such as laser wake field acceleration (LWFA) and more simple ones like direct laser
acceleration. These fields also force the electrons to emit synchrotron photons with energies in the
hard X-ray and gamma-ray range. There is an actively ongoing search for new configurations that
would yield better electron and photon beam characteristics for the given laser parameters. In some
aspects, considering normal [1] and oblique [2] incidence of laser pulses onto solid planar targets
looks very promising.

If we consider alaser pulse incident onto a highly-reflective solid-density planar target under small
angles to the surface (so-called grazing incidence regime), we will see that under approximation of
perfect reflection, the incident and reflected waves form a wave structure which is a standing wave in
the transverse (y) direction and running in the x direction:

E, =—2E,sind cos(kxcosf) exp(ikysin @ —iwt +id¢,)
E, = 2E, cos@sin(kxcost) exp(ikysind —iwt +ig, +ixz/2)
B, = 2B, cos(kxcos®d) exp(ikysing —iwt +i¢,)

Field superposition makes the electric field purely longitudinal at a certain distance from the target,
and the magnetic field at this point vanishes. Theoretical modeling shows that if the initial conditions
are close to this point, then the electrons can be efficiently accelerated (to much higher energies that
would be under moderate incidence angles). Depending on the electron initia position and
momentum, the acceleration rate significantly differs, and the corresponding phase space appears to be
very complicated (fractal-like).

It can be shown that the electrons with multi-MeV energies efficiently emit synchrotron photons
because their trgjectory is curved for the most part. Modeling shows that the phase space regions
corresponding to the most efficient X-ray generation are not necessarily the same as for maximum
electron acceleration.

We have also conducted a series of particle-in-cell smulations — it turns out that the described
regime may be implemented if there is a small preplasma near the surface that acts as an eectron
injector. We have aso found the parameters where the ssimplified theoretical models better align with
the simulations. It also turns out that if the dimensionless laser amplitude aq is increased up to 30-50,
the target surface shape begins to significantly ater, and in this process the longitudinal electric field
is even increased so the electron acceleration and X-ray emission rate isimproved

Acknowledgements
This work was supported by the Russian Science Foundation (Grant No. 16-12-1038).

References

1. D.A. Serebryakov et al., Phys. Plasmas, 2015, 22, 123119.
2. D.A. Serebryakov and E. N. Nerush, Quantum Electronics, 2016, 46(4), 299-304.

85


mailto:dms@appl.sci-nnov.ru�
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Abstract. Thiswork is devoted to the PEARL-X setup pumping laser and improvements of the laser made in
the last few years. A few problems are discussed: compactification of the scheme by using short spatial filters,
pumping pulse energy increase by increasing beam aperture, efficient use of the energy stored in amplifiers due
to the injection of an additional pulse into the pump pulse amplification system, ways to reduce the spatial and
temporal inhomogeneity of the pump pulse.

A pump pulse for parametrical amplifiersin the petawatt laser complex PEARL-X is produced by a
single-mode generator with Nd:Y LF active element. The wavelength is 1054 nm, the duration is about
1 ns. Then it passes through several Nd:Y LF rod amplifiers and is divided into two parts. The first one
after frequency doubling (wavelength 527 nm) becomes a pump pulse for the input cascades of
parametrical amplification. The second part is injected into the pump pulse amplification system and
then it is used to pump a wide-aperture (130 mm) parametrical amplifier.

The object of consideration of this work is the pump pulse amplification system. It consists of
several consecutive Nd:glass rod amplifiers. The diameter of the active elements gradually increases
from 10 to 100 mm; the amplifiers are separated by Kepler telescopes.

Short spatial filters

Compactness of installation is an important parameter. Due to the replacement of the previously
used aberration-free spatial filters by shorter ones [1], it becomes possible to reduce the area of the
optical tables occupied by the pump pulse amplification system. This made it possible to upgrade the
system in severa directions. We used the shortest filters, which allowed keeping the spherical
aberrations introduced by the lenses within acceptable limits.

Apertureincrease

One of the directions of the upgrade is to increase the energy of the pump pulse by increasing the
aperture of the amplified pulse. The compaction of the scheme permitted us to install an additional
amplification cascade with a 150 mm diameter active element [2].

I njection of the second pulseinto the amplification system

The maximum energy of the pump pulse is limited by optical breakdown in the elements and by
small-scale self-focusing. It is about 300 J for a beam of 100 mm diameter and 1 ns duration.
However, a significant portion of the energy stored in the amplifiers remains unused. It can be used by
injecting areplica of the input pulse into the same system. The energy of the second pulse in this case
is comparable with the energy of the first one. In the future, these pulses will be used to pump two
successive parametric amplifiers.
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TOWARD "DEFECT-FREE" OPTICS: WHERE TO START?
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Abstract. To characterize the defects in optical materials is of great importance for high power laser
applications. In this paper, recent progress in defect characterization of various optics is presented by using
different imaging techniques, including photothermal microscopy and optical scattering microscopy.
A multimodal microscopic technique was proposed for a more comprehensive evaluation of the defects over the
surface of the large optics, so as to have a better understanding of the laser damage behaviors and to provide
clues to eliminate defects during manufacturing process.

The laser based inertial confinement fusion (ICF) research devices, typicaly represented by the
National Ignition Facility (NIF) are striving to seek a new energy source for human-being. However,
until now NIF still faces severa obstacles. One of them is the limitation of laser damage resistance of
large optics and some optics should be regularly recycled or replaced when the damage sites on optics
grow up. Various defects generated in the optics manufacture processes are critical factors to reduce
the laser damage threshold of optics. Therefore, obtaining “defect-free” opticsis the ultimate dream of
optical engineers, which is also a promising way to improve the laser damage resistance and to reduce
the running cost of large high-power |asers.

Precision metrology techniques of surface defects for optics applied in high-power lasers are
critica to realize “defect-free” large optics with high damage threshold. Generaly, surface defects of
large optics with modern fabrication methods can be classified into two types: “visible defects’ and
“invisible defects’. The former includes scratches, digs, cracks, particles and surface blemishes. It was
reported that the optics applied in the most of global ICF high-power laser systems were measured by
naked-eyes on surface defects [1, 2]. The automatic optical inspection (AOI) method [3] can
quantitatively measure the length and width of surface defect and greatly reduce the subjective error
from naked-eyes. Even though these methods can obtain the distribution of surface defects over meter-
size surface of large optics, they have the problem of low efficiency and can’t precisely distinguish
various defects. The other type of defects generated in the manufacture processes of large optics is
“invisible defects’, including non-homogeneity, impurity and didocation. Most of these defects are
absorptive and can be detected by photo-thermal based metrology technologies [4]. However, the
existing methods can only measure small samples and cannot quickly find the absorbing defects.

To study the relation between the defects and laser damage, most of the researchers usually employ
microscopical methods, i.e. SEM, AFM, PTM, etc., to magnify the structural characteristics of defects
in the limited local areas. By this way, the damage mechanisms initiated from defects were proposed
and the LIDT of specific defect can be derived from simulation [5]. However, surface defects are
various in properties and randomly distributed over the surface of large optics, which makes damage
behaviors and the lifetime of the optics unexpected.

Due to the fact that the existing metrologies can’t directly build the relation between damage and
defects statistically, it is necessary to fill the blank of defect metrology methods in the mesoscopical
dimension, a bridge between existing microscopic and macroscopic metrology methods. In this paper,
the conception of high-speed, high-sensitivity multi-mode metrology technology, as far as we know, is
first proposed for surface defects of large optics. The technology is a compressive integration of super-
smoothing surface laser scattering method, high sensitive weak absorbing method and total internal
reflection microscopy. The proposed technology can detect the surface defect with high-speed, high-
sensitivity and non-destruction in the mesoscopical dimension. It is hopeful to provide a novel tool for
mapping the defects in meter size optics and provide clues to eliminate defects during fabracations
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200 W CONTINUOUSWAVE DISK-LASER ON Yb:LUAG CERAMICS
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Abstract. The optical and laser properties of Yb:LUAG ceramic sample made by nanocrystalline pressure-
less sintering in H, (NC-PLSH) were investigated. An active element of a disk laser was manufactured and
continuous generation with maximum output power of 200 W and slope efficiency of 40% was demonstrated.

Laser radiation with high average power is increasingly more frequently used in various fields of
human activity: in applied fields (welding, cutting, drilling, material processing, 3d printing of
complex metal products) and for scientific purposes (detection of gravitational waves, generation of
MIR and THz radiation, as a pump of parametric amplifiers of lasers with a high peak power). The
main requirements for lasers that generate such radiation are high efficiency, stability of operation
while maintaining the quality of the generated radiation close to diffraction. This significantly limits
the choice of the type of laser, the active ion, the method of its pumping, and the material of the active
element. An active ion should have a small quantum defect, the geometry of the active element should
allow organizing efficient heat sink and material of the active element should have high thermal
conductivity and good thermo-optical properties.

In this study, the sample of 3at% Yh:LUAG ceramics made by nanocrystalline pressure-less
sintering in H, (NC-PLSH) [1] in Shanghai University (China) was investigated and efficient laser
generation in disk laser geometry was observed. The Yb doped LUAG powders were synthesized by a
wet chemical approach, then were preformed into green compacts in a stainless steel die, and were
cold isostatic pressed (CIP) under 200 MPa. Finaly, green bodies were sintered in a furnace with a
tungsten-mesh heater at 1750 C for 10 hours in flowing H, atmosphere. After sintering, the ceramic
sample was optically polished. The transmission spectrum, the luminescence spectrum at 940 nm
pumping and a life time of the laser level were measured. After that, the thickness of the sample was
reduced to 300 microns and the sample faces were coated with dielectric layers (an antireflection layer
on one side and a mirror layer on the other side for the pump Apump = 940 Nm and laser wavelengths
Maser = 1030 nm). For effective cooling, the active element with dielectric coatings was mounted on a
water-cooled diamond heat sink. The active element on the heat sink was placed in a V-shaped
resonator formed by the rear face of the active element and two dielectric mirrors. spherical mirror (2)
with aradius of 30 mm and areflectance R ~100% at a wavelength of 1030 nm and output mirror (3).
For the output mirror we used mirrors with reflectance of 90%, 95% and 97% at 1030 nm. Pumping
was performed by a fibre-coupled diode laser (Laserline LDM 2000) emitting at a wavelength of
940 nm. 12 passages of pump radiation through the active element were organized in the resonator and
at continuous pumping laser generation with maximum output power 200W and 40% sl ope efficiency
was observed.

Fig. 1. Photo of laser experiment. 1 — active element; 2 — spherical mirror; 3 — output plane mirror;
4 — system of mirrorsfor organization of multi-pass pumping scheme
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Abstract. The talk presents experimental investigation of the interaction of the femtosecond sub-PW laser
pulse from PEARL laser facility and plasmas. The experimentally realized conditions are close to optimal in
terms of effective laser energy deposition into the solid target leading to NTSA proton beams accelerated up to
43 MeV cut-off energy. The characterization of the interaction parameters is achieved by combining X-ray
spectrometry and proton spectra measurements, complimented by detailed laser prepulse characterization. The
ways to improve the cut-off energy for the laser driven protons as well as application perspectives are
considered.

The experiments were conducted at the PEARL laser facility (IAP RAS, Nizhny Novgorod,
Russia). PEARL is an OPCPA laser system [1] with a wavelength of 910 nm and the record reported
power of 0.56 PW [2]. The temporal contrast of the laser systems after compression and over a 1 ns
frame before the main pulse was estimated to be 1/(2-10°%) [3]. By means of an off-axis parabolic f /4
mirror the laser pulse was focused on the target surface (aluminium foil 10 mm thick) making an angle
of 45° with the direction of incident radiation.

Using two complementary diagnostics, we have been able to characterize the interaction of an
ultra-high intensity, and ultra-high contrast laser with a thin Al solid dab. We have shown that at the
time of the main laser pulse interaction, the target front and rear surfaces are gradient-free. This
ensures a very efficient coupling between the laser energy and the target, and the generation of a very
dense population of hot electrons at high temperature (as diagnosed by the accelerated protons). They
couple very efficiently to the bulk electrons and ions heating them (as diagnosed by x-ray
spectrometry) to ~300 eV, which is in good agreement with 1D modeling of such coupling using the
hot electron parameters as an input.

Such efficient, gradient-free, heating to high temperatures opens up opportunities for probing
various materials, using a much smaller-scale and relatively low-cost facility compared to FEL. We
note that for such a mid-scale laser, the employed technology is a key to allow high-contrast
interactions without the need to resort to contrast enhancement techniques. The work is considered in
the aspect of possible applicationsin laboratory astrophysics, medicine and homeland security.
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PERSPECTIVES OF ION ACCELERATION
WITH PW-ULTRASHORT LASER PULSE
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Abstract. This presentation will discuss the ion acceleration obtained on 1.5 PW laser and different issuers
connected with ion source and beam properties. The newly found scenario of ion acceleration offers more
favorable proton energy scaling with laser intensity than it is known for an “ordinary” so-called TNSA regime.
Another challenge is the laser beam back reflection from interaction region, which was measured to be of the
order of 1% of laser energy. Our findings pave a way to achieving an ion source and desired beam parameters
and they encourage further activities for optimisation of laser plasma-based accelerators.

The unique exploratory mission of laser driven ion acceleration research is to build the scientific
foundation needed to develop high energy laser-particle accel erators.

This presentation will discuss the ion acceleration obtained on 1.5 PW laser. The newly found
scenario of ion acceleration offers more favorable proton energy scaling with laser intensity than it is
known for “ordinary” so-called Target-Normal-Sheath-Acceleration. For the first time the ion energy
scaling law for accel eration process in the ultra-short regime was extend beyond 102° W/cm?.

lon source and beam properties at PW laser power offers unique features which will be discussed in
details. The latter are essential for potential applications of laser driven ion beams.

Another challenge is the laser beam back reflection from interaction region. It was found that at
ultrahigh contrast of the laser pulse on the electron density profile at the target surface a regular
structure is generated during the interaction which acts as a grating and some of the diffraction
maxima are under back reflection angle [1]. This back reflection of the order of 1% of laser energy,
measured in the experiments, can lead to serious constraints on both the laser operation (cause
damage) and the conditions of interaction.

These investigations are closely related to recent development or imminently anticipated
development of laser technology to bring the existing laser systems to a multi-PW level. Our findings
pave a way to achieving an ion source and beam desire parameters and they encourage further
activities for optimisation of laser plasma-based accelerators.
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Abstract. We report an efficient method for strong terahertz surface wave generation by relativistic-intensity
(>10" W/cm?) laser pulses. Ultrafast field propagation along a metal wire driven by a femtosecond laser pulse
with a relativigtic intensity is characterized by femtosecond electron deflectometry and electro-optic sampling.
We found that the field propagating at the speed of light is a half-cycle transverse-magnetic surface wave excited
on the wire and a considerable portion of the kinetic energy of laser-produced fast €l ectrons can be transferred to
the surface wave.

Intense ultrashort terahertz (THZz) pulses are now utilized not only as probe pulses, but also as
ultrafast driving pulses in modern experimental studies on topics such as carrier dynamics in
semiconductors [1]. Such investigations rely on picosecond or sub-picosecond THz pulses with
eectric field strength greater than 100 kV/cm. The development of waveguides for intense ultrashort
THz pulses will offer new methodologies for many applications. In particular, to achieve low loss and
low dispersion, the use of a metal wire as a waveguide has attracted considerable attention [2]. A THz
pulse trapped as a surface wave (surface plasmon polaritons) on a metal wire can be flexibly
transmitted and focused to sub-wavelength dimensions by techniques such as using a tapered tip [3].
However, the generation of intense THz surface waves remains a challenge due to inefficient coupling
between free-space waves and surface waves.

Here, we review highly efficient generation and characterization of a THz surface wave directly on
a wire waveguide. We have developed a technique for measuring THz waveforms by using laser-
accelerated femtosecond electron pulses [4, 5]. As a result, we have observed an intense half-cycle
THz surface wave with field strength exceeding 1 MV/cm upon driving ultrafast electron current on a
metal wire by irradiating a femtosecond laser pulse with pulse energy of 70 mJ [68]. We also report
recent experimental results of electro-optic sampling measurement of THz surface waves.
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Abstract. A new concept for thermal-lens-free solid state lasers, Heat Capacitive Active Mirror (HCAM),
is proposed according to the systematic calculation of temperature profile and thermal-induced phase shift on
0.25-5 mm thick active mirrors of 10-mm diameter with 5-mm area pumping. Three orders of magnitude of
thermal-lens reduction under the efficient cooling condition is possible. This is the first proposal for the
paradigm shifting technology of thermal-lens-free active mirror available for coherent beam combination.

How to generate super-high power by the solid state lasers? Power scaling law of a laser is
changing from the aperture scaling to the beam number scaling. Coherent beam combining has been a
dream of the laser technology since 1960. Thermal-lens is a difficult problem to solve for solid state
laser technology for along time. There are two kinds of solution. One is the development of thermal
laser ceramics using mixed solid solution to tune the optical parameter. And another is the thermal-
lens compensation inside the laser material.

We propose a smple and efficient idea of Heat Capacitive Active Mirror (HCAM) capable of
reducing the thermal -lens-effect by three orders with respect to 100% bottom cooled case.

HCAM in thermal equilibrium condition is shown in Fig. 1. The bottom cooling areais tuned to the
pumping volume, typically 50% radius pumping and 50% bottom cooled (B-cool). Top to the bottom
heat flow in the pumping volume gives us an efficient cooling ailmost equivalent to the 100 B-cool
case. Most important point is the constant temperature halo areain the unpumped outer edge. Thisisa
heat capacitive volume because there is no heat generation and heat sink. Thermal insulation on the
heat capacitive volume reduces the non-flat wave component less than 1/50 over a wide range of disk
thickness as shown in Fig. 2. When we tune the bottom surface temperature of heat capacitive volume
to be constant to the average temperature of pumping volume, the thermal-shift decreases less than
1/1000 for thin disk (t = 0.25 mm) to thick disk (1 mm <t <5 mm) range. Even a thick active mirror
shows the order of magnitude smaller thermal shift than atypical thin disk. HCAM design relaxes the
requirement on the doping concentration and pumping optics significantly. This is a simple solution
toward thermal-lens-free solid state lasers for the coherent beam combining under CW and high rep.
rate operation. The detailed properties of HCAM will be discussed in the presentation.
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Fig. 1. Temperature profile of aHCAM laser Fig. 2. Thermal-lens reduction curve
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ANALYSISOF ELECTRONSACCELERATED FROM ULTRA-THIN FOILS
FOR EVALUATION OF HIGH-POWER ULTRASHORT LASER PULSE INTENSITY
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Abstract. In the present work we suggest a new method of diagnostics of relativistically strong ultrashort
laser pulses that is based on the analysis of angular spectral distributions of electrons gaining their energy in the
process of direct vacuum acceleration by the laser field. To describe laser fields near the diffraction limit we use
Stratton-Chu integrals to model a laser beam with different spatial profiles sharply focused by an off-axis
parabolic mirror.

Nowadays continuous increase of the laser power demands new methods of laser beam quality
control and diagnostics of laser parameters. When laser intensities reach rdativistic values, the
promising way for these purposes is to use measurements of |laser-accelerated electrons [1, 2] and
corresponding nonlinear Thomson scattering [3]. If the contribution of collective field effects as
compared to the laser-particle interaction is negligible, the characteristics of charge particles are
determined by parameters of the laser beam. This approach permits using the test particle method,
when electron dynamicsisruled by the standard relativistic motion equations given by:

—dyszLz—eE——e[VXB],d—Rzu, (1)

dt o at

whereR, v, y areradius-vector, velocity and gamma-factor of the test particle, respectively. Here we
omit the radiation reaction force that can be possible for laser intensity of less than 107 W/cm? [4].

In the current work we offer laser pulse diagnostics via angular-spectral distributions of accelerated
electrons. Our calculations based on Stratton-Chu integrals [5] for the laser pulses (as example:
linearly polarized, 30 fs, 800 nm) with the square spatial profile and Gaussian beams focused by the
off-axis parabolic mirror (with ¢z = 60° and radius r = 15 cm) have been performed and compared

for different focal spot sizes and peak powers. In the recent work [2] the flat intensity distribution was
shown to be more effective for electron acceleration as compared with Gaussian profile. After
reflection by off-axis parabolic mirror the pulse interacts with thin layer of electrons that mimics an
ultrathin foil, which is proposed to be used in diagnostic experiments.

The results show that electron distributions are sensitive to such laser parameters as the laser
intensity and the focal spot size. Decreasing of the laser intensity due to changing of the laser power
leads to decreasing of maximum electron energies, while defocusing of the tightly focused laser beam,
at first, enhances maximum electron energies but after reaching an optimum value of the focal spot
size starts to decrease them. Our cal culations display anisotropic angular distributions under tight laser
focusing which depend on the pulse parameters and become isotropic in paraxial limit that emphasize
the need for accurate description of the tight focused laser beam. Comparison of these characteristics
with the same from experiments is proposed for diagnostics of the laser parameters such as peak
intensity and focal spot diameter.
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V.Yu. Venediktov *?

! St.-Petersburg Electrotechnical University, St.-Petersburg, Russia
vlad.venediktov@mail.ru
2 Faculty of Physics, St.-Petersburg State University, St.-Petersburg, Russia

Abstract. Holographic wavefront sensors provide a fast and computations-free tool for measurement of the
wavefront distortions. We consider the basic schemes of such devices, the recent progress in their devel opment,
related first of al to the use of Fourier holography, and specia features of such devices, which make them
especialy interesting for application in various laser systems, including the high-power laser systems.

Holographic wavefront sensors represent the new generation of wavefront sensors (WFS), i.e. of
the devices, providing the real-time measurement of wavefront shape and its deviation from some
ideal sphere or plane. Traditionally such measurements are carried out with the use of computation-
abundant techniques like interferometery or “traditional” WFS (Shack-Hartmann, curvature sensor
etc.), al of which are implementing the multi-megapixel CCD, CMOS and other matrix sensors. In
many cases — for instance, in the case of atmospheric adaptive optics, when distortions' refreshment
timeis ~1 ms, the use of such devices requires processing of many GByte of data per second.

The principle of the holographic WFS performance is much simpler (see, for instance, [1]). Specia
holographic filters select from the incident wavefront this or that specific component (e.g., this or that
Zernike polynomial, this or that vortex structure etc.). Such a holographic filter output represents the
plane wave signal, whose direction or, in another design, intensity is proportional to the depth of
Zernike polynomial etc. The response time of such adevice is determined only by the response time of
photodetector, which can, in principle, fill into mcs or even nstime range.

However, until recently, the use of such devices was tantalized by the severe noise of the
overlapped holograms. Our recent theoretical and experimental studies, which are reported in the
paper, have shown that the use of Fourier holography promise the solution of these problems and thus
open the way to implementation of real holographic WFS in various applied systems.

The holographic WFS have some features which differ them from the more traditional Shack-
Hartmann WFS. In particular, they are more appropriate for the use in systems dealing with the
monochrome light rather than the polychrome one. In addition, the energy losses in such WFS are
comparatively higher than in the traditional WFS. So one can say that the laser systems are the best
field of application for the holographic WFS. In our paper we consider some possible applications of
such WFSin high peak or high average power lasers and laser systems.
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HIGH-PEAK AND HIGH-AVERAGE POWER
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Abstract. A diode-pumped, ultrafast Yb:KGW laser system utilizing chirped-pulse amplification (CPA) in a
dual-slab regenerative amplifier (RA) with spectral shaping of seeding pulse from a master oscillator (MO) has
been developed. A train of compressed pulses with pulse length of 181 fs, repetition rate up to 500 kHz, and
average power exceeding 15 W after compression and pulse picker was achieved.

Femtosecond laser sources based on Y b-doped laser materials became a promising tool for various
scientific, technological and industrial applications including femtosecond lasers. Energetic optical
pulses with femtosecond pulse lengths and hence ultra-high focused intensities in the range 10™ to
10" Wem™? are capable for ablating a wide range of materials including metals, semi-conductors,
ceramics, polymers, biological tissue and dielectrics. Femtosecond laser ablation has been
demonstrated to be a powerful tool for various technologies [1]. Due to rapid energy delivery, the
laser-plasma interaction is avoided and heat-affected zones in the irradiated targets are strongly
locdized with minimal residual damage. This alows generation of well-defined microstructures with
high quality and reproducibility [1].

Among Yb-media ytterbium tungstates (Yb:KYW/Yb:KGW) crystals exhibit an attractive set of
parameters that makes it one of the best choices for high-power fs lasers operating around 1 pm. Thwe
bandwidth of Yb:KGW/Yb:KYW is sufficient for amplification of sub-200 fs pulses but typical pulse
length on the output of Yb:KYW amplifier system is limited by the level 300—400 fs primarily due to
gain narrowing [2]. A promising method to reduce the effect of gain narrowing and to increase the
effective gain bandwidth is to combine laser media with separated gain maxima and to overlap
broadband gain. Using Yb:KYW crystals with different orientation of crystallographic axes (the so-
called Ng and Np cut orientation) this approach can be realized [3, 4]. Another way for increasing gain
bandwidth is using special spectra filters introducing controlled losses at maximum of gain spectrum
[2,4].

In this report we present a combination of these approaches to a double-slab regenerative amplifier.
Each dab is pumped separately, which enables additional possibility to control gain. Furthermore as a
seed source, we used a high-power master oscillator based on Np-cut Yb:KYW crysta with output
pulse length about 100 fs and central wavelength agreed well with spectral gain profile of regenerative
amplifier. A highly efficient stretcher and compressor based on single transmitted diffraction grating
are used for stretching and recompressing initial pulses after master oscillator.

The laser was redlized as a chirped-pulse amplification (CPA) system [4]. The system consists of a
femtosecond master oscillator (MO), a common module of stretcher and compressor based on asingle
diffraction grating, a spectral shaper based on Lyot filter, and a dual-slab regenerative amplifier (RA)
with combined gain spectra. The system also includes two Faraday isolators: one for isolation of MO
against leaking amplified pulses and the other for extraction of laser pulses from the system after RA.
A train of compressed pulses with pulse length of 180 fs, repetition rate up to 500 kHz, and average
power exceeding 15 W after compression and pulse picker was achieved.
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LASER-ION ACCELERATION BOOSTED BY MULTI-PICOSECOND PULSES
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Abstract. We demonstrate that high-contrast multi-picosecond pulses are advantageous for proton
acceleration. By extending the pulse duration from 1.5 to 6 ps with fixed laser intensity of 10" Wem™, the
maximum proton energy is improved more than twice (from 13 to 33 MeV). The proton energies observed are
discussed using a plasma expansion model newly developed that takes the electron temperature evolution
beyond the ponderomotive energy in the over picoseconds interaction into account.

Laser-ion acceleration in a relativistic intensity (10"°-10* Wem™®) regime is governed by the
absorption mechanism of laser energy into electrons. Recently, it has been reported [1-3] that the
plasma electrons are heated beyond the typical scaling low, ponderomotive potential [4] through the
nonlinear motion of the electrons. In this paper, we experimentally investigate the electron heating in
multi-picosecond (ps) time scale and its effect on theion acceleration [5].

The experiment was performed using LFEX laser of ILE, Osaka University, which provides four
beams of 1.5-ps (FWHM) duration. By setting intervals of 1.5 ps between the four pulses, we obtained
duration-extended pulses of 3 ps, when we use two beams, and 6 ps, as the longest case using the four
pulses. The maximum laser energy in total is 1 kJ (250 J for each laser beam), and the intensity is
2.3:10"® Wemi? on the target. Note the focal spot diameter is set to be 60 um (FWHM), which makes
abeneficia effect on the electron recirculation around the target, mentioned later. The accelerated ions
were analyzed by a Thomson Parabola (TP) at the normal direction of the target rear surface. The
electrons generated from the plasma were also measured by an electron spectrometer (ESM) located at
the target rear side. The angle between the TP and the ESM was 20.9°.

a b _ As shown in Fig. 1(b), when we expand the pulse
' o 3o FEen®R) 0 duration of the laser from 1.5 ps to 3 ps at the fixed
A laser intensity, the electron temperature is drastically

e ] enhanced up to 1.1 MeV, which clearly exceeds the
Y T 3 ponderomotive potential around 0.2 MeV for the laser

. A . intensity of 2.3-10" Wcm™. In addition, the proton
T "'H . energy, analyzed smultaneously with the electron
s Al temperature, reaches 29 MeV a 3 ps and saturates
© N M aound 30 MeV a 6 ps. Our PIC simulation reveals

. | that electrons continue to recirculate between the front

2o ‘-,'.-\'.;,;4|; and rear sides of the foil plasma during the laser

ey e T incidence and are heated through the nonlinear

Fig. 1: The energies of protons (a) and electrons (b), mechanism depending on the laser pulse duration. The
temporally evoluting at the fixed laser intensity. details will be discussed in the presentation.
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Abstract. Laser-induced damage behaviors of the HR coatings and chirped mirrors (CMs) are studied by
800 nm — 38 fslasers. Interestingly, a circular blister feature appears in the CMs at a wide range of laserfluence.
The damage threshold was simulated by multi-wavelength ionization, and an adiabatic expansion model of ideal
gas is adopted to illustrate the formation dynamics of blisters. The evolution of blisters can be explained by
partial evaporation of the film and a subsequent gas expansion, driving the bulging of the film stack up to the
stress limit, where the blister fractures. According to this model, the energy absorption ratio of blisters increases
monotonously with increasing laser fluence.

Nb,Os/SIO, dielectric stacks, 800 nm 0°AOI high-reflector (HR) and two kinds of optimized
chirped mirrors (CMs), were fabricated by dua ion-beam sputtering technology on fused silica
substrate. Sample damage was studied by single 800 nm — 38 fs Ti:S lasers. For the HR, CM1 and
CM2, the LIDTs are 0.36, 0.11 and 0.08 Jcm?, respectively. All the samples showed the blister
damage morphologies at near LIDT. Blister of HR only exist for narrow fluence range (30—40% above
LIDT), and that of CMs for wide range (2X-10X above LIDT). (Fig. 1).

Fig. 1. Blister morphologies for HR (up) and CM (down)

In order to analyze the evolution law of blisters with the increasing of laser fluence, the blister
volume as a function of laser fluence and the normalized blister amplitude (6/h) as a function of
normalized blister radius (R/h) are given in Fig. 2a and Fig. 2b, respectively.

- 15 .
— * CM1 e CM1 254 ® CM1 i ®
Eaf # ComM2 f ¢ cm2 e CcM2 i
5 4 HR w20+ H
T }'" : 101 ; 5 ¢
= - i ; 154 :
[} . H . A o H
£ g = $. " T R
2 # ¥y R B 1L e et e
: e Sl oatt
2 vi 05+  eg®
kz B 5 B o« P Y
m 0t o 0.0+ ,
0.0 05 10 15 20 °© 00 200 200 0.0 05 10 15 20
Pulse fluence (Jfcm’) R/h Pulse fluence (J/cm®)

Fig. 2. (a) Blister volume as a function of laser fluence, (b) Normalized blister amplitude as a function
of blister radius, and (c) Energy absorption ratio of blisters as a function of laser fluence

The adiabatic expansion model of idea gas are asfollows:
1) Irradiation and energy conservation: Q, =Vyp[c, (T, = T) + AH]
2) Absorption and ided gasformation: p, =(p/ M, e)Rigels

3) Blister formation induced by film bulging due to adiabatic expansion of idea gas:
V, =Vi(p,/ pz)l/k

4) Blister fracture at the stresslimit: p, =

4hdo,, 8h&°E
2 + 4
R 3R*(1-v)
The simple adiabatic expansion model is reasonable to elucidate the blister evolution in the CMs
before the appearance of focal spot confinement effect (Fig. 2¢). Meanwhile, this model in this format

was not suitable to explain the blister formation when the incident laser fluence was more than
0.7 Jiem? (B position).
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Abstract. The front-end of the laser system PEARL is currently upgraded at IAP RAS. A femtosecond
Ti:Sapphire oscillator and a new stretcher will be installed aimed at reducing output pulse duration and
increasing stability and reliable operation of the laser system.

The PEtawatt pARametric Laser system (PEARL) based on optica parametric chirped pulse
amplification (OPCPA) [1] is operating at the Institute of Applied Physics of the Russian Academy of
Sciences (IAP RAS). Stretched radiation with central wavelength of 1250 nm generated by a
femtosecond Cr:Forsterite laser is injected into the first parametric amplification cascade, and
radiation with central wavelength of 910 nm generated as a result of three-wave interaction is directed
to the subsequent amplification cascades and to the compressor. As radiations of different wavelengths
are stretched and compressed in the system, a unique prism-grating stretcher [2] is used to provide the
condition of phase matching.

Currently, we are upgrading the front-end of the laser system PEARL. The Cr:Forsterite oscillator
is to be replaced by a Ti:Sapphire oscillator radiating a broadband pulse with central wavelength of
910 nm. Thus, signal radiation that will be amplified in the subsequent cascades and then compressed
in a compressor will be injected into the first cascade of the parametric amplifier. The condition of
phase matching at compression and stretching of a broadband pulse will be fulfilled in a traditional
scheme including Treacy compressor and stretcher with image inversion ensuring positive dispersion
of group velocity.

The duration of the laser pulses at the femtosecond oscillator output has been measured to be 56 fs.
According to the measured spectrum it was clear that the pulse is not Fourier-transform-limited. In the
experiment we compensated the nonlinear phase by means of chirped mirrors. The measured pulse
duration was 30.3fs.

We present comparative analysis of the Martinez stretcher [3] and the Offner triplet stretcher [4]
with parabolic and spherical mirrors from the viewpoint of their use in the PEARL system. Numerical
computations show that the fourth-order phase dispersion will be minimal in the Offner triplet
stretcher with spherical mirrors.

A single-grating Offner stretcher has been developed. A laser beam propagating through the
stretcher hits the diffraction grating 8 times. To separate the input and output beams horizontal and
vertical roof-mirrors are used. The stretcher’s transmission band is 92 nm, pulse duration after
stretcher reaches 0.6 ns. The stretcher characteristics are chosen so that the introduced nonlinear phase
should correspond to the compressor phase: angle of incidence on the diffraction grating ~43°,
effective base 133.7 cm, grating groove density 1200 I/mm.

The stretcher has been adjusted, including control of radiation propagation through the Offner
triplet, control of the tilt angle and vertical deflection of diffraction grating grooves, as well as
aignment of the vertical and horizontal roof-mirrors by means of autocollimator. After the stretcher,
the radiation has been directed to the compressor to be compressed to 36 fs.

The broad spectrum of the radiation generated by a Ti:Sapphire laser, as well as the experiments on
compressing pulses in a compressor enable us to expect that a duration not more than 37 fs will be
obtained after compression of the amplified pulse, which will significantly increase the peak power of
laser complex PEARL.
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DYNAMICALLY CONSISTENT PARAMETERIZATION
OF MESOSCALE EDDIES
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Abstract. Dynamically consistent, novel parameterization of oceanic mesoscale eddies is proposed, imple-
mented and tested in the double-gyre ocean circulation model. The results are encouraging and providing the
framework for further refinements of the parameterization.

This work aims at developing a framework for dynamically consistent parameterization of
mesoscale eddy effects for use in non-eddy-resolving ocean circulation models. The proposed eddy
parameterization framework is successfully tested on the classical, wind-driven double-gyre model,
which is solved both with explicitly resolved vigorous eddy field and in the non-eddy-resolving con-
figuration with the eddy parameterization replacing the eddy effects. The parameterization locally ap-
proximates transient eddy flux divergence by spatially localized and temporally periodic forcing, re-
ferred to as the plunger, and focuses on the linear-dynamics flow solution induced by it. The nonlinear
self-interaction of this solution, referred to as the footprint, characterizes and quantifies the induced
cumulative eddy forcing exerted on the large-scale flow. We find that spatial pattern and amplitude of
the footprint strongly depend on the underlying large-scale and the corresponding relationships pro-
vide the basis for the eddy parameterization and its closure on the large-scale flow properties. Depend-
encies of the footprints on other important parameters of the problem are also systematically analyzed.
The parameterization utilizes the local large-scale flow information, constructs and scales the corre-
sponding footprints, and then sums them up over the gyres to produce the resulting eddy forcing field,
which is interactively added to the model as an extra forcing. The parameterization framework is im-
plemented in the simplest way, but it provides a systematic strategy for improving the implementation
algorithm.
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Abstract. An advanced 3D numerical model of lightning bidirectional leader initiation and development is
presented. The key features of the model include probabilistic branching, streamer-to-leader transition, bidirec-
tional propagation, non-zero internal electric field, simultaneous growth of multiple branches, physical timing,
and, for the first time, probabilistic propagation field threshold and channel decay. Also, the proposed model
takes into account the differences between initiation and propagation fields of positive and negative streamer
discharges.

Our current understanding of macroscopic processes in lightning flashes is based on the concept of
bidirectional leader propagation, proposed by Kasemirin in 1960 and explored further by Mazur and
Ruhnke. The key concepts of bidirectional leader theory are that shortly after initiation, positive and
negative leaders are two ends of one “tree” which move simultaneously into opposite polarity charges.
The recently suggested advanced 3D numerical model of lightning development [1] was applied to
studying the lightning initiation through the relatively unknown type of discharge, called fast positive
breakdown, that is the cause of high-power discharges known as narrow bipolar events or compact
intracloud discharges.
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Fig. 1. Lightning bidirectional leader development final stage.
Two color bars are used to represent node charge and channel temperature distribution
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Abstract. Cloud-to-ground lightning includes downward flashes and upward flash. A downward flash usual-
ly starts in clouds with a downward-going leader followed by a return stroke. An upward flash usually starts
from a tall grounded structure with an upward-going leader followed by one or more downward leader/return
stroke processes. It is the leader process that determines the path of the return stroke. In the following, we firstly
present a macroscopic physical model for upward leaders from tall grounded structures and then a leader-return
stroke coupled model for return stroke current and electromagnetic field calculations.

A Macroscopic Model for Upward Leader from Tall Structure

In this session we present a macroscopic physical model that is able to simulate an upward leader
initiated from a tall grounded object under thunderclouds. Based on a tri-layer leader channel structure
and the energy conservation law, a new equation for estimating the upward leader propagation speed is
proposed. Equations for modeling other physical parameters, such as the leader line charge density,
leader core radius, leader corona sheath radius, leader current, leader electric field and leader conduc-
tance, are also proposed. Besides, a set of initiation and survival criteria for a steady self-initiated up-
ward leader from a tall grounded object is suggested. Based on the suggested criteria and the proposed
model, the critical corona and charge amount as well as the minimum height for successful initiation
of an upward positive leader (UPL) from a tall grounded object are evaluated and discussed. The
model is then used to investigate the general properties of UPLs self-initiated from tall grounded ob-
jects with and without the effect of corona space charge layer near the ground under different thunder-
storm conditions. The modeling results can well explain the leader properties observed in literature.
The model is further tested with two set of experiment data and very promising results are obtained.

A Macroscopic Model for Lightning Return Stroke

A return stroke is usually preceded by a downward leader process. It is the preceding downward
leader that governs the return stroke property. Besides, the return stroke property evolves with height
and time. These two aspects, however, are not well-addressed in most existing return stroke models. In
this section, we present a leader-return stroke coupled model based the time domain electric field inte-
gral equation (TD-EFIE), which is a growth and modification of Kumar’s microscopic model. The
model is further extended to simulate the optical and electromagnetic emissions of a return stroke by
introducing a set of equations relating the return stroke and conductance to the optical and electro-
magnetic emissions. With a presumed leader initiation potential, the model can then simulate the tem-
poral and spatial evolution of the current, charge transfer, channel size and conductance of the return
stroke, furthermore the optical and electromagnetic emissions. The model is tested with different
leader initiation potentials ranging from —10 to —140 MV, resulting in different return stroke current
peaks ranging from 2.6 to 209 kA with different return stroke speed peaks ranging from 0.2 to 0.8
speed of light and different line optical power peaks ranging from 4.76 to 248 MW/m. The larger of
the leader initiation potential, the larger of the return stroke current and speed. Both the return stroke
current and speed attenuate exponentially as it propagates upward. All these results are qualitatively
and quantitatively consistent with those reported in literature.

Acknowledgements

The works leading to this paper is funded by The Hong Kong Polytechnic University and Research
Grant Council of Hong Kong (Grants:PolyU5123/12E and PolyU152652/16E).

105



ENHANCED PARTICLE FLUXES DURING THE DECAY STAGE
OF ARAGATS THUNDERSTORMS
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Abstract. The bulk information on particle fluxes correlated with thunderstorm can be used to better under-
stand the electrical structure of thunderclouds. The only very specific electric configuration of the lower part of
the cloud can support the sustainable acceleration of the electrons. Our analysis is based on the thunderstorm
data from the Aragats Mountain in Armenia, 3200 m above sea level Varieties of particle detectors located at
Aragats Space Environmental Center are registering neutral and charged particle fluxes correlated with thunder-
storms, so-called Thunderstorm Ground Enhancements (TGEs, [1]). In the present paper, we relate particle
fluxes to the electrical structure of thunderclouds, namely, to an end-of-storm oscillation (EOSO) during the
storm’s decay phase.

Classification of the TGE events according to the near-surface electrical field disturbances.
Examining disturbances of the near surface electric field during enhancement of particle fluxes (TGE),
we outline the following most typical patterns accompanied by TGE [3]: electric field reversal from
positive to negative; electric field reversal from negative to positive; electric field’s abrupt decreases
and multiple disturbances of a near-surface electrical field. Usually all four types of TGE events were
accompanied with precipitation and lightning occurrences; however, sometimes lightning and rain are
missing. During a multicellular storm in New Mexico, the electric field at the ground beneath a thun-
derstorm often exhibits an EOSO during the storm’s decay phase in which field typically undergoes
several polarity changes over a period of 30—75 minutes [2]. The pattern of the electric field changes
in New Mexico is very close to the one we classify as a fourth type of the TGE initiation scenario
(multiple disturbances of the field, see [3]. Therefore we identify this type of TGE initiation on Ara-
gats also as EOSO, see Figs. 1 and 2.
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Fig. 1. Conceptual representation of the end-of-storm oscillation (EOSO) scenario. Red lines in upper
part of panel show distance to lightning; black curve — disturbances of the near-surface electric field;
blue — the particle 1-minute count rate measured by the 3-cm thick plastic scintillator. Boxes in the
five upper panels are approximately 6 km in altitude (3.5-9.5 km) and 10 km in the horizontal dimen-
sion (taken from [2])
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Fig. 2. Electrostatic field (black) and distance to lightning (red) was measured by electric mill
EFM-100 located on 13 m long mast in the center of Aragats research station; Particle flux was
measured by 3 cm thick plastic scintillator of the STAND3 detector (combination 1000 — low en-
ergy particles). Observed TGE does not relate to lightning flash — large negative electric field is
required only
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THE RUNAWAY BREAKDOWN PARTICLES SPECTRA OBTAINED
JUST BEFORE THE LIGHTNING STROKE
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Abstract. The newly emerging field of high-energy physics in the atmosphere involves measuring as many
parameters as possible, such as particle fluxes, electric-field disturbances, radio emissions from the thunder-
clouds, and meteorological environments. The intensity of the Thunderstorm Ground Enhancement (TGE, [1])
analyzed in the present study was observed by 3 cm thick scintillators with a sensitive area of 1 m. sq. operated
in the particle counter mode. The energy release spectra of gamma ray and electron content of avalanches
unleashed in the cloud were measured by the 60 cm thick plastic scintillator equipped with veto system for
charged particles. We estimate the height of cloud and compare the estimated maximal energy of electrons and
gamma rays with simulated ones [2]. It is the first report on Runaway Breakdown (RB) electrons spectrum
measured just before the lightning stroke.

Super TGE event occurred on October 4

The particle count rate of 3cm thick outdoor plastic scintillator reaches a maximum of 1808 counts
per second at 14:12:14 (fine weather mean value is 525 counts per second, MSD ~23). The TGE par-
ticle flux enhancement was enormous; reaching 340% at the maximum flux second which is equiva-
lent to the p-value of 530, see insert in fig. 1. The height of the cloud is calculated by the measured
“spread” parameter — the difference between the surface temperature and the dew point. The clouds
were very low above the earth’s surface ~ 25 m. The maximal energy of the electrons was 20 MeV
(Fig. 1), in the construction matter above the detector electron losses was estimated to be ~ 18 MeV.
Thus we come to the maximal energy of electrons leaving the cloud 25 m above detector to be 40—
45 MeV in good agreement with estimates obtained in [2]. The maximal energy of gamma rays equals
35 MeV also well agreed with “parent” electrons energy. Thus, this event (first reported in [3]) is a
direct proof of the runaway avalanche process in the thunderclouds.
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Fig. 1. Differential Energy spectra of RB electrons; in the insert 1-sec time series of count rate of
3 cm thick plastic scintillator (blue), near surface electric field (black) and temperature and dew
point used for the spread calculation (red)
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EFFECTS OF THE NORTH ATLANTIC THERMOHALINE CIRCULATION
ON CLIMATE VARIABILITY AND ARCTIC CLIMATE CHANGE PROJECTIONS
BASED ON THE COMBINED SCENARIO
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Abstract. The combined scenario of climate change assessment is proposed based on the composition of
“greenhouse” and “cyclic” effects. The forecast of atmospheric characteristics was made for 2010-2071 using
the CORE datasets for 1948-2009. The prognostic run was made with the OGCM INMOM on reproducing
thermohaline circulation and sea ice in the Atlantic and Arctic Oceans for 1948—2071. The interconnections were
investigated amongst climate processes of the North Atlantic and Arctic.

Period of warming (1915-1949 and 1971 till now) and cooling (1950-1970) were observed in the
global climate, which were more noticeable in the Arctic compared to other latitudes. These climate
oscillations (Panin, 2009; Panin et al., 2015; Panin and Diansky, 2015; Semenov, 2008) are not well
reproduced in simulations with the IPCC Earth system models (IPCC AR-4, 2013). Data on tempera-
ture measurements and reconstructions in the north polar zone (Panin, 2009) evidence on the signifi-
cant contribution of cyclic (about 60 years) temperature variations in the Arctic climate. In (Gusev and
Diansky, 2014) it was noted that in the temperature intrasecular regional (e.g. in the North Atlantic
and Atlantic sector of the Arctic), hemispherical and global changes, as well as in the changes of ice
content in the Arctic seas, the variations of periods about 60-yrs are noticeably presented, which are
typical for the Atlantic Multidecadal Oscillation (AMO), connected, in turn, to the ocean thermohaline
circulation. This behavior of the climate change allowed G.N. Panin (2009) to propose the simple ap-
proximation of climate changes based on composition of “greenhouse” and “cyclic” effects. The
“greenhouse” climate change implies the ones caused by the external anthropogenic. In turn, the “cy-
clic” climate changes imply the internal climate oscillations in the joint system atmosphere-ocean-
land. At the same time, it was supposed that the main frequency of the strongest cyclic climate oscilla-
tions fits to the period of 60 years, and the greenhouse climate changes are presented as a linear trend.
It was shown that the boost of Arctic ice melting in the 70’s—90’s of the XX century is concerned with
the variations in AMO and intensity of Atlantic meridional circulation. The latter reflects the climate
changes in the heat flux from the North Atlantic surface to the Atmospere in midlatitudes (Gusev and
Diansky, 2014).

The combined scenario of the climate change assessment is proposed based on the composition of
the “greenhouse” and “cyclic” effects. On this basis, the forecast was made of near-surface character-
istics of atmosphere circulation for 2010-2071 using the CORE data for 1948-2009 (Large and
Yeager, 2009). Using the data, the prognostic run was made with the OGCM INMOM on reproducing
thermohaline circulation and sea ice in the Atlantic and Arctic Oceans for 2010-2071. The intercon-
nections were investigated amongst climate processes of the North Atlantic and Arctic. This approach
allows one to describe temperature growth due to greenhouse gas emission and climate variability.
The proposed combined scenario presents the possible cooling in the Arctic and decrease of navigation
period in the North Sea Route for the next 15-20 years.
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OBSERVATION AND TESTING PLATFORM FOR LIGHTNING
TO THE 350M-TALL SHENZHEN METEOROLOGICAL TOWER
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Abstract. A 360m-tall meteorological gradient observation tower has been constructed in Shenzhen, China.
As the tall tower is subject to lightning strikes, it has been considered to be a perfect site for measuring light-
ning-related parameters and carrying out field tests for lightning protection. A series of observation systems have
been installed at the site for measuring natural lightning currents, electromagnetic fields, lightning electromag-
netic impulses, lightning optical phenomena. It is expected that the results obtained from measurement and ob-
servation at the site will further enhance the research on lightning discharge characteristics, lightning effects on
electronic/electrical systems, bonding and grounding for lightning protection.

Introduction

The steel-structure tower is 350 m tall with a 6m-height work-
ing platform on its top. It is erected on the RC cap supported with
4 pillars. The steel structure above the ground is stabilized with a
large number of stay cables, which attach the cable foundations
on the ground. These stay cables have a span of up to 550 m on
the ground level. The tower foundation and stay cable founda-
tions serve as a grounding system together with bonding conduc-
tors buried under the ground. An air termination conductor is pro-
vided on the tower top for lightning interception. Current probes
are installed on tower for measuring the return stroke current on
the top as well as on the ground. The currents on the stay cables
as well as the bonding conductors are planned to measure as well.
The data collected by sensors or probes are sent to data acquisi-
tion systems either via an optical link or a wireless communica-
tion link. Lightning optical observation is made by using a camera
system set on the roof of a remote building. The system includes
one high-speed camera and one normal-speed camera, and is ca-
pable of reconstructing the development of upward and down-
ward leaders, as well as return strokes. Tower outriggers are pro-
vided onfive work platforms constructed along the tower. Sensors Fig. 1. Steel Tower
or probes are mounted on these outriggers to continuously moni-
tor both meteorological parameters and electric fields
or space charge distribution. Together with the data  wumser Lo
from lightning detection system, early waring or pre- A e
diction on lightning and thunderstorm becomes more I
accurate. Q=i

The observation system installed on the tower will “L : ok 0
operate in this coming thunderstorm season. The [ 2%, |5 s
system will be continuously updated and more . -z-gj—j k)
meaningful data will be collected for further study of - T i |
lighting physics and further improvement of ligthning ' o ‘
protection.The facilities installed at the site will be also
intended to use for the development of new technolo-
gies and new methods for lightning protection in electric power industry, telecommunications industry,
lightning protection of high-rise buildings.
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Fig. 2. Current measurement system
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SUPERMODELING THE CLIMATE SYSTEM TO CAPTURE
SELF-ORGANIZED CRITICALITY

G.S. Duane'?, M.-L. Shen', and N.S. Keenlyside1

! Geophysical Institute, University of Bergen, Bergen, Norway, gregory.duane@colorado.edu
2 Department of Atmospheric and Oceanic Sciences, Univ. of Colorado, Boulder, CO, USA

Abstract. Differences in climate projections among state-of-the-art models can be resolved by connecting the
models in run times. Even when the models err on the same side of truth, a supermodel formed from state-of-
the-art climate models can compensate for the error, seemingly by learning to connect the constituent models
(with positive connections) so as to mimic realistic critical behavior, as in blocked-zonal regime vacillation or

the El Nifio cycle.

Reality

Fig. 1. Generic supermodel ™.
as it assimilates data from reality

Averaging climate model outputs results in improvement as
compared to any individual model output, so averaged re-
initializations as models run also seem appropriate. Continual re-
initialization, e.g. by inter-model nudging, gives synchronization
among models, which form a single “supermodel” (Fig. 1) [1, 2].
Supermodels can surpass output averages in a hierarchy of model
types: simple ODE’s [1, 2], quasigeostrophic models [3], simple
o primitive equation models [4], and full climate models [5].

Even when the imperfect constituent models all differ from re-
ality in the same way, with errors that have the same sign, super-

modeling can succeed. If the learned connection coefficients have
negative values, such non-monotonic behavior can be easily explained. But we find improvement even

with positive connections.

A hypothesis is that the inter-scale interactions typically drive the system to a critical state, differ-

ing from the mean states of all the constituent models in
the same way. The critical state is not reached by guessing
the model parameters. But when the supermodel is trained
on real data, in a relatively small space of connection coef-
ficients, it is possible to capture the criticality, as illus-
trated in a hierarchy of models: With quasigeostrophic
models, a supermodel can learn blocked/zonal regime vac-
illation, starting from constituent models with no blocking.
With versions of the mid-complexity SPEEDO model that
exhibit similar bias patterns of the same sign relative to
truth, a supermodel with positive coefficients can reduce
the bias (unlike an ex post facto average). In a supermodel
formed from two COSMOS full-complexity climate mod-
els by coupling the two atmosphere models to a common
ocean through weighted fluxes [5], a normal Intertropical
Convergence Zone (ITCZ) and El Nino cycle are repro-
duced, while the constituent models exhibit a double ITCZ
and/or permanent El Nifo (Fig. 2).
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LABORATORY MODELING OF HIGH-ALTITUDE DISCHARGES
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Abstract. Sprites and jets are very interesting geophysical phenomena in the Earth’s atmosphere, but their
laboratory modeling is difficult. The vertical size of discharges is 30-40 km, this means that pressure at the top
and at the bottom of discharges differs by about 2 orders of magnitude. Creation of such a high pressure differ-
ence in laboratory is a difficult technical problem. We create pressure difference up to 8 times and present our
first results.

The vacuum chamber 1.9 m long and 1.6 m in diameter was taken for laboratory modeling. We
create pressure difference between electrodes in the impulse regime (air valve is opened for 30 ms).
Distribution of the pressure along the vacuum chamber at different points between the electrodes after
air injection is shown in Fig. 1 (left). After 12.5 ms the pressure near the left electrode is the highest
and near the right electrode it is still without perturbation. This is a time delay between air injection
and voltage supply to the electrodes in all our experiments.

Photos of discharges in the absence and presence of air injection are shown in the first line of Fig. 1
(right). All other parameters are the same in both experiments: the background pressure is equal to
0.35 Torr, the discharge gap is equal to 81 cm, the voltage is equal to 6 kV. The negative electrode is
seen as a peak on the left, the positive electrode is a disk on the right. Diffuse discharge forms in the
whole volume between the electrodes without air injection. During the injection of the air the pressure
difference between the electrodes reaches 8 times. Streamer discharge is formed in the left part of the
discharge. The maximum current is about 700 A in both experiments, the discharge duration is no
more than 20 ps. During increasing of the pressure, the diffuse part of the discharge becomes smaller
and we have streamer discharge in the whole volume when the basic pressure is equal to 1.31 Torr.
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Fig. 1. Distribution of the pressure along the axis of the vacuum chamber during the impulse air injection (/ef?).
Discharges in the vacuum chamber with different basic pressure with impulse injection of air (except picture
p = 0.34 Torr) (right)
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EMPIRICAL APPROACH TO MODELING & PROGNOSIS
OF CLIMATE SYSTEMS
A.M. Feigin, D.N. Mukhin, E.M. Loskutov, A.S. Gavrilov, and A.F. Seleznev
Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia
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The underlying objectives of the empirical (data-driven) approach are, first, derivation of as much
as possible information about system function and, second, use this knowledge for prognosis of the
system evolution. The talk focuses on the current problems posed by empirical modeling of climate:

i. Extraction of spatio-temporal pattern from climate data and their application to study func-
tional features of climate systems;

ii. Construction of empirical models that are optimal for short-term prognosis of climate charac-
teristics;

iii. Empirical prediction of critical transition.

Three interrelated talks of the same authors are devoted to detailed discussions of these issues.
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REDUCED NONLINEAR DATA-DRIVEN PROGNOSTIC
CLIMATE MODEL CONSTRUCTION
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Abstract. A Bayesian approach to construction of evolution operator from high-dimensional climate data is
presented. The method incorporates two key steps: (1) obtaining the time series of hidden variables by empirical
reduction of observed data and (2) constructing an evolution operator for the hidden variables using the reduc-
tion of its time-embedded phase space. Both of these steps take into account the most significant spatial and
temporal couplings which are crucial in climate system. Predictions of global SST field as well as particular cli-
mate indices (e.g. El Nino index) are demonstrated.

Nowadays an instantly growing amount of real-measured data leads to an increasing role of empiri-
cal methods in climate system modeling and forecasting. Meanwhile, construction of a data-driven
prognostic model (evolution operator model) using universal approximating functions is statistically
justified only if the dimension of its phase space is small enough. Therefore it is necessary to use effi-
cient dimensionality reduction methods capable of capturing key dynamical properties of the system
from observed data.

In our previous papers [1-3] a Bayesian approach to data-driven stochastic evolution operator re-
trieval from high-dimensional time series was elaborated which uses artificial neural networks as ap-
proximating functions. An important thing for this approach to perform well is construction of good
model phase space embedding by choosing appropriate variables for the model. Here we further de-
velop the method and incorporate into it two key steps: (1) obtaining the time series of hidden vari-
ables by empirical reduction of observed data and (2) constructing an evolution operator for the hidden
variables using the reduction of its time-embedded phase space. Both of these steps should take into
account the most significant spatial and temporal couplings which are crucial in climate system. Con-
cerning this question, in we discuss and compare application of such reduction methods as standard
empirical orthogonal function decomposition and recently developed nonlinear dynamical mode de-
composition [4, 5] in the suggested method.

To performance of the approach is demonstrated on the predictions of global SST field as well as
particular climate indices (e.g. El Nino index) taken form reanalysis.
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Abstract. In this paper we study statistics and instability characteristics of blocking events in the three layer
quasi-geostrophic model of atmosphere by Marshall and Molteni. It is shown that the model is able to produce
reasonable longitudinal distribution of blocking events as well as simulate blocking events with lifetime of up to
40 days. Using covariant Lyapunov exponents we analyze predictability of onset, duration and decay of block-
ings. It is shown that on the average blockings are less predictable than the system trajectory with the blocking
onset and decay being the most unstable. We verify our findings by looking at unstable periodic orbits (UPOs) of
the system representing blocking and nonblocking events. It was found that blocking UPOs have 20% more
positive (unstable) Lyapunov exponents than the system trajectory, and 50% larger leading exponent.

Blockings, weather regimes determining localized and persistent departures from the approx. zonal
jet stream (Rossby 1951), are relevant parts of the atmospheric low frequency variability. The problem
of blocking formation and predictability has been mathematically studied using low dimensional dy-
namical systems (DS), where the blocked/zonal conditions are fixed points, and the transitions result
from the noise due to higher frequency variability (see Dymnikov 1990). In this study we adopt the
viewpoint of modern DS theory suggesting that a blocking (or any other specific state of the system)
occurs when the system is close to the specific UPO (Auerbach et.al. 1986). The DS theory tools like
Lyapunov exponents (LEs) then allow for quantifying the anomalous predictability of blockings
(Schubert and Lucarini 2016).

In this study we are considering blocking events modeled by the quasi-geostrophic model of the
atmosphere (Marshall and Molteni 1993). To simplify calculation of UPOs and CLVs we reduced its
dimension to T18 and increased boundary layer dissipation and hyper diffusion. For this model we
were able to calculate 2500 UPOs some of them representing blocking events. The model gives rea-
sonable longitudinal statistics of blocking events (Fig. 1a, green) that could be recovered using UPOs
(Fig. 1a, black). The CLVs growth rate along system trajectory measures the average system predicta-
bility (Fig. 1b, green). However, during the onset and decay of the blocking (2 days before and after
the blocking event) this quantity jumps by about 10%. Blocking itself is about 5% more unstable than
the trajectory on the average with respect to this measure. This result is supported by the fact that
UPOs having the form of blockings are considerably more unstable than “nonblockings” in terms of
Kaplan-Yorke dimension (Fig. 1c), the value of the leading unstable Lyapunov exponent and dimen-
sion of unstable manifold.
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Fig. 1. (a) Longitudinal distribution of 5day+ blockings obtained from UPOs (black) and system trajectory
(green) (% of the total). (b) Total average unstable CLVs growth rate for 5day+ blocking event: 6-4day,
4-2d and 2-0d before blocking event (black “1”, “2” and “3”); during first, middle and final 1/3rd of the
blocking (“4”,”5” and “6”); 2-0d, 4-2d and 6-4d after the blocking event (“7”, “8” and “9”); attractor aver-
age CLVs growth rate (green). (c) Distribution of Kaplan-Yorke dimension for blocking UPOs (green) and
all UPOs (black)
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NUMERICAL INVESTIGATIONS OF WAVE-INDUCED MIXING
IN UPPER OCEAN LAYER
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Abstract The General Ocean Turbulence Model is employed to investigate the effects of the three mecha-
nisms concerning wave-induced mixing. The numerical investigation is carried out for three turbulence closure
schemes with the observational data from OSC Papa station and wave data from ECMWF. The mixing en-
hancement by various waved-induced mixing mechanisms is investigated and verified.

The upper ocean layer is playing an important role in ocean-atmosphere interaction. The typical
characteristics depicting the upper ocean layer are the sea surface temperature (SST) and the mixed
layer depth (MLD). So far, the existing ocean models tend to over-estimate SST and to under-estimate
MLD [1], due to the inadequate mixing in the mixing layer, which is owing to that several processes
related mixing in physics are ignored in these ocean models. The mixing induced by surface gravity
wave is expected to be able to enhance the mixing in the upper ocean layer, and therefore the over-
estimation of SST and the under-estimate of MLD could be improved by including wave-induced mix-
ing [2] (Craig & Banner, 1994). The wave-induced mixing could be accomplished by the physical
mechanisms, such as wave breaking [3] (Sun et al., 2008), wave-induced Reynolds stress [4-5] (Qiao
et al., 2004; Babanin et al., 2009), and wave-turbulence interaction [6] (Huang et al., 2011). The Gen-
eral Ocean Turbulence Model (GOTM) is employed to investigate the effects of the three mechanisms
concerning wave-induced mixing. The numerical investigation is carried out for three turbulence clo-
sure schemes, say, k-epsilon, k-omega and Mellor-Yamada (1982), with the observational data from
OSC Papa station and wave data from ECMWF. The mixing enhancement by various waved-induced
mixing mechanisms is investigated and verified.
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THE ROLE OF ATMOSPHERE INTRASEASONAL VARIABILITY
IN EL NINO FORCING
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Abstract. The atmosphere disturbances of intraseasonal timescale (ITV) — Madden-Julian Oscillation (MJO)
and equatorially Rossby waves (ER) were shown to participate in El Nifio triggering with distinct contribution to
conventional and Modoki El Nifio. The ENSO/ITV relationship demonstrates a drastic seasonal dependence and
is sensitive to the state of the tropical Pacific, particularly it is strongly correlated to the PDO and IPO index.
This may have implication for ENSO seasonal forecasts.

El Nifio Southern Oscillation (ENSO) is one of the most prominent patterns of climate variability at
interannual scale. The ENSO evolution and mechanisms have been widely investigated, nevertheless
key questions remain unresolved, in particular regarding its irregularity and strong diversity of the
events. Here the focus is on the atmospheric disturbances of intraseasonal timescale (ITV) and its rela-
tionship with the two types of El Nifo, the Eastern Pacific (EP) or conventional El Nifio and Central
Pacific (CP) or Modoki El Nifio. The dominant intraseasonal mode in tropics — the Madden-Julian Os-
cillation (MJO) and convectively coupled equatorial Rossby waves (ER) were in particular shown to
be tightly related to ENSO through their relationship to episodes of westerlies that can trigger down-
welling intraseasonal Kelvin waves, a precursor to El Nifio onset. The ENSO/ITV relationship exhibits
a marked seasonal dependence: MJO induces the oceanic Kelvin wave in March-April preceding El
Nifio in the western Pacific while the ER intensification in June-July in the central Pacific serves the
maintenance for Kelvin wave dissipating along its way through the Pacific. It is shown that MJO and
ER activity have a distinct characteristics during the two types of El Nifio. The most striking differ-
ence is that during conventional El Nifio the MJO and equatorial Rossby waves activity are precursor
signals, acting as a trigger of the event while during Modoki El Nifio they contribute also to its persis-
tence once it has appeared.

The ENSO/ITV relationship does not only demonstrate a drastic seasonal dependence, it is also
sensitive to state of the tropical Pacific, which has implication for ENSO seasonal forecasts. Our re-
sults suggest that ER and MJO predictive score relative to the both types of El Nifio drastically
changes on the decadal timescale, with ER/ENSO relationship experiencing less low-frequency modu-
lation than MJO. The predictive score of MJO relative to EP El Nifio (to lesser extent to CP El Nifo) is
strongly correlated to the PDO and IPO index, suggesting the former is closely related to the mean zonal
SST gradient across the equatorial Pacific: reduced (enhanced) SST gradient associated to positive
(negative) IPO and PDO favors (decreases) the MJO contribution to the development of El Niio (Fig. 1).
ER predictive score relative to ENSO is less dependent on decadal modulation of Pacific mean state, but
ER/CP relationships is likely to be modulated by the meridional mode in the Pacific.
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Fig. 1. The PDO index (black curve) and predictive score index (blue curve) calculated for EP El Nifio
(upper panel) and CP El Nifo (bottom panel) for MJO (lefi column) and Rossby waves (right column).
The trend of predictive score is indicated by blue line
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PREDICTION OF THE LIGHTNING ACTIVITY USING RADAR DATA
AND MACHINE LEARNING TECHNIQUE
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Abstract. Machine learning technique (MLT) is a very powerful mathematical tool with well-developed
software infrastructure which is widely used for different applications, including geophysics and geosciences in
general. In this paper MLT was applied for prediction of the lightning activity (mainly cloud-to-ground flashes)
based on the WWLLN data training set and Doppler meteoradar records. Experiments with different classifiers
showed sufficient prediction properties of MLT applicable for nowcasting of lightning activity.

Introduction

Prediction of lightning activity is a very complex and ambitious goal. The main difficulties of the
lightning forecast are related to different-scale (both in space and time) phenomena and various physi-
cal processes (mechanics, hydrodynamics, electrodynamics, etc.). It is extremely difficult to unite such
difficulties within the framework of one model.

There are some attempts to predict lightning activity using indirect nonelectrical parameters [1-5]
and direct electric field calculations [6]. However, these algorithms don’t provide sufficient accuracy.

In this paper, we suggested a new approach for prediction of lightning based on machine learning
technique, namely supervised learning for binary classification.

Binary classification for the lightning prediction task

The binary classification is the task of classifying the elements of a given set into two groups on the
basis of a classification rule. We consider the lightning activity in a map domain 200 X 200 km cen-
tered in the Nizhny Novgorod city. We divide the map domain into cells 4 X 4 km with height of
10 km. The radar reflectivity of each 1 km height layer (dBz0, dBz1, dBz2, dBz3, dBz4, dBz5, dBz6,
dBz7, dBz8, dBz9, dBz10) at the time moment 7 for an individual cell creates a set of elements for
classification.

The set of features (0 or 1) for each cell is created by WWLLN flashes in the follow way: if at least
one flash is registered in the selected cell, during 20 minutes time period: (7-20 min) — (7), the feature
is equal to one, otherwise, the feature is equal to zero.

Supervised learning for binary classification

There is a large number of binary classifiers: nearest neighbours, support vector machine, logistic
regression, random forest and many others. The most successful classifier for our goal, the Multi-layer
Perceptron classifier, was chosen based on the results of comparison with the experiments. The train-
ing set was assembled by the analysis of a very intense thunderstorm on June 1-2, 2015. During the
2nd of June WWLLN recorded about 2500 flash events for the selected map domain.

We analyzed three forecasting strategies:

One reference point strategy. It means that we analyzed radar data for time T only.

Reference point plus one support past point strategy. We analyzed radar data for time: T and
T-10 min.

Reference point plus two support past points strategy. We analyzed radar data for three time steps:
T, T-10 min, T-20 min.

Results of prediction

In order to assess the quality of the binary classifiers prediction, the following measures are used:
prediction score, recall score and F1 score. The quality of the prediction can be carried out using gra-
dations for all scores:

0 <x<0.5 — bad prediction
0.5 <x < 0.6 — weak prediction
0.6 <x < 0.8 — good prediction
0.8 <x<1 - overfitting or very simple correlation
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Below are the results of the forecast for different strategies:

First strategy: prediction = 0.55, recall = 0.38, F1 =0.45
Second strategy: prediction = 0.56, recall = 0.45, F1 =0.50
Third strategy: prediction = 0.54, recall = 0.46, F1 = 0.50

The results show than the machine learning can’t find strong correlation between radar and
WWLLN data for 4 x 4 km cell. On the one hand, this can be explained by the complexity of the prob-
lem, on the other hand, by the insufficient accuracy of the positioning of flashes by WWLLN.

Let’s apply the proposed approach for the 8 x 8 km cell:

First strategy: prediction = 0.61, recall = 0.63, F1 =0.62
Second strategy: prediction = 0.64, recall = 0.64, F1 = 0.64
Third strategy: prediction = 0.77, recall = 0.76, F1 = 0.77

As can be seen from the results, the quality of the prediction has greatly increased for the 8 x 8 km
cell, which really shows insufficient accuracy of WWLLN.

Thus, the machine learning technique shows good prediction properties, applicable for nowcasting
of lightning activity using meteoradar data.

Example of the MLT prediction

Figure 1 shows comparison the third strategy prediction for 4 X 4 km cell for real case thunder-
storm (b) and WWLLN data (a) for 24 may 2015 (events were not included in the training set).

30

a) b)

Fig. 1. Comparison of a real case thunderstorm on May 24, 2015 - 15:50 (a) and the MLT prediction (b).
Colormap in fig (a) shows maximum of radar reflectivity, black lines show WWLLN flashes. Red aria in
fig (b) shows the most possible areas of lightning activity predicted by MLT.
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DYNAMICS AND TRANSPORT CHARACTERISTICS
OF ZONALLY ELONGATED TRANSIENTS IN THE OCEAN
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Abstract. Oceanic flows with mesoscale eddies (length scale of 10—100 km) contain zonally-elongated large-
scale transients (ZELTSs) that can be detected in pressure anomalies as a spectral peak corresponding to long zon-
al and short meridional length scales, or as leading Empirical Orthogonal Functions. These patterns are generated
and maintained by transient nonlinear forcing, associated with mesoscale eddies, and are, therefore, nonlinear
phenomena. ZELTs play a key role in anisotropic material transport and in large-scale tracer distributions.

Zonally elongated large-scale transients (ZELTS)

Multiple, predominantly zonal oceanic flows are detected in the ocean from the altimetry-based ve-
locity estimates [1]. Most of these flow patterns are non-stationary and do not span the entire ocean
basin. We refer to this type of flow structures as zonally-elongated large-scale transients (ZELTs) and
define them in pressure anomalies as a spectral peak corresponding to long zonal and short meridional
length scales (Fig. 1), or as leading Empirical Orthogonal Functions (EOFs).
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Fig. 1. ZELTs in QG channel flows. (leff) Wavenumber spectrum of the perturbation streamfunction
(time-mean removed). X- and y-axis are the zonal and meridional wavenumber (non-dimensionalized by
the Rossby deformation radius Ry). Note the presence of the anisotropic peak at long zonal wavelengths.
(right) Leading EOF

Dynamics and transport characteristics of ZELTSs

Analysis in a quasi-geostrophic zonal flow demonstrates that dynamics of ZELTs is governed by
transient nonlinear forcing which has two parts: The part that is due to eddy-eddy interactions and the
part that is due to eddy-mean flow interactions. The importance of each of these terms is established
by simulations with artificially modified nonlinear forcing. The results indicate that neglecting the
eddy-eddy interactions results in complete disappearance of ZELTs.

Eddy-induced transport in the North Atlantic flow is investigated using an idealized model of the
double-gyre oceanic circulation and altimetry-derived velocities. The eddy diffusivity tensor varies
geographically and is anisotropic, that is, it has a well-defined direction of the maximum transport [3].
ZELTs are particularly important for this transport anisotropy, which is demonstrated by numerical
simulations with Lagrangian particles and idealized color dye tracers.

Conclusions

These results have implications for numerical ocean models. ZELTs are large enough to be re-
solved by numerical simulations even at relatively coarse spatial resolution, but such non mesoscale-
resolving simulations will lack the dynamics necessary to simulate these zonal transients.
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MICROPHYSICAL PROCESSES IN CLOUDS
AFFECTING CHARGE SEPARATION
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Abstract. We discuss microphysical processes in clouds such as effects of aerosols on formation of super-
cooled droplets, formation of crystals, graupel and hail at high levels. Possible role of breakup of snow by ice-ice
collisions is considered. The state-of the art situation in cloud modeling is discussed.

Role of microphysical processes

It is believed that charge separation in clouds is caused by graupel (and hail) collisions with low
density ice crystals. The collisions should take place in the presence of supercooled droplets. The co-
existence of ice crystals, graupel/hail and supercooled water at low temperatures require the presence
of high vertical velocities, when drops reach the upper levels without freezing, or in case clouds de-
velop in a polluted air containing large concentration of aerosol particles. In this case concentration of
droplets is small and the droplets ascend the upper levels without collisions.

Aerosol effects

Atmospheric aerosol particles (AP) give rise to formation of cloud droplets. The minimum size of
AP size is determined by supersaturation values in clouds. Using the results of 1D and 2D cloud mod-
els, including those of the Hebrew University Cloud Model of Jerusalem (HUCM) we show that the
aerosol effects on cloud microphysics depend on the APs size. Large APs are converted to droplets at
cloud base. These drops rapidly grow and give rise to intense collisions and are responsible for rain
formation. Very large values of supersaturation are reached in the zone of intense collisions and high
vertical velocities (typically at 5-6 km). This supersaturation leads to nucleation of smallest APs. As a
result, concentration of small supercooled drops is determined by smallest APs [1].

Aggregation and riming

Processes of aggregation lead to formation of snowflakes. Riming of these snowflakes leads to
formation of graupel. Hail forms from frozen drops and grows by collection of supercooled water. We
demonstrate these processes using the results of HUCM and other models with spectral bin microphys-
ics.

The frequency of collisions depends on particle concentration and on the differences in the fall ve-
locities. The frequency of collisions depends on the intensity of turbulence. The effect of turbulence
can be significant, because turbulence near the cloud top is intense. The frequency of collisions also
depends on the sticking efficiency, which, in turn, depends on particle type and temperature. We will
discuss these problems in the talk.

Ice collisional breakup

It is known that the concentration of ice crystals in clouds is much larger than the concentration of
ice nuclei. The difference can be attributed to the process of ice multiplication. It is shown that colli-
sions between ice particles, especially between graupel/hail and snow lead to an increase in ice crys-
tals and small aggregates by an order of magnitude [2].
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ANALYSIS OF DAMPING OF SURFACE WAVES ON WATER
WITH VISCOELASTIC FINITE-THICKNESS FILM
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Abstract. The characteristics of surface waves on water covered with a viscoelastic finite-thickness film
have been analyzed, and an analytical formula for gravity-capillary waves damping coefficient as a function of
film thickness, viscosity and elasticity has been derived. The results are compared with the well-known case of
monomolecular film in the context of remote observation and characterization of oil spills on sea surface.

A viscoelastic film on water surface may result in great changes in gravity capillary waves dynam-
ics. The problem of surface waves in the presence of organic monomolecular film has been addressed
in detail, for example, in [1]. But for the case of finite-thickness film, this problem is still not well un-
derstood. An important example of a finite-thickness film is crude oil which consists of a mixture of
hydrocarbons and is able to form stable stationary films with quite large thickness (“thick film”). From
a practical viewpoint the analysis of damping of gravity-capillary waves with “thick” film, particularly
the relation between damping coefficient and film thickness is of particular interest when addressing
the problem of remote observation and characterization of oil spills on sea surface. The solutions for
velocity ¥ and pressure p of low amplitude waves in a viscid water are
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where 1? = k? + 5, v is the kinematic viscosity coefficient, @ = iw + B, ® denotes the wave fre-
ki

quency, and Rep is the wave damping coefficient which we are going to find. The solution is damped
along the z axis exponentially. The z = 0 plane is chosen on water surface. The boundary conditions at
the upper and lower interfaces may be written in form
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where p is the dynamic viscosity coefficient. By substituting solution (1) in (2-5) and taking into ac-
count that the wave frequency can be accurately described by the dispersion relation for potential
gravity-capillary waves
ak®

o
we derived the following expression for the damping coefficient
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o and ¢ are film tension and elasticity.

We’ll discuss the relationship between the damping coefficient of gravity-capillary waves and film
thickness, viscosity and elasticity. Comparisons with the known [1] case of monomolecular film will
be made. In particular, the damping coefficient is larger than in the case of a monomolecular film. We
discussed possible practical applications like remote observation and characterization of oil spills on
sea surface.
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DATA-ADAPTIVE HARMONIC DECOMPOSITION
AND MULTI-LAYER STUART-LANDAU STOCHASTIC MODELLING
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Abstract. Novel signal processing data-adaptive decomposition technique will be presented that estimates
power and phase spectra of mutivariate datasets in geosciences and elsewhere. The key numerical features of the
Data-adaptive Harmonic decomposition (DAH) method [1] rely on the construction of covariance matrix that
exploits time-lagged cross-correlations. Eigenmodes associated with DAH covariance matrix form an orthogonal
set of oscillating data-adaptive harmonic modes (DAHMs) that come in pairs and in exact phase quadrature for a
given temporal Fourier frequency. Data-driven inverse modeling is greatly simplified by using DAHM basis [1].

The recently introduced Multilayer Stochastic Modeling (MSM) framework [2] emphasizes the
ubiquitous role of nonlinear, stochastic as well as memory effects for the derivation of data-driven
models with good skill in simulating and predicting main dynamical features of the targeted spatio-
temporal field as an output of a nonlinear, high-dimensional geophysical model, or as a set of observa-
tions. However, if the input data are not numerous enough and exhibit mixture of different spatiotem-
poral scales, the analysis may reveal multiple predictors and complex model structure.

The DAH decomposition provides an attractive data-adaptive alternative that reduces the data-
driven inverse modeling effort to elemental MSMs with fixed and much smaller number of coeffi-
cients to estimate [1]. In particular, the pairs of data-adaptive harmonic coefficients (DAHCs), ob-
tained by projecting the input dataset onto DAHMSs, can be effectively modeled within a universal pa-
rametric family of simple nonlinear stochastic models — coupled Stuart-Landau oscillators stacked per
frequency, and synchronized at different frequencies by the same noise realization.

DAH-MSLM applications on didactic examples, as well as climate modeling and prediction will be
presented. In all cases, the DAH decomposition allows for an extraction of spatio-temporal modes re-
vealing key dynamical features in the embedded phase space. The DAH-MSLMs are shown to suc-
cessfully model the typical patterns of the corresponding fields, as well as their key statistics.

In particular, DAH-MSLM has been successfully applied to a difficult problem of modeling Arctic
sea ice data [3]. Decline in the Arctic sea ice extent (SIE) due to global warming has profound socio-
economic implications and is a focus of active scientific research. Of particular interest is prediction of
September SIE on subseasonal time scales, i.e., from early summer into fall, when sea ice coverage in
Arctic reaches its minimum. Forecasting of September SIE is very challenging due to the high vari-
ability of ocean and atmosphere over Arctic in summer, as well as shortness of observational data and
inadequacies of the physics-based models to simulate sea-ice dynamics. However, the real-time DAH-
MSLM prediction outperformed most statistical models and physics-based models in 2016 Sea Ice
Outlook [4] — a collaborative effort to facilitate and improve subseasonal prediction of September SIE:
4.79-10° km* vs. actually observed 4.7-10° km”. The key success factor is associated with DAH-MSLM
ability to efficiently disentangle and model complex spatiotemporal dynamics of SIE [5].

This is a joint work with Mickael D. Chekroun (UCLA) and Michael Ghil (UCLA,ENS).
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PRONOUNCED DIFFERENCES BETWEEN THE OBSERVED
AND CMIPS SIMULATED CLIMATE VARIABILITY
IN THE TWENTIETH CENTURY

S.V. Kravtsov
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Abstract. Identification and dynamical attribution of multidecadal climate undulations to either variations in
external forcings or to internal sources is one of the most important topics of modern climate science, especially
in conjunction with the issue of human induced global warming. Here we utilize ensembles of the 20" century
climate simulations to isolate forced signal and residual internal variability in a network of observed and mod-
eled climate indices. The observed internal variability so estimated exhibits a pronounced multidecadal mode
with a distinctive spatiotemporal signature, which is altogether absent in model simulations. This single mode
explains a major fraction of model-data differences over the entire climate-index network considered; it may
reflect either biases in the models’ forced response or models’ lack of requisite internal dynamics, or a combina-
tion of both.

Previous work [1-3] detected considerable mismatches in both the magnitude and spatiotemporal
structure of the twentieth century’s multidecadal variability — defined via deviations from the long-
term linear trend — in a network of observed and CMIPS5 simulated indices characterizing the Northern
Hemisphere climate. Here we apply a recent methodology [4] for (nonlinear) forced-signal identifica-
tion to an extended set of oceanic and atmospheric climate indices and expand the analyses [3] to
compare the resulting estimated internal components of the observed and CMIP5 simulated climate
variability.

We find pronounced differences in the magnitude, time scale and spatial patterns of the observed
and simulated variability, thus generalizing earlier conclusions of work [3] to the nonlinear forced sig-
nals and the entirety of the CMIP5 ensemble considered. We also show that the model-data differ-
ences are dominated by a low-order multidecadal mode of variability (Fig. 1), which appears to be
altogether absent from the dynamical landscape of CMIP5 models.
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Fig. 1. The M-SSA analysis of the observed and simulated internal variability
in the AMO-PMO-NMO-NAO-ALPI climate-index network
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THE MAIN NEGATIVE LEADER TIP
AND SPACE STEMS NUMERICAL MODELING
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Abstract. Due to vigorous streamer development, various regions along the negative streamer tracks are
heated and retain excess positive space charge. These regions are called space stems. The appearances of the
stems in both laboratory discharge and lightning are successfully documented, but its origin remains still enig-
matic. We consider the space stems appearance as a nonequilibrium kinetic transition provided by an external
driving, the intensity of which is controlled by leader current.

The channel promotion mechanism and the streamer zone structure of the negative leader are much
more complicated than in case of a positive one and, to date, are poorly understood. The active region
of a negative laboratory leader has the same general anatomy as a positive laboratory leader, consist-
ing of a leader channel, tip and streamer zone. There is, however, a significant addition to the negative
laboratory leader extension process. In the negative laboratory leader case, an initial burst of negative
streamers is emitted from the main leader tip and propagates through the strong local electric field for
a few meters. Due to vigorous streamer development, various regions along the negative streamer
tracks are heated and retain excess positive space charge. These regions are called space stems [1].We
consider the space stems appearance as a nonequilibrium noise induced kinetic transition provided by
an external stochastic driving, the intensity of which is controlled by leader current.

The physical processes that lead to branching, and the physical factors that affect branching fea-
tures remain among several unresolved issues in our understanding of spark discharge development. In
our study using directed percolation strategy we found a close relationship between the space stem
formation and discharge tree branching process.
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Fig. 1. The electron density model distribution is represented in the lateral cross section
of the streamer corona of the negative leader. The simulation results are presented in arbitrary units
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EFFECT OF NONLINEAR WAVE-WAVE INTERACTIONON
ON APPARENT WAVE ATTENUATION IN ICE COVERED SEAS
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Abstract. Studies of wave propagation in ice covered seas have become increasingly more important due to
the rapid reduction of sea ice in the Arctic Ocean. However, in some cases, it is still problematic to interpret the
behaviors of measured apparent wave attenuation only with current wave-ice models. Inspired by previous
speculation, the effect of nonlinear four-wave interactions on apparent wave damping during a field observation
in marginal Antarctic is tested with discrete interaction approximation. The results show that the nonlinear wave-
wave interaction does offset wave damping during stormy cases and for short waves in ice covered waters.

Since the nineteenth century (Greenhill, 1886), wave propagation through ice-covered waters has
been studied theoretically. The most recent review may be found in Squire (2007). Motivated by the
dramatic ice cover reduction in the Arctic, theoretical development has advanced in the last 10 years.
One of the key problems concerning wave propagation through ice covers is how much incoming
waves are damped. Nearly all theories and observations demonstrate an exponential attenuation over
distance, with higher frequencies corresponding to higher decay rates. However, during a field ex-
periment that took place in the Antarctic marginal ice zone in 2012 (Kohout ef al., 2014), two interest-
ing phenomena of apparent wave damping were observed which both don’t follow the exponential
decay.

1. Linear decay rate of large waves (H;> 3m).

According to Kohout’s data, apparent wave attenuation is a function of the significant wave height
H,. At low wave heights, i.e., calm conditions, the apparent wave decay over distance —dH,/dx was
proportional to H;, indicating that energy follows exponential decay. However, under storm conditions
or large Hy, —dH,/dx became independent of H,, indicating a linear attenuation with distance.

2. Rollover distribution of apparent wave attenuation.

Theoretically, attenuation coefficient of wave energy monotonically increases as wave period de-
creases. But in Kohout’s measurement and several previous field observations (Wadhams et al., 1988;
Doble et al., 2015), the rollover phenomenon is observed. That is, as the wave period decreases the
attenuation increases up to a point beyond which the opposite happens.

Both two phenomena cannot be explained only with current wave-ice models no matter applying
scattering or continuum theories. It implies that other mechanisms may influence wave damping dur-
ing propagation through ice covers. Therefore, nonlinear energy transfer is speculated as an important
cause leading to overestimated attenuation by wave-ice theories for these two phenomena (Wadhams
et al., 1988; Kohout et al., 2014; Li et al., 2015).With improving capabilities of modelling waves in
ice covered waters of WaveWatch IlI, it is possible to quantitatively study the effect of nonlinear
wave-wave interaction on the basis of a satisfied wave hindcasting. By source term analysis, we find
that the nonlinear wave-wave interaction (Hasselmann et al., 1985) does offset wave damping during
stormy cases, and for short waves in ice covered waters. This verifies that in interpreting measured
apparent wave attenuation we should not ignore the contributions from nonlinear energy transfer.
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INVESTIGATION OF PALEOCLIMATE TRANSITIONS
WITH DATA-DRIVEN MODELS
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Abstract. In this work we propose a data-driven model for the investigation of critical transitions on paleo
time scales. Namely, we investigated the mid-Pleistocene transition which led to a change of dominate cycles of
glacial variability in Pleistocene. We demonstrate that our data-driven model is a good tool for analysing
paleoclimate variability. In particular, we discuss the possibility of detecting, identifying and predicting the mid-
Pleistocene transition by means of nonlinear empirical modeling using the paleoclimate record time series.

At the present time there exist empirical methods of analysing complex spatially distributed sys-
tems, including methods of optimal phase variables retrieval and construction of empirical prognostic
models by observed time series. One of them, the Bayesian approach to optimal evolution operator
reconstruction by time series, has been developed by the authors. It is based on representation of evo-
lution operator in the form of a nonlinear stochastic function represented by artificial neural networks
[1,2].

In this work we focus on the investigation of critical transitions — the abrupt changes in climate dy-
namics — on a much longer time scale. It is well known that there were a number of critical transitions
on different time scales in the past. In this work, we demonstrate the first results of applying our em-
pirical methods to analysis of paleoclimate variability. In particular, we discuss the possibility of re-
vealing and indentifying the mid-Pleistocene transition (Fig. 1) by means of nonlinear empirical mod-
eling by the paleoclimate record time series.
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Fig. 1. Blue color is the LR04 stack [3] spans 5.3 million years and is an average of 57 globally distributed ben-
thic d180 records. 100 kyrs and 40 kyrs correspond to the orbitally-driven glacial/interglacial cycles period. This
period changed from 41 kyrs to 100 kyrs during the Mid-Pleistocene Transition toward 1 Ma (MPT)
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ON THE ENERGY OF LIGHTNING FLASHES AND DISTRIBUTION
OF THUNDERSTORM ACTIVITY OVER THE GLOBE
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evgeny.mareev(@gmail.com

The talk is devoted to the unsolved issues of lightning energy and parametrization of thunderstorm
activity in weather and climate models. The main attention is paid to the physical processes and
mechanisms that determine the statistical distributions of lightning flashes in current and energy, as
well as the distribution of lightning activity over the globe. The problem of lightning with extreme
parameters and their connection with the most intense meteorological phenomena and forest fires is
also considered.
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HILBERT ANALYSIS UNVEILS INTER-DECADAL CHANGES
IN LARGE-SCALE PATTERNS OF SAT VARIABILITY
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Abstract. Climate change is a topic of great importance, and a lot of work is focused on quantifying signifi-
cant variations in the properties of climatological variables, in particular, of surface air temperature (SAT). Alt-
hough changes in local seasonal cycles (such as the amplitude and the phase lag to the insolation) have been in-
vestigated, changes in large-scale patterns of faster SAT variability (on a daily time-scale) remain poorly under-
stood. Here we perform a Hilbert analysis of daily SAT reanalysis data covering the Earth’s surface, and identify
the geographical regions where inter-decadal changes are more pronounced.

Climate change is a topic of great importance, and a lot of work is focused on capturing relevant in-
ter-decadal changes in the statistical properties of climatological variables, and understanding the
causes and the significance of these changes. To further advance the field, it is important to develop
reliable climate data analysis tools. Particularly important is to study variations of the Earth’s surface
air temperature (SAT). Although inter-decadal changes in the properties that characterize local sea-
sonal SAT cycles have been investigated, a systematic study of how large-scale patterns of fast SAT
variability (on a daily time-scale) changed in the last decades is still lacking.

Here we aim at filling this gap by applying Hilbert analysis to daily SAT in a regular grid over the
Earth’s surface (we analyze ERA-Interim and NCEP-DOE re-analysis, covering the period January
1979 — July 2016). Recently we computed the instantaneous Hilbert frequency time series and ana-
lyzed the resulting dataset by plotting the maps of (i) the average frequency <f>, and (ii) the standard
deviation o, [1]. These maps revealed well-defined large-scale structures. In the extra-tropics, <f>
tends to correspond to the expected one-year period of solar forcing, while in the tropics, it is gener-
ally faster. This was understood to be due to the small amplitude of the seasonal oscillation, with re-
spect to oscillations induced by other climatological processes. Coherent structures were also found in
the 6 maps, which tend to be located over regions of strong annual precipitation.

Here we extend the analysis to also investigate the Hilbert amplitude. By computing the maps of
<f>, <a>, oyand o, in the first 10 years and in the last 10 years of the period covered by the reanaly-
sis, as well as their difference, we perform a systematic characterization of the changes in the ampli-
tude of the SAT cycle, and in the "‘noisy-like’’ daily fluctuations. As shown in Fig. 1, the analysis
clearly identifies geographical regions where changes are most pronounced.
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Fig. 1. Left: Variation of Hilbert amplitude statistics computed from ERA re-analysis. Right: SAT time series in
two regions where large inter-decadal changes of Hilbert amplitude are detected. In the top panel, displaying
daily SAT in the region indicated by a triangle (7.5 S, 307.5 E), one can notice that the amplitude of the SAT
cycle in the last 10 years (July 2007 to June 2016) is larger than in the first 10 years(January 1979 to December
1988); in the bottom panel, displaying SAT in the region indicated by a circle (75 N, 40 E), the amplitude is
smaller in the last 10 years than in the first 10 years.
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LES AND DNS MODELLING OF STABLY STRATIFIED
BOUNDARY LAYER TURBULENCE
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Abstract. Large-eddy simulation (LES) and direct numerical simulation (DNS) approaches were used for
modelling boundary layer turbulence under stable stratification. We describe results for different boundary layer
type flows and review their relevance for developing parameterizations of turbulent processes in large-scale
models of atmosphere and ocean.

We review results of numerical modelling of stratified boundary layer turbulence based on two
well-known approaches: large-eddy simulation (Glazunov et al., 2016) and direct numerical simula-
tion (Mortikov et al., 2016).

Direct numerical simulation, in particular, was used to investigate intermittent turbulence in stably
stratified plane Couette flow for Reynolds numbers based on the channel height and relative wall
speed between top and bottom walls, up to 10°. Results show that the transition to intermittent turbu-
lence under strong stratification is associated with the formation of secondary counter-rotating roll-like
structures elongated in the spanwise direction and organized in two rows corresponding to lower and
upper walls of the channel. The ordering of rolls defines spatially confined alternating regions of lami-
nar and turbulent flow. The spanwise length of these vortices increases with the increase of the bulk
Richardson number and defines an additional constraint on the computational box size. We describe
DNS results in spanwise-extended computational domains, where the turbulent intermittent regime is
sustained without relaminarization for sufficiently higher bulk Richardson numbers than previously
reported.

Large-eddy simulation and Lagrangian stochastic modeling of passive particle dispersion were ap-
plied to the scalar flux footprint determination in the stable atmospheric boundary layer. The sensitiv-
ity of the LES results to the spatial resolution and to the parametrizations of small-scale turbulence
was investigated. It was shown that the resolved and partially resolved (“subfilter-scale”) eddies are
mainly responsible for particle dispersion in LES, implying that substantial improvement may be
achieved by using recovering of small-scale velocity fluctuations. In LES with the explicit filtering,
this recovering consists of the application of the known inverse filter operator. The footprint functions
obtained in LES were compared with the functions calculated with the use of first-order single-particle
Lagrangian stochastic models (LSMs) and zeroth-order Lagrangian stochastic models — the random
displacement models (RDMs). According to the presented LES, the source area and footprints in the
stable boundary layer can be substantially more extended than those predicted by the modern LSMs.
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Abstract. A new nonlinear expansion of climatic data accounting for external forcing of different nature is
suggested. It is applied to analysis of sea surface temperature anomalies over the globe aiming to extract leading
climate modes. The structure of the obtained modes and their response to external factors are discussed.

A new method for principal mode extraction from climate data is presented. The method is based
on the Nonlinear Dynamical Mode (NDM) expansion [1, 2], but takes into account a number of exter-
nal forcings applied to the system. Each NDM is represented by hidden time series governing the ob-
served variability, which, together with external forcing time series, are mapped onto data space.
While forcing time series are considered to be known, the hidden unknown signals underlying the in-
ternal climate dynamics are extracted from observed data by the proposed method. In particular, it
gives us an opportunity to study the evolution of principal system’s mode structure in changing exter-
nal conditions and separate the internal climate variability from trends forced by external perturba-
tions. Furthermore, the as-obtained modes can be extrapolated beyond the observational time series,
and long-term prognosis of modes’ structure including characteristics of interconnections and re-
sponses to external perturbations, can be carried out.

In this work the method is used for reconstructing and studying the principal modes of SSTA vari-
ability on inter-annual and decadal time scales accounting for the external forcings such as anthro-
pogenic emissions, variations of the solar activity and volcanic activity. The structure of the obtained
modes as well as their response to external factors, e.g. possibility to forecast their change in the 21*
century under different CO2 emission scenarios are discussed.
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Abstract. The technique of statistic validation for simultaneous mesospheric measurements of OH, HO, and
O; in the daytime has been developed. It implies meeting the photochemical equilibrium equation and takes into
account measurement error. The presentation shows the first results of applying the technique to MLS/Aura data.

The prominent feature of the Earth photochemical system is the presence of an essential number of
chemical components with small life time. Thus, when calculating the evolution of the system, one
may consider them to be in the state of instantaneous stable photochemical equilibrium. Moreover, the
algebraic equations that represent the balance of sources and sinks for those components can be ap-
plied to determine poorly measured atmospheric species using other components’ observations, vali-
date results of distant measurements, and estimate reaction rates, which are known with a sufficient
uncertainty, or other atmospheric characteristics.

In this paper, we consider simultaneous photochemical daytime equilibrium of OH, HO,, and O; at
the altitudes of the mesosphere. The reactions that represent sources and sinks in equilibrium are:

O3 + hv— 0, + O('D, °P)
0+0,+M— O3 +M, M=0,N,
O+O0OH—0,+H
O + HO,— O, + OH
0,+H+M — HO, +M
O;+H — 0,+OH
O3 + OH — O, + HO,

H + HO,— 20H

A simplified algebraic equation that describes the relationship between the local concentrations of
the components at the altitudes of 50—100 km has been found. The only parameters of the equation are
air temperature, air concentration, and the rates of the reactions mentioned above. The one-year simu-
lation of the mesosphere and lower thermosphere based on a 3D chemical-transport model (atmos-
pheric dynamics from CMAM [1]) shows that the discrepancy between the calculated evolution of the
components and the equilibrium one given by the equation does not exceed 3—4% in the full range of
altitudes, independent of a season or latitude.

We propose the technique of statistic Bayesian validation of simultaneous satellite measurements
of OH, HO, andO;. It uses the mentioned equilibrium equation and takes into account the satellite
measurement error. The presentation includes the first results of the technique’s application to
MLS/Aura data [2]. It is found that the satellite data of HO, distribution regularly demonstrates essen-
tially lower values of altitudes of this component’s mesospheric maximum. These results confirm off-
line retrieval of HO, from the MLS primary data [3].
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Abstract. The recent results of investigation of laboratory high-voltage discharge in air are presented.
X-ray and neutron emission detection is specially emphasized. Data were obtained with a combination of plastic
scintillation detectors and Helium-3-filled counters of thermal neutrons. Strong dependence of the appearance of
hard X-ray and neutron radiation on field strength near electrodes was found. A complicated temporal structure of
neutron bursts observed during discharge was revealed. The anisotropy of bremsstrahlung X-rays was analyzed.

Atmospheric discharge was investigated on ERG installation [1]. Voltage pulse amplitude in the
experiments reached 1.2 MV with a rise time of 150-200 ns and current amplitude of up to 15 kA. The
discharge gap was from 0.3 to 0.7 m long. The electrodes allowing a variety of initial electric field
distributions were used. A guided leader formation was modeled using thin wire explosion in inte-
relectrode gap. The installation layout allowed receiving discharges of different polarities in the same
conditions (voltage amplitude, energy, etc.). The present work covers the new results concerning dif-
ferent types of emissions of high voltage air discharge [2, 3]. Discharge parameters were registered by
electrophysical diagnostics, an angular set of fast calibrated scintillation detectors, Helium-3 counter
arrays, imaging visible range diagnostics based on electron-optical image converters. Spectral meas-
urements of atmospheric discharge at optical wavelengths: near UV radiation sensors, integrated spec-
tra obtained by CCD (185-920 nm) and imaging (with spatial resolution) spectrographs; time-based
spectra obtained at a given wavelength (monochromator + PMT) and integrated with spatial colli-
mation on a selected region of the discharge are presented.

The radiation in the visible region of the spectrum with the development of an extensive discharge in
air in the interelectrode space carries information about the parameters of streamer-leader stage of the
discharge, the discharge channel interaction with the electrode material, a stage of relaxation after the
decay of the plasma channel of the discharge current. The visible spectra obtained are similar to those of
the natural linear lightning obtained in [4], in the presence of the lines of N II ion in the shorter wave-
lengths range, and in the range of more 700 nm-lines of atomic nitrogen and oxygen. The electron tem-
perature was about 3 eV. This corresponds to a significant degree of ionization. The formation of channel
structures of different scales in near- and interelectrode space was noted. The resulting parameters are
compared with the electrode properties and current-voltage characteristics of the discharge.

Combined character of radiations on the voltage rise was shown. The temporal structure of neutron
generation shows the appearance of neutron bursts in the initial "dark" phase of the discharge [2, 3].
However, the temporal structure of neutron pulses was much more diverse. This may indicate different
mechanisms for generating penetrating radiation during the formation and development of the atmos-
pheric discharge. Direct evidence for the detection of neutron radiation was obtained with the use of
*He neutron counters and the analog recording of neutron pulses generated at the time of discharge [3].
The close coincidence of measured and calculated neutron detection efficiencies of *He-counters, al-
lows us to estimate the maximum value of the flux of neutrons emitted in shots at 1-10° to 5-10* in 4z
st, depending on the place of neutron generation (near the anode or near the cathode, respectively).
Angular distribution of bremsstrahlung x-rays was analyzed.
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Abstract. Stochastic subgrid parametrizations designed for coarse-grid numerical simulations of two-
dimensional turbulence were investigated. These parametrizations require a-priori analysis of high resolution
simulation data and take into account the properties of numerical schemes. The proposed parametrizations were
tested under the modeling of bidirectional energy-enstrophy cascade in isotropic homogeneous 2-D turbulence.
The energy generation spectrum induced by subgrid processes was obtained using high-resolution computation.
This spectrum was used for the evaluation of subgrid stochastic model parameters. It was shown that the pro-
posed model improves the large-scale dynamics. In particular, it restores the inverse energy cascade for different
numerical schemes and improves the sensitivity of the coarse-grid numerical models to external forcing.

The simulations of isotropic homogeneous 2-D turbulence were earlier performed in [1] with the
use of different numerical schemes. It was shown that the inverse energy cascade is suppressed in
coarse-grid simulations and that the results strongly depend on the scheme if the spatial scale of the
forcing is close to the grid step. These faults can be avoided by the use of stochastic kinetic energy
backscatter parametrization. Similar parametrizations have been investigated in [2—4]. In contrast to
these papers, we focus on the case of small-scale external forcing and on the improving of model dy-
namics in energy-containing spectral range. We use stochastic autoregressive parametrizations for the
energy backscatter with the energy generation spectrum (see, e.g., fig. 1a), obtained from DNS and
take into account numerical scheme of the coarse model. As a result the energy spectrum of the low
resolution models fits DNS simulations much better (see, fig. 1b). The same is true for the lagged
covariances of the model variables. It was also shown that stochastic parametrization improves the
sensitivity of the coarse-grid numerical models to external forcing.
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Fig. 1. Energy generation spectrum induced by subgrid processes in a-priori test (a) and coarse-grid
simulation energy spectra vs DNS results (b). Yellow curve — simulation without stochastic backscat-
ter. Red curve — simulation with the same numerical scheme and spatial resolution corrected by the
proposed stochastic parametrization.
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Heated from above, the oceans are stably stratified. Therefore, the performance of the general
ocean circulation and climate studies through coupled atmosphere-ocean models depend critically on
vertical mixing of energy and momentum in the water column. The surface wave, as its spatial scale is
too far from that of ocean circulation, is treated as a separate stream from ocean circulation. As a re-
sult, oceanic general circulation models (OGCMs) face common problems, including too high simu-
lated sea surface temperature, too cold subsurface temperature and too shallow mixed layer depth es-
pecially in summer time, all indicating lack of vertical mixing in OGCMs. We noticed that the surface
wave is regarded irrotational mathematically, while real surface wave is rotational, and the surface
wave can affect the upper ocean in the scale of wave length, in the order of 100 m, which is equivalent
scale of upper mixed layer in OGCMs. We analytically expressed the non-breaking surface wave in-
duced vertical mixing, Bv, as a function of wave number spectrum which can be exactly calculated
from a wave numerical model (Qiao et al., 2004). Bv is then confirmed by laboratory experiments
(Babanin and Haus, 2009; Dai et al., 2010), and field observations (Huang et al., 2012; Sutherland et
al., 2013). Applying Bv into different OGCMs such as MOM4, POM, ROMS, NEMO, FESOM et al,
the performances of all OGCMs are improved dramatically (Wu et al., 2015). And Bv can reduce
about half the tropical biases of climate models. A specially designed field experimental results indi-
cate that the wave-turbulence interaction induced enhancement of the background turbulence is indeed
the predominant mechanism for turbulence generation and enhancement (Qiao et al., 2016).
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A REVIEW OF GLOBAL AND REGIONAL LIGHTNING LOCATING SYSTEMS
WITH EMPHASIS ON TESTING THEIR PERFORMANCE CHARACTERISTICS
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Abstract. Both cloud-to-ground and cloud lightning discharges involve a number of processes that produce
characteristic electromagnetic field signatures. In general, any observable electromagnetic signal from a light-
ning source can be used to detect and locate the lightning process that produced it. An overview of the various
radio-frequency lightning locating techniques, including magnetic direction finding and time-of-arrival tech-
nique, is given. Lightning locating system performance characteristics are discussed. Both cloud and cloud-to-
ground flashes are considered. Representative examples of modern lightning locating systems are reviewed.
Besides general characterization of each system, the available information on its performance characteristics
is given.

There exists a variety of lightning locating techniques that are based on the detection of lightning
radio-frequency electromagnetic signals, with accurate locating being possible only by using multiple-
station systems. When a single location per cloud-to-ground lightning stroke, typically the ground
strike point, is required, magnetic direction finding, the long-baseline time-of-arrival technique, or a
combination of the two can be employed. When electromagnetic imaging of the developing channels
of any type of lightning flash is required, the VHF time-of-arrival technique or VHF interferometry
can be used. Lightning locating systems operating on global scale utilize methods that are capable of
extracting source information from electromagnetic signals dominated by ionospheric reflections.

Generally, a modern VLF-MF (MF indicates the medium frequency range, from 300 kHz to
3 MHz) lightning locating system (LLS) is expected to record, in separate categories, and locate over a
certain area all or most cloud-to-ground strokes of either polarity, as well as cloud discharges. Also
expected for each discharge is a measure of its intensity, usually in the form of peak current inferred
from measured electric or magnetic field. Accordingly, system’s performance can be evaluated using
the following characteristics:

(a) cloud-to-ground (CQ) flash detection efficiency;
(b) CG stroke detection efficiency;

(c) cloud discharge detection efficiency;

(d) percentage of misclassified events;

(e) location accuracy (or location error);

(f) peak current estimation error.

In general, the detection efficiency is the fraction (usually expressed in percent) of the total events
occurred that are detected by the system and is ideally equal to 100%. In defining the CG flash detec-
tion efficiency, probably the most important performance characteristic for lightning locating systems
used for the determination of ground flash density, a flash is considered to be detected when at least
one stroke of the flash was detected.

The location error is the distance between the actual location and that reported by the system. In
general, the location error consists of random and systematic components. The latter in some cases can
be accounted for (e.g., site errors in magnetic direction finding systems).

The peak current estimation error is the difference between the actual peak current value and that
reported by the system, usually expressed in percent of the actual peak current. Peak currents are esti-
mated by lightning locating systems using either an empirical or model-based field-to-current conver-
sion equation.

In order to evaluate the performance characteristics listed above, independent (ground-truth) data
are needed. For example, discharges occurring at a precisely known location equipped with a current-
measuring device (tall tower or lightning-triggering facility) can be used for estimating the location
accuracy and peak current estimation error. Detection efficiencies and percentage of misclassified
events are usually estimated using time-resolved optical recordings. As of today, only a limited num-
ber of ground-truth studies have been performed. Results of those studies will be reviewed in the pre-
sent paper.
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Abstract. CO, transfer between the hydrosphere and atmosphere in the boundary layer is an important part
of the global cycle of the main greenhouse gas. Modern numerical models based on estimates of all components
of the cycle, and taking into account the observed increase in concentration, often result an imbalance that varies
over a wide range from year to year. It is comparable with estimates of the annual flux of carbon dioxide be-
tween the atmosphere and the ocean. It is customary to associate this imbalance with the problem of the flux
correct estimation, since the error in its determination remains high in comparison with the other components of
the global cycle. Direction and amplitude of continuous gases exchange in the boundary layer between the at-
mosphere and the hydrosphere, including carbon dioxide, vary greatly depending on geographical location, sea-
son, meteorological and hydrological conditions.

Description of the investigation

Gas flux is determined by the difference of the partial pressures of gas between the atmosphere and
hydrosphere, near the border, as well as to a large extent by the processes involving turbulent bound-
ary layer. The latter is usually characterized by power dependence on equivalent wind speed (10-m
height). Hurricane-force winds lead to intensive wave breaking, with formation of spray in air and
bubbles in water. Such multiphase turbulent processes at the interface strongly intensify gas transfer.
Currently, data characterizing the dependence of the gas exchange of the wind speed for the hurricane
conditions demonstrate a strong variation. On the other hand, there is an obvious problem of obtaining
reliable data on wind speed. Widely used reanalysis data typically underestimate wind speed due to the
low spatial and temporal resolution. One of the most promising ways to measure near water wind
speed is the use of the data of remote sensing.

In the present study we employed the technique to obtain near water wind speed based on pro-
cessing remote sensing of the ocean surface data obtained with C-band scattermeter of RADARSAT
using the geophysical model function developed in laboratory conditions for a wide range of wind
speeds, including hurricanes (see [1]). This function binds wind speed with effective radar cross-
section in cross-polarized mode. We used two different parametrizations of gas transfer velocity of the
wind speed: (1) used in [2], and (2) obtained by processing results of recent experiment in modeling
winds up to hurricane on wind-wave facility [3]. The new method of calculations was tested by the
example of hurricane Earl image (09.2010). Estimates showed 13—18 times excess CO2 fluxes rates in
comparison with monitoring data NOAA (see. [4]).

Acknowledgements

This work was supported by the Russian Science Foundation projects #14-17-00667 (analysis re-
sults in situ measurements) and #15-17-20009 (processing of remote sensing data).

References

1. Yu. Troitskaya, V. Abramov, A. Ermoshkin, E. Zuikova, V. Kazakov, D. Sergeev, A. Kandaurov,
O. Ermakova, "Laboratory study of cross-polarized radar return under gale-force wind conditions", /nt.
J. Remote Sens., 2016a, 37(9), 1981-1989.

2. M. Kanamitsu, W. Ebisuzaki, J. Woollen, S.K. Yang, J.J. Hnilo, M. Fiorino, G.L. Potter, NCEP-
DOEAMIP-II reanalysis(R-2), Bull. Am. Meteorol. Soc., 2002, 83, 1631-1643.

3. K.E. Krall and B. Jahne, "First laboratory study of air—sea gas exchange at hurricane wind speeds",
Ocean Sci., 2014, 10, 257-265.

4. ERDDAP EXPERIMENTAL. AOML Monthly Global Carbon Fluxes dataset. —:
http://cwcgom.aoml.noaa.gov/erddap/griddap/aomlcarbonfluxes.graph.

137



WEAKLY SUPERCRITICAL DYNAMICS OF ROSSBY WAVE PACKETS
IN BAROTROPICALLY UNSTABLE ZONAL JET FLOWS
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Abstract. This study explores the supercritical dynamics of Rossby wave packets comprised of unstable
barotropic and baroclinic normal modes feeding on the common critical layers (CL) of a stratified barotropically
unstable zonal jet flow. Nonlinear generation mechanisms of slowly modulated wave-trains and CL potential
vorticity patterns are examined for the regimes of weakly nonlinear and strongly nonlinear dissipative CL.

Barotropic instability is one of the important dynamical processes in the atmosphere and is believed
to play an important role in the onset of meandering in planetary jet streams. This study employs the
approach developed in [1, 2] to explore the effects arising from stable (in the vertical z -direction)
density stratification in a weakly dissipative barotropically unstable /5 -plane jet stream.
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Near the onset of the instability the gradient of the Coriolis parameter B is close to a critical value

B, =U"),.. [1]. The basic barotropic flow is capable of supporting Rossby wave packets comprised of

unstable barotropic and baroclinic normal modes limited to the narrow bands &k, =0(e") around

critical wavenumbers k,, and gaining the kinetic energy of the flow from common CL in the vicinity
of latitudes y ==xy,, where U(y)=c (¢ is a wave speed of marginal modes) (Fig. 1(a, b)). Employing

the methods of multiple scales and matched asymptotic expansions [1, 2] leads to equations governing
the evolution of the wave packets amplitudes a,(,¢) and the CL vorticity disturbances Q, (En,z,7):

, da, d’a. k, 1 w o
e ria, &zf=i(pf(j+l)jZJ‘Ocos(njz)dsz<Qie Fhan, (=0, (1), ()
| D a, 2
aa%iU:m%%—ZRe{n;liknan cos(nnz)e’k"é}g%=F{a,,—a§2’, ,z}+v—§msjzi, 3)

where £=x—ct is a streamwise coordinate, M, = y ¥ y,, v is a small viscosity parameter. Under suf-
ficiently small supercriticality with 8B < v** the CL-flow evolves in a weakly nonlinear regime and

equations (1)—(3) can be reduced to a set of two coupled Ginzburg-Landau envelope equations (GLE)
describing suppression of the baroclinic modes and formation of spatially extended or localized baro-
tropic patterns. In the presence of nonlinear resonant coupling of the modes through the condition
k, =2k, , a nonlinear mechanism of explosive instability comes into play and the GLEs are no longer

applicable, even if 8B < v**. It has been revealed with the aid of numerical analysis of eqgs. (1)—(3)

that the flow evolves toward a coherent steady state consisting of the phase-locked barotropic and
baroclinic modes equilibrated in the regime of strongly nonlinear CL. This instability scenario is ac-
companied by the development of coherent potential-vorticity structures inside the common CL taking
the form of a zonally modulated barotropic-baroclinic vortex chain (Fig. 2(a, b)).
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Abstract. The onset of dynamical chaos in the barotropic quasi-two-dimensional zonal flows is studied. The
horizontal Bickley jet in a channel with rigid lateral walls is examined using numerical simulation. As soon as
the flow velocity has exceeded the instability threshold, the mode alternation with hysteresis is revealed. It is
found that the transition to the dynamical chaos occurs at fairly large supercriticality and may be regarded as the
Ruelle-Takens scenario. The peculiarities of the transition due to modification of the flow velocity profile are
elucidated.

The large-scale wave-vortex motions in zonal (directed along the Earth parallels) flows arising in
the lower atmosphere and in the upper ocean are of interest in connection with weather and climate
formation. Generation of such motions is frequently associated with barotropic instability of the hori-
zontal jets [1]. The chains of the wave-vortex structures generated after a maximal jet velocity had
exceeded the instability threshold were observed in natural conditions. Similar chains were realized
experimentally in annular flows inside of a thin liquid layer [1]. The numerical simulation allows ob-
taining both vortex chains and quasi-turbulent flow regimes [2], however insuddicient attention was
paid to the onset of the complex behavior of the wave field. In this paper the transition to chaotic wave
motion in the model jet flows described within the beta-plane approximation [1, 3] is investigated. The
influence of the differential rotation (the beta-effect) is assumed to be negligibly small.

We describe the quasi-two-dimensional jet flow in a thin liquid layer using the vertical vorticity
component and the stream function [1]. The basic parameters of the problem are two Reynolds num-

bers: R=UL/v and R, =U/(2,L)= RV/</1L2), where L is a transversal scale of the jet, U is a

characteristic flow velocity, v is an effective kinematic viscosity, and A is an external friction coeffi-
cient. The jets are localized in a channel with rigid walls. Two steady-state velocity profiles in the
form of the Bickley jet and an asymmetric jet having a small shelf are considered. The periodic
boundary conditions are specified along the channel. The pseudospectral method with the discreet
Fourier transform in the longitudinal coordinate (including 64 harmonics) and finite differences in the
transversal direction (having 200 grid points) was employed. The evolution of the flow regimes due to
the increase of U was investigated. The one-fold mode alternation and the hysteresis phenomenon
were detected for the Bickley jet, while the continuous alteration of the main mode was obtained in the
case of the asymmetric jet. The double vortex street appears in the jets at a critical value R =R of the

instability onset and, with increasing flow velocity, the vortex waves rapidly become nonlinear (con-
taining large multiple harmonics). The longitudinal velocity perturbations and their time derivative
were used for drawing the phase planes and the frequency spectra. The transition to chaos in the Bick-
ley jet was found to be due to destruction of a quasi-periodic regime, which occurs at R/R_ =16.2

and may be treated as the Ruelle and Takens scenario. Note that the same scenario was revealed in [3]
within the asymptotic analysis in accord with the nonlinear critical layer concept. The satellites in the
frequency spectrum are prooved to be produced by the modulational instability of a nonlinear vortex
wave. The occurrence of the dynamical chaos is confirmed by the calculation of the maximal
Lyapunov exponent. It is shown that the transition to the dynamical chaos in the asymmetric binary jet
also obeys the Ruelle and Takens scenario, but it starts at a smaller supercriticality (when
R/R_=2.25). Besides, in this case the transition becomes complicated due to the appearance of an

interval of frequency synchronization inside which the multifrequency regimes of different complexity
alternate.
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ON LARGE-SCALE LOW-FREQUENCY VARIABILITY
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Abstract. We discuss the large-scale low-frequency variability of the midlatitude ocean gyres and their west-
ern boundary currents simulated by the eddy-resolving quasi-geostrophic model. We applied EOF analysis to
turbulent solutions and extracted robust large-scale decadal variability modes. To interpret these statistical
modes dynamically, we linearized the quasi-geostrophic equations around the time-mean circulation and solved
the corresponding full set of linear eigenmodes with their eigenfrequencies. We then projected the extracted var-
iability on the eigenmodes and found that this variability is a multi-modal coherent-pattern phenomenon rather
than a single mode or a combination of several modes as in flows preceding developed turbulence.

The large-scale low-frequency variability (LFV) of the midlatitude ocean circulation on interannual
to interdecadal timescales plays an important role in climate variability. Some of the LFV is imposed
by the atmosphere or is due to the ocean-atmosphere coupling, but this study focuses on the intrinsic,
oceanic LFV. Since the existence of the LFV was established observationally [1, 2], many studies at-
tempted to determine its patterns and mechanisms. One of the main constraining factors is the compu-
tational cost of the eddy-resolving solutions that limited most of these studies to relatively viscous
flow regimes characterized by transition to chaos rather than by developed turbulence. Nevertheless,
we already know that in eddy-permitting quasi-geostrophic models of ocean gyres, the robust LFV
pattern is characterized by changes in the position and shape of the eastward jet and its adjacent recir-
culation zones [3]. The authors of [4] argue that this LFV is a fundamentally turbulent phenomenon
driven by a dynamical competition between the eddy rectification process and the potential vorticity
anomalies induced by changes of the intergyre PV transport. This LFV pattern and mechanism have
been named the Turbulent Oscillator.

In this work we study the LFV in an eddy-resolving flow regime and propose a new approach for
its dynamical interpretation. The key idea is to project the LFV, described here statistically, by its
leading Empirical Orthogonal Functions and their Principal Components, onto the dynamically consis-
tent eigenmodes obtained from the governing quasi-geostrophic equations linearized around the under-
lying time-mean circulation, and, thus, to develop a dynamical interpretation of the LFV. The novelty
here is that, by using advanced computational technology, we are able to solve for spatially inhomo-
geneous eigenmodes of a general 3-d flow with a large number of degrees of freedom, and to analyse
and compare individual contributions of these modes to the LFV. The proposed approach can be ex-
tended to other idealized or comprehensive ocean models, as well as to highly turbulent flows.
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Abstract. The distribution of radiation in the turbid media and simulation of optical properties of the media
are the most common tasks for description of interaction of incident radiation with scattering centers. Therefore,
for description of the path of photons in the media different simulation methods are used: Kubelka-Munk method,
diffusion approximation, Monte Carlo method. Among them the most optimal one is the Monte Carlo method, be-
cause it gives the most accurate and valid information about the distribution of the radiation inside the media.

The scattering causes decreasing of the sharpness, limiting of the resolution of the image, also blur-
ring image. For enhancement of the modern methods of optical diagnostics of the tissue one should
understand full patterns, underlying the photon path. Analysis of patterns can be obtained by computer
simulation (Kubelka-Munk method, diffusion approximation, Monte Carlo method [1]). For descrip-
tion of optical properties of turbid media, the phase function (p(0)), absorption coefficient (p,) and
scattering coefficient (1) can be used, representing the pattern of photon motion in the media, i.e.
showing the probability of either photon absorbed or scattered.

However, optical parameters of turbid media for different wavelengths are commonly unknown or
have to be refined. Thus, computational algorithms are used for its determination (e.g. the reverse
Monte Carlo method [2]), representing values of absorption coefficient and scattering coefficient. Data
obtained after the simulation is compared with experimental results, after that we can estimate optical
properties of the media. The Monte Carlo method is based on numerical simulation of the photon dis-
tribution. Photons are perpendicularly impinged on the border of the media, then for each step of the
simulation, depending on optical properties of the media, the mean free path (random value), the prob-
ability of the absorption or the scattering of the photon by the media are calculated and, according to
this the direction of the motion of the photon is defined [3].

This method allows splitting up scattering and absorbing parameters of certain biological tissues,
that eventually is representing, for example, the value of melanin in the biological tissue [4]. It is nec-
essary for estimation of the concentration and physicochemical features of melanin. It leads to devel-
opment of new and more effective approaches for diagnostics and treatment of a wide range of skin
diseases.

Finally, simulation allows finding the intensity distribution in the model structures corresponding
to real experimental data in optical coherence tomography for acquisition of B-scan of the upper layers
of dermis and deep blood vessels [5].
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WEATHER AND CLIMATE PREDICTABILITY
AND ITS RELATION TO PREDICTIVE SKILL

J. Tribbia

NCAR, Boulder Colorado, USA
tribbia@lucar.edu

Traditional model twin predictability experiments lead to a straightforward method of estimating
the predictability of both weather and climate variability on time scales of days to decades. Ensemble
forecasts correspond to such identical model twin experiments and enable one to calibrate the reliabil-
ity of predictions and permit the estimate of dynamically and predictability relevant quantities like
local Lyapunov exponents and vectors. Predictability estimates for weather and climate variability and
their comparison to forecast skill will be given using the NCAR CESMI1. As is invariably the case
such predictability estimates are useful estimates of predictive reliability only for a short time consis-
tent with linear error and the ensemble estimates become inconsistent at longer forecast times. The
nonlinear aspects of uncertainty growth that lead to such behavior will be examined and discussed.
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INSIGHTS INTO DECADAL CLIMATE VARIBILITY
FROM THE SYNCHRONIZATION
OF A NETWORK OF MAJOR CLIMATE MODES

A.A. Tsonis'? and S. Kravtsov'

lUniversity of Wisconsin-Milwaukee, Milwaukee, USA, aatsonis@uwm.edu
? Hydrologic Research Center, San Diego, USA

Abstract. We apply ideas from the theory of synchronized chaos to analyze a network of a few major climate
indices and show evidence of major climate regime shifts that accompany, and perhaps even define, the observed
and simulated decadal climate variability. We also detect differences in the dynamical structure of this variability
between the models and observations, which can eventually help understand the current limitations of climate
models and guide their further development.

One aspect of climate variability is the synchronization of climate modes. These modes represent
low-order subsystems of the climate system. An important element in the theory of synchronization
between coupled nonlinear oscillators is the coupling strength. The theory of synchronized chaos [1, 2]
predicts that in many cases when such systems synchronize, an increase in coupling strength between
the oscillators may destroy the synchronous state and alter the system’s behavior. These ideas were
initially explored in a network of four climate oscillators, namely El Nino-Southern Oscillation
(ENSO), the North Atlantic Oscillation (NAO), the North Pacific Index (NPI), and the Pacific Decadal
Oscillation (PDO) [3-5]. Our results indicate that this network in the 20th century synchronized sev-
eral times. It was then found that in those cases where the synchronous state was followed by a steady
increase in the coupling strength between the indices, the synchronous state was destroyed, after which
a new climate state emerged. These shifts are associated with significant changes in global tempera-
ture trend over decadal time scales. We also find the evidence for such type of behavior in three cli-
mate simulations (control and CO, forced) using state-of-the-art climate models, and in proxy climate
records. Our results indicate that in the four-mode climate network, the direction of influences begins
with the North Atlantic coupling to North Pacific, which then couples to the tropical Pacific and back
to the North Atlantic [5, 6].

Finally, we show that there exist further significant differences in the dynamics between the differ-
ent models [7], especially for the surface temperature and precipitation fields — the two fields of great
interest in climate projections under increasing amounts of CO,. This may impose a problem when
synchronization between climate models is used to infer the most likely climate response.
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GENERATION AND DETECTION OF SUPER-STRONG MAGNETIC FIELDS
BY ULTRA-INTENSE LASER PULSES

A.A. Andreev'” and Z. Lech®

! Sankt Petersburg State University, St. Petersburg, Russia
*ELI-ALPS, Szeged, Hungary

Magnetic fields are one of the fundamental entities which influence nature on all scales.
Developments of laser technology stimulated exploration of methods for generating large magnetic
fields from laser pulses directly or via interaction with plasma or solid targets. The generation of high
amplitude solenoidal fields described in this presentation is based on the interaction of a screw-shaped
laser pulse interacting with an under-dense plasma. This interaction creates a multi-gigaGauss
magnetic field within a volume of 10s pm transverse dimensions, depending on the plasma density and
laser pulse parameters. The detection of strong magnetic fields by laser accelerated particles is
considered.
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MODELLING OF ACCRETION PROCESSES
IN MAGNETIZED BINARY STARS

D.V. Bisikalo
Institute of Astronomy of the RAS, Moscow, Russia
We present a review of physical processes occurring due the mass transfer between the components
of close binary stars. To study the main properties of accretion disks and envelopes in various types of
binaries we use results of three-dimensional HD and MHD numerical simulations. Special attention is

paid to the description of the magnetic field influence on accretion processes. The main observational
manifestations of the numerically found flow structure elements are also presented.
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MECHANISMS OF ASTROPHYSICAL JET FORMATION,
AND COMPARISON WITH LABORATORY EXPERIMENTS

G.S. Bisnovatyi-Kogan

Space Research Institute of RAS, Moscow, Russia
and
National Research Nuclear University MEPhI, Moscow, Russia
Email: gkogan@iki.rssi.ru

Jets are observed in young stellar objects, X-ray sources, and active galactic nuclei (AGN). The
mechanisms of jet formation may be divided into regular, acting continuously for a long time, and
explosive ones [1]. Continuous mechanisms are related to electrodynamics and radiation pressure
acceleration, hydro- dynamical acceleration in the nozzle inside a thick disk, acceleration by
relativistic beam of particles. Explosive jet formation is connected with supernovae, gamma ray bursts
and explosive events in galactic nuclei. Mechanisms of jet collimation may be connected with
magnetic confinement or pressure of external gas [2—4]. Explosive formation of jets in laboratory is
modeled in the experiments with powerful laser beam, and plasma focus [5, 6].
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INVESTIGATING GUIDE FIELD RECONNECTION IN HED PLASMAS
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Magnetic reconnection (MR) is a process which occurs in many astrophysical plasmas, e.g. in solar
flares, in coronal mass ejecta, or at the outer boundary of the Earth magnetosphere. However, as of
now, the fundamental microphysics implied in this process is far from being well understood. Most of
the investigations on this long standing issue come from numerical studies and space observations.
Laboratory modelling of plasmas, including those that can be generated by high-power lasers, offer
now new perspectives to investigate MR and the processes governing it.

Investigating MR in high-energy-density plasmas (HEDP) such as those produced by lasers is also,
beyond allowing progress on its fundamental understanding, an important issue for Inertial
Confinement Fusion (ICF). In ICF, a number of laser spots irradiate the inner holhraum cavity and
around each of these irradiated spots, a toroidal magnetic field is self-generated. Between the close-by
magnetic ribbons, magnetic reconnections can occur and the process converts the magnetic potential in
kinetic energy and heat which might affect the overall drive of the inner DT fuel.

We will present recent experiments, performed using the LULI2000 facility, aimed at investigating
the dynamic of magnetic reconnection in a non-coplanar configuration between two magnetic toroids
induced by two near-by laser spots irradiating solids targets. Despite being distinct from the
astrophysical plasmas where the beta parameter is low (~10~ in solar corona and ~1 in solar winds),
such HEDP reconnection experiments are of interest to investigate fundamental issues in MR such as
the influence of a guide field and of a quadrupolar Hall structure of the magnetic field on the dynamic
of the MR. A non-coplanar configuration between the two laser-irradiated targets, as was investigated
in our experiments, allows to initialize a guide field or a quadrupolar Hall structure of the magnetic
field. The reconnection rate in the experiments has been diagnosed with proton radiography which
provides a unique way to measure and map directly the distribution of the strong magnetic fields and
their evolution. We observe that the Hall component and the guide field speed up or slow down the
MR, depending on the setup between the two laser-irradiated targets, and hence between the two
magnetic toroids that are made to interact. The measurements are compared to simulations performed
by a hybrid simulation code, the 3D HECKLE code. This simulations have been initialized, with
respect to the initial magnetic toroid, by calculations using a hydro-radiative code (FCI2) and
experimental measurements.
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RELATIVISTICALLY STRONG LASER PLASMA INTERACTION:
ENERGETIC PARTICLES, GAMMA AND THZ RADIATION, MAGNETIC FIELDS

A.V.Brantov'? and V.Yu. Bychenkov'?
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Abstract.We review recent developments in LPI and CFAR research related to the production of energetic
ions and electrons, generation of strong quasi-static magnetic fields, and emission of secondary electromagnetic
radiation in the interaction of short relativistically intense laser pulses with different targets.We present
theoretical models and 3D PIC simulations on optimization of charged particle acceleration from thin foils and
low-dense targets and several schemes for generation of THz pulses, gamma radiation and quasi-static magnetic
fields.

The laser-plasma methods of charged particle acceleration, production of secondary radiation from
THz to gamma range, and generation of strong magnetic fields attract a lot of attention due to
numerous potential applications for astrophysical science, inertial fusion, nuclear physics, material
science, biology and medicine.

Ion acceleration. The 3D PIC simulations demonstrate effective ion acceleration from the
interaction of intense ultrashort linearly polarized laser pulses with both ultrathin solid dense foils and
low-density targets when the laser energy ranges from several millijoules to tens of joules. The
optimum foil thickness and the corresponding maximum energy of the accelerated ions for a given
energy of the laser pulse were found. A new, maximum proton energy scaling law with the laser pulse
energy has been derived for solid density foils. A new effective scheme has been proposed for
synchronized laser-triggered ion acceleration by a slow light pulse of relativistic intensity, which
penetrates into a near-critical-density plasma, strongly slows, and then increases its group velocity
during propagation within a target. The charge particle acceleration by linearly and circularly
polarized laser pulses has been compared to find laser intensity for which circular polarization gives
some advantage in particle acceleration.

Magnetic fields.We have studied by means of 3D PIC simulations and analytical theory magnetic
field generation due to the inverse Faraday effect during the interaction of intense circularly polarized
laser beams with underdense plasma in the regime of parameters corresponding to a relativistic self-
focusing and laser pulse channeling. We have demonstrated for the cases of both full and without full
evacuation of electrons that magnetic field generation results from inverse Faraday effect and the
quasistationary magnetic field spatial distribution is well approximated by the solution to the
theoretical model. We also studied magnetic field generation in interaction of short relativistically
intense laser pulses with solid target of specially designed shape that that provides extremely strong
field strength.

Electron acceleration and gamma radiation. Different regimes of electron acceleration from
solid foils and low-density targets are investigated using 3D PIC simulations. The size of the plasma
corona is shown to be the main parameter characterizing the temperature and number of hot electrons,
which determine the yield of gamma radiation and its hardness. The latter has been studied from
Bremsstrahlung by using different target-converters.

Terahertz emission. The theory of terahertz radiation in laser-induced charge separation in the
planar plasma target has been developed. Both bulk and surface terahertz (THz) pulses can be
generated by electron bunch leaving the target and/or by a moving front of the spatial charge
separation of expanding plasma. These mechanisms responsible for generating bulk and surface THz
radiation are refined and compared. We also performed both theoretical study and full-wave Maxwell
simulation of laser-triggered excitation and following propagation of the terahertz pulse on the wire
targets in the form of Sommerfeld surface waves. It has been shown that considerable fraction of the
generated surface wave energy can be transported from the wire to the free space.
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MAGNETIC FIELD AMPLIFICATION AND PARTICLE ACCELERATION
IN LABORATORY ASTROPHYSICS

L. Chen
University of Oxford, UK

Cosmic rays have fascinated scientists for more than a century. One possibility is that cosmic rays
are accelerated to such high energies through the process of Fermi acceleration, where particles gain
energy by scattering off of magnetic field turbulence. The generation and amplification of magnetic
fields is thus a crucial step in the understanding of cosmic ray acceleration. The standard model for the
amplification of magnetic fields is via the stochastic tangling of small seed fields (either generated by
plasma or primordial processes) — the turbulent dynamo mechanism. In this talk we will discuss the
basic theory behind turbulent dynamo and its connection with particle acceleration in astrophysical
environments. We will also discuss novel laboratory experiments that may help to shed lights in the
understanding of these complex processes. The relatively new field of laboratory astrophysics aims at
bringing together teams from around the world using the largest most powerful lasers in the world to
create scaled astrophysical environments to look into magnetic field amplification and particle
acceleration by turbulence.
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ION INTERACTIONS WITH DENSE PLASMAS IN MAGNETIZED
AND UNMAGNETIZED CONFIGURATIONS

J. Fuchs
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I will present experimental work aimed at investigating the development of the streaming
instability driven by the interaction of energetic ions -streaming along a magnetic field- with a
background plasma, and its effects on the beam and background plasma. Beyond its interest as a
fundamental phenomenon in plasma physics, the understanding of the streaming instability could be
key to help explaining the observed anomalous ionization of dense clouds in the inter-stellar medium
(ISM). Although numerical simulations underline the important role streaming instabilities play in
space plasmas, the presence of a variety of growing and competitive modes, and the complex
behaviour of such systems mean that our knowledge is still far from being complete.

To experimentally study this instability, we have exploited and coupled several experimental
configurations that are well-assessed by our group: the generation of fast ion beams driven by short-
pulse lasers, the generation and characterization of well-controlled background plasma in which the
ions are propagated, and strong external magnetization of this system. Results will be presented and
discussed.
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LASER-DRIVEN ION ACCELERATIONS WITH SUBMICRON CLUSTER
TARGETS: CONTRIBUTIONS OF MAGNETIC VORTEXES

Yu. Fukuda
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Abstract. An approach for accelerating ions due to the formation of a strong dipole vortex structure in
subcritical density plasmas, with the use of a cluster-gas target, is presented. lons with energy 10-20 MeV per
nucleon having a small divergence (full angle) of 3.4 are generated in the forward direction with an ultrashort
pulse laser of 150-mJ energy and 40-fs duration, corresponding to approximately tenfold increase in the ion
energies compared to the TNSA experiments using thin foil targets.

Laser-driven ion accelerations have been one of the most active areas of research during the last
several years because the accelerated ion beams have unique properties such as ultrashort duration,
high brilliance, and low emittance [1].

Here we present the tenfold enhancement of the accelerated ion energy due to the formation of a strong
dipole vortex structure in subcritical density plasmas with the use of a cluster-gas target [2]. The
experiment has been conducted using the JLITE-X 4 TW Ti:sapphire laser at KPSI. The laser delivers
40-fs pulses of 150 mJ energy at a 1 Hz repetition rate with a contrast ratio of 10°. A pulsed solenoid valve
connected to a specially designed circular nozzle was used to produce submicron-size CO, clusters
embedded in He gas. Under the action of the prepulse accompanying the main laser pulse, the clusters are
expected to be evaporated forming a near-critical inhomogeneous density plasma with its profile
determined by the initial density distribution of the cluster-gas target. The high energy ions were generated
when the laser beam was focused near the rear side of the gas jet.

The high energy ions were measured with a stack of CR-39 detectors. The energy range of the ions
is determined quantitatively from the extent of the tracks recorded in the CR-39 stack by calculating
their stopping ranges. We observe the ion tracks in CR-39 up to the 11th layer and none in the 12th
layer. This penetration depth corresponds to maximum energies of 10, 17, and 20 MeV per nucleon for
helium, carbon, and oxygen ions, respectively. Further evidence for high energy ion production was
obtained from the time-of-flight (TOF) measurements, where the maximum ion energy is measured to
be 18.5+1 MeV per nucleon. This corresponds to approximately tenfold improvement of the
accelerated ion energy compared to the previous experiments with solid targets.

In order to elucidate the ion acceleration process, we formulate a simple model of the magnetic vortex
acceleration which explains a high-energy ion generation from near-critical density plasmas [2, 3, 4].
Ultraintense laser pulses propagating in near-critical density
plasmas generate magnetic dipole vortex structures. In the region
of decreasing plasma density, the vortex expands both in forward
and lateral directions. The gradient of magnetic field pressure
leads to the formation of shell structure and column of ions
surrounding the magnetic field. This also leads to the charge
separation at the head of the dipole vortex and induces a
longitudinal electric field. This structure moves together with the
expanding dipole vortex. As shown in Fig. 1, the background
ions located ahead of the electric field are accelerated to high
energies. 43 68

The energy scaling of ions generated by this magnetic vortex x [ym]
acceleration mechanism is derived and corroborated using  Fig. 1. Distribution of ion density
particle-in-cell (PIC) simulations. The scaling suggests that the = normalized by the critical density
magnetic vortex acceleration can enhance the ion energy by  (n.=2-10*' cm™) at ¢ = 320 f5. An ion
using near-critical density plasmas, and a 100 TW-class laser is  shell surrounding the vortex and an ion
capable to generate 200 MeV protons [4]. wall along the vortex axis are formed

y [um]
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ON KINETIC APPROACH TO MAGNETIC RECONNECTION:
FROM SPACE TO LASER HED PLASMA

V.M. Gubchenko
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Ideas of the magnetic reconnection (MR) first appeared in space physics, later in astrophysics as an
explanation of the initial magnetic structure reconfiguration in a selfconsistent way due to some
dissipation effects near weakly magnetized regions. Firstly, MR was treated in terms of nonideal MHD
developed up to the level of application of the electron MHD dealing finally with temperature
anisotropic plasma. Secondly, at the beginning with growing space probes power it was clear that the
kinetic approach operating with the shape of the particle VDF (velocity distribution function) and in
terms of the Vlasov equation is more adequate for the MR reality by providing the solar corona
structuring and heating and for magnetosphere formation by solar wind flow. The argument is that
plasma is collisionless and very hot but relatively slowly moving, which provides strong dissipative
effects due to “resonant” electron acceleration. Here, 1D current sheet physics was the basis of
analytics, and the e.m. PIC was the only instrument to move to the 3D MR. Recently, the 3D analytics
in kinetics began its development for expanding plasma cases: it is based on new e.m. dimensionless
plasma parameters and new resistive and diamagnetic plasma electromagnetic scales. The rebirth of
the MR are the magnetic events in subcritical laser plasma which strongly corrected results of
electrostatic consideration of plasma expansion perpendicular to the magnetic field. Theory shortly
repeats now long time evolution of the space plasma methods from MHD to electron kinetics which
correlates with the increase in laser power and with transition to consideration of the e.m. processes in
the HED plasmas.
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A Magnetized Laser Plasma Facility was built at USTC, which is composed of a nanosecond
heating laser beam (6 J / 527 nm / 7 ns), a femtosecond detecting laser beam (2 mJ / 800 nm / 50 fs),
and a 7-30T pulsed magnetic field generator. A series of laser plasma evolution experiments were
performed at USTC.

(1) When a high-speed plasma stream, produced by laser ablated solid target,is expanding in an
external transverse magnetic field, we found that the laser plasma forms an asymmetric hollow plasma
bubble caused by the plasma accumulation at the plasma-magnetic field interface. The asymmetry of
the plasma bubble can be reversed by turning the direction of the magnetic field. The plasma,
streaming along the surface of the plasma bubble, converges at the head of the bubble and generates a
plasma jet moving freely across the magnetic field. Hall MHD simulation shows that the asymmetry of
the bubble is induced by the Hall effect. It indicates that the jet’s movement is supported by the ExB
drift that E is contributed by the self-polarization electric field -V xB.

(2) Plasma optical images and the ablation holes on the target show that the laser ablation is
enhanced by using the external 7T magnetic field. The laser plasma is confined by the magnetic field
and forms a plasma bubble surrounding the laser focus spot. The target surface, which contacts the
plasma bubble, is heated by the energy transport along the surface of the plasma bubble. Thus the
debris and the target surface surrounding the laser focus spot are ablated and increases the plasma
generation.

(3) When an external magnetic field was added along the laser channel in underdense plasma, we
found that the electron thermal transport was suppressed by the magnetic field, which enhanced the
plasma temperature. It can be used to restrain the stimulated scattering process in laser fusion. We
found that 20-30T external magnetic field is needed to mitigate the stimulated scattering process at the
Shenguang-1Il primary laser facility of China.
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One of the methods to produce high energy density during modeling of physical processes and
studies of material properties is to convert the kinetic energy of a high-speed shell or a liner.
Traditionally, the liners are driven by:

— an explosive charge (HE) on gas-dynamic complexes;

— a current pulse on electrophysical facilities;

—radiation on laser facilities.

The paper will present these methods, will evaluate maximum attainable velocities and pressures,
will compare the possibilities of providing symmetry and effect controlling, as well as recovery of the
explored samples for subsequent analysis.

The electrophysical methods of research:

— provide better monitoring of parameters and obtained data in comparison with gas-dynamic
complexes;

— allow studying the big-size samples (scale factor) in comparison with laser facilities.

The already realized and the planned experiments with the use of explosive magnetic generators
(EMG) will be overviewed.

In the area of relatively low specific energies (to ~10 kJ/g) of interest are the studies of the
rheological properties of matter, i.e. spall and shear strength, eject processes at shock wave release to
the surface, etc. The use of EMG ensures high accuracy of control and reproducibility of loading
parameters, and in some cases the recovery of the explored samples for further metallographic
analysis.

In the intermediate region of specific energy (up to hundred kilojoules per gram) it would be
interesting to investigate the equations-of-state of materials (EOS) and turbulent mixing. The paper
will present the experimental test bench on the basis of a small-class disk EMG, making it possible to
conduct high-precision measurements of the EOS (2-3%) at shock and isentropic compression by
2-3 Mbar pressure and to add significantly the existing experimental data (to 10° g,) for turbulent
mixing of substances at acceleration to 10°-10° g,

Lasers are the most appropriate tool to conduct studies in the region of high (more than 1 MJ/g)
energy densities. The laser facilities allow reaching the radiation temperatures of 250-300 eV. The
experiments on Z-machine (SNL, USA) demonstrated that the electrophysical facilities, able to
produce the currents of tens of MA for the time of ~100 ns, can be an alternative to lasers. The
achieved level of energy generated by Z-pinch in the X-radiation compares well with lasers. However,
in view of worse organization of energy for realization of radiation temperature of 250-300 eV it is
necessary to construct the electrophysical facilities one order more powerful that Z-machine. To
realize the above-mentioned temperatures, we need the energy of tens of megajoules in the X-
radiation. At this the electrophysical facilities may add the lasers in scale effects modeling.

To achieve the laser energy densities using the EMG, it is necessary to resolve the problem of
current pulse sharpening to 100 ns. The paper will discuss the ways to solve this problem. In case the
current pulse sharpening technology is realized, the middle-class disk EMGs can serve the basis for a
creation of an explosive analogue of Z facility, and this opens the way to realization of one-shot
explosive experiments with the use of a super-power EMG and generation of Z-pinch X-radiation of
tens of MJ.
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We study a high energy density plasma produced by the interaction between high intensity short
pulse laser and matter. Such a plasm is highly non-stationary and non-equilibrium regulated by
multiply charged high-Z ions, high energy relativistic electrons, quasi-static and/or low frequency
electromagnetic fields, and X-rays. Therefore, the plasma opens up many innovative applications
including the study of astrophysics utilizing the nature of such an extreme state. However, the
difficulty is the time scale that the plasma is sustained, i.e. the life time, which is very short and is
determined by the inertia [1].

Here, we try to confine such a high energy density plasma exceeding the inertia time. For this
purpose, we introduce a target having structures with sub-micro scale incorporating with an externally
applied magnetic field. We refer to it as structured medium to which the high intensity short laser is
irradiated. Here, by carefully choosing the strucure, we extract the function that the plasma is self-
organized and then confined.

Here, we study the self-organization dynamics using the extended particle based integrated code
(EPIC) [2], which includes atomic process and collisional relaxation process. We embed the medium
in a magnetic field on the order of kT and irradiate it with the laser in the range of 10" ** W/cm®. High
absorption of laser energy is achieved leading to a high energy density plasma. The applied ambient
magnetic field is immediately scrambled by the complex plasma motion leading to a state dominated
by magnetic turbulence. However, we found that the plasma is self-organized to a coherent structure
regulated by magnetic vortices, which field strength is of the order of a magnitude higher than that of
the initially applied magnetic field. The structure is similar to the z-pinch, where the high density
plasma is confined on a longer time scale exceeding inertia time scale, so that it continues emitting
high intensity X-rays.

Generation of magnetic vortices results from the flux transfer from the ambient open field line
advected by the background plasma flows to the closed one around the rod through successive
reconnections. This is similar to the interaction between magnetic field convected by the solar wind
and Earth' magnetic field. Furthermore, collisions and merging of different magnetic vortices take
place on a slower time scale through reconnection, which produce high density plasma acceleration.
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Abstract. Spontaneous plasma magnetization is a common process in laser-plasma interaction. The magnetic
field amplitudes depend on laser intensity, and may reach kilotesla and even higher level in relativistic regime.
One of the most interesting features of these fields is that they can be “frozen” inside the laser-generated
plasmas, hot, low collisional, or even relativistic and collisionless. This property makes such plasmas very
attractive for studies of astrophysical-related laboratory studies. Here, we present some possibilities to facilitate
the generation of the magnetized collisionless plasmas with controllable magnetization.

Magnetized plasmas is a usual object in Space. On the Earth, with the modern laser facilities, it
became possible to perform experimental studies, which can reproduce some of the observations at
least in simplified test models [1]. However, magnetization still is a tricky parameter, which demands
normally powerful discharge banks or secondary discharge-coil targets and enough time during for
target magnetization. However, there are several known self-magnetization mechanisms, which looks
promising in the context. The most known correspond to plasma magnetization due to fast electron
currents, discharge currents and Biermann battery effect.

In this work, we present several possible schemes, which may facilitate magnetization of laser-
produced plasmas at the time of its preparation, i.e. these are the schemes for the production of a
plasma with a controllable magnetization parameter. They deal with the relativistic directly
accelerated electrons, discharge currents, and fast electron currents in sub-relativistic regimes.

With curved target, known as “snail” or “escargot”-shaped targets [2], the most important currents
are directly accelerated electrons (at relativistic intensities) and discharge currents. The curved targets
were already tested recently in different regimes, and demonstrated a very interesting physics. Within
the scheme, it may become possible to produce hot collisionless plasma flow with magnetization
parameter in wide range. Another scheme, based on the target chirality [3], uses mainly discharge
currents, it may be interested in astrophysical context for generation of magnetized jets.

Also, in this work, within the frames of the sub-relativistic interaction, plasma magnetization
mechanisms were revisited. It was found that kinetic magnetization due to fast electrons is crucially
important and may provide quite interesting for astrophysical context magnetization level. In this
concept, a possible generalization of the normal-incidence reconnection geometry [4] was considered.

As we show, a general approach of considering laser plasma magnetization to be a controllable
parameter within self-magnetization scenario is reasonable and it opens wide possibilities in
astrophysical-related research in laser laboratories.
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Abstract. Here we report on recent results from experiments carried out at LULI2000 using the nanosecond
beam to generate a high-density plasma flow by laser-driven rear-side shock breakout. The sample was
positioned inside a pulsed coil generating a magnet field of ~15T in order to study the influence of the magnetic
field on the plasma flow. In addition, an obstacle was placed behind the sample to investigate the formation of
a return shock. As diagnostics we used laser-driven X-ray point projection radioscopy driven by the pico2000
beam and optical Schlieren Imaging, shadowgraphy, and Streaked Optical Pyrometry from two sides.

Accretion processes are among the most important phenomena in high-energy astrophysics since
they are widely believed to provide the power supply in various astrophysical objects and they are the
main source of radiation in several binary systems [1]. Understanding the complex physical processes
that allow releasing gravitational energy in the form of radiation is fundamental to interpret the high-
energy astronomical observations [2]. Among the different X-ray binary systems are cataclysmic
variable stars, close binary systems containing a white dwarf that accretes matter from a late type
Roche-lobe filling secondary star [3]. They provide unique insight on accretion processes in extreme
astrophysical regimes since sources of luminosity other than the accretion region itself are relatively
weak.

In some cataclysmic variable stars, the magnetic field is strong enough (B >10MG) to prevent the
formation of an accretion disk and to channel the accreting plasmas onto the compact object magnetic
poles, leading to the formation of an accretion column and impacts the white dwarf atmosphere. By
fulfilling similarity properties and scaling laws these processes can be scaled to laboratory length and
time scales und thus can be studied using high energy laser-matter interactions. [4] Up to now
experiments used a tube in order to collimate the plasma flow generated [5]. This induced spurious
effects such as wall shocks and tube explosion that should be avoided. Here we instead applied a
pulsed high-field magnetic coil in order to study the coupling of radiative processes in a supersonic
plasma flow with magnetic effects. Both the dynamics of high-density and low-density regions of the
flow were investigated by utilizing a combination of X-ray radiography and optical Schlieren imaging.
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Abstract. A controlled and strong magnetic field is extremely useful in various laser plasma experiments
with applications to fast ignition, laboratory astrophysics and charged particle beam lensing. Mega Gauss (MG)
level quasi-stationary fields for such applications can be created by the interaction of a kJ-ns class laser with a
capacitor-coil target. On a recent experiment at the Prague Asterix Laser (PALS) facility, cm scale macroscopic
capacitor-coil targets were used to achieve fields up to 0.3 MG. The fields were diagnosed using polarimetry at
two different wavelengths.

Traditional capacitor coil targets consist of two parallel foils with lateral dimension of several mm
and a gap between the foils of a fraction of a mm [1, 2]. The duration of the laser pulse and the time
scale of expansion of the plasma within the foils in such targets is of the order of a ns. In the
1 experiment conducted at PALS facility, the lodine laser

(600 T, 350 ps, I\* = 10" — 10" W/cm*um?) was used
to irradiate much larger (up to 2 cm lateral dimension)
macroscopic targets such that the plasma did not expand
towards the second foil. With these large targets, the
ablated plasma was about 3 cm from the center of the
coil, thus preventing damage to the coil or to the TGG
crystal used for polarimetry — an extremely desirable
feature for developing future applications. Spatial
S  distribution and temporal evolution of the magnetic field
at the coil was characterized simultaneously by
polarimetry technique at 2 different wavelengths — (a)
imaging using a short pulse probe beam of duration
30 fs and center wavelength 810 nm and (b) streaked
using the 2m probe beam derived from the main pulse.
Figure 1 shows an example of the data obtained from
the fs polarimetry imaging diagnostic. For coils of 1 mm
diameter, magnetic fields of up to 0.3 MG were
measured in the experiment lasting for several ns. This presentation will summarize the experimental
results obtained while varying the target geometry and related modeling.

Fig. 1. Example of the measured Faraday
rotation in degrees through a 0.5 mm thick
TGG crystal placed about 0.3 mm behind the
coil. Inset shows the target used for this shot
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Abstract. Vortex dynamics is an important topic of physics of continuous media and plasma physics. In
comparison to hydrodynamical vortices, the vortices in collisionless relativistic plasmas exhibit new properties,
as the displacement current, two-fluid and kinetic effects come into play. Using 2D PIC simulations, we
demonstrate how these effects appear during the single or binary vortex evolution, playing a huge role in
stability of the electron vortices and ion acceleration.

Formation and evolution of localized nonlinear structures such as vortices and solitons play a
crucial role in the physics of continuos media. For instance, drift wave dynamics in tokamak plasmas
can be described in the framework of Hasegawa-Mima (HM) equation [1], which allows for the point-
vortex solutions. The vortices may affect the energy and particle transport significantly [2]. In laser
plasma interaction, we observe the formation of finite-radius relativistic electron vortex structures
associated with the quasistatic magnetic field generation, which plays a significant role in the
depletion of the electromagnetic field energy in laser plasmas [3]. The late stage of the vortex
evolution resulting to strong plasma density modulations was observed with the use of proton
radiography [4]. Understanding the dynamics of vortex structures is vital for developing the theory of
the relativistic plasma turbulence [5]. In contrast to hydrodynamical vortices, which are sustained by
non-charged fluids, vortices in plasma are sustained by the rotational motion of charged particles,
which, generally speaking, leads to nonzero circular current. The associated magnetic flux is locked
inside the vortex. In the point-vortex solutions of HM equations, the vortex internal energy is
conserved during the interaction process. However, in the case of finite radius vortices, we expect the
kinetic and electromagnetic interaction effects to step up, resulting in fast dissipation of the vortex
energy with its transformation to the energy of fast particles.

Using 2D PIC simulations with the code REMP [6] and simple analytical models of electron vortex
dynamics, we discuss the dynamics of single and binary relativistic electron vortices in collisionless
plasma. On an ion timescale, a single vortex is subject to various effects, such as vortex boundary field
intensification, multistream instabilities at the vortex boundary, and bending of the vortex boundary
with the subsequent transformation into smaller electron vortices [7]. In immobile ion regime, we
discuss the effects of binary vortex interaction. Among them, we demonstrate the mechanism of
electron vortex dissipation into the fast electrons and electromagnetic waves. In ultrarelativistic
electron vortex case, the dipole vortex forms a von Karman-like streets of secondary vortices in the
wake region. The results obtained will be useful for understanding the super strong magnetic fields [8]
and diagnostics of the results of the experiments with petawatt-class laser systems that are being build
nowadays [9].
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The plasma kinetic effects, which have been overlooked in the conventional single-spices-averaged
hydrodynamic codes for inertial-confinement fusion (ICF), are attracting increasing attention. It has
been realized that such effects are largely responsible for some disagreements between the
experimental results and numerical simulations. Kinetic effects play an important role in the early ICF
implosion phase and can potentially affect the dynamics in the later implosions. In particular, coupled
with ion-kinetic processes, self-generated fields would have important effects on aspects of ion kinetic
dynamics. For example, experiments at the OMEGA laser have shown that the interface between ICF
hohlraum fill gas and Au wall blowoff is kinetically unstable, leading to formation of a diffusion layer
and development of an ambipolar electric (E) field in the hohlraum radial direction. Such a field would
enhance interpenetration and mixing between the Au blowoff and the gas plasma, changing hohlraum
drive dynamics and then capsule implosions. We have recently conducted a series of indirect-drive
and direct-drive ICF experiments on OMEGA. The experimental data, helped by the simulations,
provide a new insight into the effects of self-generated fields on the interface structure in various ICF
targets and ion kinetic dynamics.
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Magnetic reconnection is a fundamental plasma process involving a conversion of magnetic energy
into plasma kinetic energy and plasma heating through changes in the magnetic field topology. Such
events are widespread in astrophysics, space and laboratory plasmas. Here we present experimental
studies using the OMEGA EP laser at the Laboratory for Laser Energetics and the HERCULES laser
at the University of Michigan as well as numerical modeling which indicate that relativistic magnetic
reconnection can be driven by two short-pulse, high-intensity laser pulses that produce relativistic
plasma along with very strong magnetic fields. Evidence of magnetic reconnection in midplane
diffusion region was identified by the plasma's X-ray emission patterns, changes to the electron energy
spectrum, and by measuring the time over which reconnection occurs.
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Laboratory experiments are proposed to investigate collisionless shock formation in the interstellar
medium [1-3]. These shocks are driven by different particle instabilities [4], which create a strong
electromagnetic field, allowing the acceleration of particles [5]. Modeled with particle-in-cell
simulations the shocks are created by the collision of two electron-ion clouds at a velocity that exceeds
everywhere the threshold velocity for shock formation in a external magnetic field oriented
perpendicularly/parallel to their flow velocity vectors, a setup that can accelerate the shock formation
process (magnetic field perpendicular) or promotes particles acceleration (magnetic field parallel).
Shock formation is a long process, and PIC simulations are very costly in numerical resources and
time for such long studies. For these reasons the ion mass is thus reduced below 1836 electron masses,
which can affect the plasma dynamics during the initial exponential growth phase of the instabilities
and during the subsequent nonlinear saturation [6]. One part of this study is dedicated to assess how
far the ion to electron mass ratio can be decreased,without changing qualitatively the physics and the
second is the presentation of 2D simulations of shock formation with experimental parameters using a
reduced ion mass.
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Proton and ion beams accelerated in ultra-high-potential electron sheaths created on solid targets by
ultrafast lasers have remarkable characteristics that have enabled unique applications. The current
challenge is to increase the ion energy to 100 MeV and beyond, which is commonly thought to be
possible by raising the on-target laser intensity. In this talk, we present experimental and numerical
results demonstrating that magnetostatic fields self-generated on the target surface may pose a
fundamental limit to acceleration for high enough laser intensities.
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Abstract. The collisionless expansion of a dual-temperature plasmoid through a cold and tenuous plasma is
studied numerically. It is found that a density bump is formed at the front of a collisionless electrostatic shock
wave propagating at nearly ion-acoustic velocity. 1D3V and 2D3V PIC-simulations suggest that the bump
emerges due to the presence of the ionized background and differs from an ion-acoustic soliton, being exposed to
a continuous flow of high-energy particles of the dense plasmoid. Electrons' thermal anisotropy, arising behind
the shock, leads to the growth of quasi-static Weibel magnetic fields up to a level of magnetization of ~10%.

Recent experiments on thin foils ablation with powerful ultrashort laser pulses revealed unexpected
features — density bumps — in the density profile of a hot laser plasma that collisionlessly expands into
a rarefied ionized background [1, 2]. The latter is always present around the target, being either
produced by the photoionization of a residual gas in the vacuum chamber, or ablated from the same
foil by a laser prepulse. The bumps, observed on the plasma slope, are absent in the well-known case
of expansion into vacuum. They propagate away from the target at nearly ion-acoustic velocity, so are
most likely connected with a collisionless electrostatic shock wave arising in the system.

The solitary bump in [1] emerges at the shock's front, stays there throughout the expansion, and can
not be treated as a free ion-acoustic soliton (cf. [2, 3]). Our 1D3V and 2D3V PIC-simulations with the
code EPOCH [4] suggest that the bump arises when the differences in density and temperature
between the hot expanding plasmoid and the background is strong, with the transition layer between
them being quite narrow. According to the simulations, the continuous flow of energetic electrons
from the dense plasmoid considerably impacts the ion-acoustic wave packet excited in plasma by the
shock and prevents the formation of free solitons. In all cases when the bump is present these electrons
have a non-Maxwellian velocity distribution with the skewness of the order or greater than 0.1.

A typical simulation is initiated with the configuration of a background plasma with a 10" cm™
density and electron (ion) temperature of 3 eV (50 eV), uniformly distributed in the simulation domain
(with all boundaries open), and a semicircular plasmoid with a density of 10*! cm™ (sub-critical for a
800 nm laser), placed near a domain's boundary. Electron and ion temperatures in the plasmoid are
2.5keV and 3 eV, respectively. It is shown that during the expansion of the hot plasmoid a layer with
a local density maximum of ~10" cm™ is formed, spanning ~10 Debye lengths of the dense plasma
and moving at speed slightly higher than the ion-acoustic one.

We analyze the dynamics of plasma fractions' number density, particle trajectories and the
evolution of their phase space, and trace the development of electric and magnetic fields generated
meanwhile. We consider various parameters of both plasmas and different profiles of the transition
layer between them, indicate the parameters domain corresponding to the bump formation and
describe stages of its formation and dynamics. Thermal anisotropy of the dense plasma electrons
behind the shock induces Weibel generation of magnetic fields, which have the energy eventually
approaching ~10% of the total energy of particles and influence the long-term evolution of the bump.
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Remarkable plasma hydrodynamic phenomena such as supersonic jets have been observed to
emerge from a wide variety of astrophysical systems, however the questions on their formation
mechanisms and morphology are still open. Laboratory experiments employing the plasma produced
by high power lasers can be scaled to astrophysical systems by matching dimensionless scaling
parameters and thus providing the studies of astrophysical phenomena in controllable conditions.
Particularly, laser produced jets are fully scalable to that one from young star objects, and the
application of external magnetic field to plasma flows allows to investigate stable, large aspect ratio
plasma jets.

While the laser produced plasma expands from the target surface, it becomes overcooled, i.e.
recombining one, and with non-stationary ionization state in most cases. Accordingly, to improve
diagnostic methods applicable for such plasma is a rather important task in laboratory astrophysics.

X-ray spectroscopy method considering the relative intensities of spectral lines emitted by He-like
and H-like F and O ions is developed and implemented to determine electron temperature T. and
density N, profiles of plasma jets along their propagation in vacuum, external magnetic field and
ambient gas and precursor plasma. It is shown that N, decreases monotonically in the case without
B-field, but demonstrates an extended density profile when 20 T poloidal magnetic field is applied.
While at target surface irradiated by 60 J 1 ns laser pulses the electron temperature peaks at 250—
280 eV, at 3 mm distance it cools down to ~20 eV.

Then, due to the impact of B field providing the collimation of the jet, T. and N, are measured to
keep at almost constant values for a long distance along the jet. Laboratory experiments reveal that the
shaping of narrow jets emerging from young stars can be explained by axial magnetic fields in which
the stars are embedded.

In the case of accretion phenomena modelling, the plasma flow interacts with solid obstacle
making the plasma hydrodynamics and atomic kinetics more complex. With X-ray spectroscopy
methods the creation of a two-component plasma near the obstacle is confirmed to be composed of
several 100 eVs hot shell and few tens eV denser core. The combination of recombining and steady-
state atomic kinetics modeling allows revealing the parameters of both shell and core plasma fractions,
as well considering the effects of plasma self-absorption to the observed X-ray spectra.
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Magnetic reconnection (MR), breaking and reorganizing the topology of magnetic field
dramatically, is a fundamental process observed in many space, laboratory and astrophysical plasmas.
In this talk, I report recent theoretical investigations on MR in the high-energy-density and relativistic
regime for high-p (B > 1) and relativistic plasmas. For MR in the high-f regime, comparing 2D and 3D
PIC simulation results for the interactions of colliding laser-produced plasma bubbles with induced
anti-parallel and parallel poloidal magnetic fields, we find that many of the previously-observed
characteristics [2, 3], such as the quadrupole magnetic field, plasma heating and even the out-of-plane
electric field, can be induced by the mere plasma bubble collision, which do not necessarily indicate

MR occurrence in the high-B regime. The Lorentz-invariant scalar quantity D, =v,j-(E+v,XxB) in

the electron dissipation region is proposed as the key sign of MR occurrence in this regime. For MR in
the relativistic regime, though the topology of magnetic field depends on the relativistic observer, we
prove that the x-point of MR is conserved as well as o-point. Therefore, the reconnection physics still
survives in the relativistic regime. In the global view, we propose two global Lorentz invariants

J (¢*B* —E*)d’x, and I(E -B)*d’x to be more reasonable for the coarse description of the energy

dissipation and the fields activity in multi-reconnection circumstances. Based on this, relativistic
reconnection in the extreme near-Schwinger magnetic environment has also been investigated. We
find that the MR dynamics is strongly coupled with and heavily influenced by the QED effects. In
turn, gamma-ray emission and pair creation have a strong relevance with the MR configurations, i.e.,
X- and O-points.
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Abstract. Strong magnetic fields can beneficially affect electron transport in under-dense laser-plasma
interactions relevant to laboratory HEDP applications. For example, externally applied B-fields have been used
to control low density plasma wave-guide formation [1], to improve laser coupling to gas-filled hohlraums [2],
and will affect laser pre-heating in the MagLIF scheme [3]. Changes to electron transport under magnetised
conditions cause heat-flow suppression across field lines but phenomena such as the Nernst effect can also lead
to changes in B-field dynamics [4] which must be accounted for.

Previously we investigated the effects of magnetised electron transport on the focusing and
channelling behaviour of a long-pulse (~1 ns) laser propagating under moderately magnetised plasma
conditions (wt ~1). The complicated interplay between hydrodynamics, thermal transport, B-field
evolution and beam focusing dynamics was investigated computationally in 2D using an MHD code
with full Braginskii electron transport coupled to a paraxial wave solving routine. We reported [5] that
Nernst advection of B-fields appeared to have a disruptive effect on beam self-focusing but accounting
for non-local effects using a full Vlasov-Fokker-Planck treatment resulted in long-time-scale beam
channelling behaviour being retained. Further work is presented here comparing simulations with a
range thermal flux-limiter values and considering appropriate Nernst flux limitation values by
comparison to the results of kinetic simulations.
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Accretion dynamics in forming young stars is still widely investigated because of limitations in
observations and modelling. In our present understanding, matter from the accretion disk (10'"'-
10" cm™ /2000 K) is connected to the star by the extended magnetosphere (0.1-1 kG) and falls down
into the stellar surface at the free fall velocity (500 km.s™). At the impact, a shock is formed, leading
to observable X-ray and UV emissions, the amount of each channel being still incompatible with the
present shock dynamic modelling at the impact region.

Through scaled laboratory experiments of collimated plasma accretion onto a solid in the presence
of a magnetic field, we open the first experimental window on this phenomenon by tracking, with
spatial and temporal resolution, the dynamics of the system and simultaneously measuring multiband
emissions. This is performed using a laser-created thermal plasma embedded in an external 20T pulsed
magnetic field. As a result of the magnetized plasma expansion, a collimated jet is formed, having an
aspect ratio >10, a temperature of tens of eV, an electron density of 1.5-10'® cm™ and propagating at
750 km.s'. This jet, acting as the accretion column following the magnetic field lines then impacts a
solid obstacle located on its path, mimicking the stellar surface. This setup differs in many ways from
previous experiments using unmagnetized shock-tube configurations having unwanted edge-
constraints.

We observe in our experiment that matter, upon impact, is laterally ejected from the solid surface,
then refocused by the magnetic field toward the incoming stream. Such ejected matter forms a plasma
shell that envelops the shocked core, reducing escaped X-ray emission. Discussed in the light of 3D-
MHD simulations in the laboratory conditions as well as 2D-MHD astrophysical-scaled simulations,
these experimental results shed light on one possible structure reconciling current discrepancies
between mass accretion rates derived from X-ray and optical observations.
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Abstract. We have demonstrated efficient heating of a compressed plasma by relativistic electron beams
produced by LFEX laser with the assistance of external magnetic field. Emission from Cu tracer atoms contained
in the compressed plasma was measured to infer the plasma temperature and the energy coupling efficiency from
heating laser to core plasma. Li-like and He-like emission lines, which appeared only with assistance of the
external magnetic field, suggest that the electron temperature was ~1.7 keV and density ~ 6 g/cc.

Introduction. Fast ignition (FI) [1] is an high-gain ignition scheme of the inertial confinement
fusion, in which a compressed dense plasma is achieved by heating fuel with relativistic electron beam
(REB) or fast ions produced by a high intensity short pulse laser. In electron based FI, large angular
divergence of the REB is a critical issue, resulting in low coupling efficiency from heating laser to a
core plasma [2]. Guidance of the REB using strong external magnetic field was proposed for efficient
heating of a dense core plasma [3]. Recently, guiding of REB using strong magnetic field induced by a
laser-driven capacitor-coil [4] has been demonstrated in a planar geometry [5].

Experimental results. The integrated experiment was conducted at ILE, Osaka University. A Cu
(IT) olate sphere was introduced to measure an electron temperature of a heated dense core plasma and
visualize a REB transport [6]. Kilo-Tesla magnetic fields was induced by a laser-driven capacitor-coil,
applied to the solid sphere, which was compressed by six GEKKO-XII laser beams. LFEX laser [7]
was injected into a compressed core plasma to produce a REB. Li-like and He-like lines recoded with
a flat HOPG crystal spectrometer appeared only when the external magnetic field was applied. The
electron temperature and density of the heated plasma were evaluated to be ~1.7 keV and ~6 g/cc by
comparing the measured X-ray spectra with FLYCHK calculations [8]. Details of analysis will be
discussed in the presentation.
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Abstract. Fully kinetic analytic calculations of an initially Maxwellian distribution with arbitrary density and
temperature gradients exhibit the development of temperature anisotropies and magnetic field growth associated
with the Biermann battery. The calculation, performed by taking a small order expansion of the ratio of the
Debye length to the gradient scale, predicts anisotropies and magnetic fields as a function of space given an
arbitrary temperature and density profile. These predictions are shown to qualitatively match the values
measured from particle-in-cell simulations, where the development of the Weibel instability occurs at the same
location and with a wavenumber aligned with the predicted temperature anisotropy.

In recent years, experiments with laser-target interactions create plasma with extremely strong
magnetic fields (~ MGauss). With these conditions, and the unprecedented resolution that these
experiments can now operate, we are able to probe physics that also occurs in astrophysical systems,
in particular, the generation of these magnetic fields via the Biermann battery and the Weibel
instability. Intense short pulse lasers are capable of creating plasmas that are so hot that the particles
are essentially collisionless, and kinetic physics is essential.

We have developed an analytic solution to the kinetic evolution of a temperature and density
gradient, which can be applied to such experiments and astrophysical systems. Besides confirming that
in collisionless systems, the Biermann battery, which is caused by misaligned temperature and density
gradients (Vn x VT # 0), grows at the same rate as predicted in fluid models, the solution shows that a
temperature anisotropy is generated due to the temperature gradient growing at 4 = (vy t/Ly )* where vy
is the thermal velocity and Ly is the temperature gradient length scale. This anisotropy is the driver of
several instabilities including the Weibel instability, also shown numerically in [1, 2]. With the most
general version of the solution, the direction and magnitude of these temperature anisotropies can be
predicted for a general initial temperature and density distribution at early times, even in cases where
there is an initial magnetic field.
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Abstract. We report the experiment on generation of strong super-Alfvénic magnetosonic perturbation by
laser-produced plasma expanding in magnetized background under conditions when the magnetic cavity size
reaches the ion gyroradius. Detailed measurements of plasma density and velocity, electric and magnetic fields
are presented which demonstrate strong magnetic compression at the front and cavity dynamics, laser plasma
deceleration and formation, with record efficiency of energy transfer 25%, of strong non-linear magnetosonic
wave propagating through background plasma.

Laboratory modeling of various processes occurring in space plasmas is an important way to study
the basic physics. In 1970-1980 many laser plasma experiments were performed with the aim of
modeling full-scale near-Earth space tests such as AMPTE, CRRES, Argus, and Starfish. This also led
to the on-going attempts to create in laboratory a collisionless shock wave [1]. The results achieved at
KI-1 laser facility at the Institute of Laser Physics remain one of the leading in this field [2].
Theoretical analysis of super-Alfvénic collisionless interaction based on Longmire model of displaced
electrons [3] and Finite Larmor Coupling or Magnetic Laminar Mechanism shows that effectiveness
of energy transfer from explosive plasma to magnetized background is determined by how large the
size of realized magnetic cavity is in comparison to ion gyroradius [4]. It is predicted that collisionless
shock wave can be generated only when cavity size is sufficiently larger than gyroradius — the aim
which proved to be difficult to achieve in laser plasma experiments. In the present report we describe
the experiment on generation of strong super-Alfvénic magnetosonic perturbation by laser-produced
plasma expanding in magnetized background under conditions when the cavity size reaches the
gyroradius value. To increase the effective number of laser-produced ions and the cavity size we use a
quasi-directed flow produced by one-sided laser irradiation of a solid target as well as an optimized
close to threshold mode of laser-plasma production. We present detailed measurements of plasma
density and velocity, electric and magnetic fields which demonstrate strong magnetic compression at
the front and cavity dynamics, laser plasma deceleration and formation, with record efficiency of
energy transfer 25%, of strong perturbation propagating through background plasma. The observed
edge of perturbation spatial structure as steep as ion inertia length, relative amplitude B/Bo = 2 and
propagation velocity MA = 2 testify that this is a non-linear magnetosonic wave of nearly largest
possible amplitude.
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Abstract. We present the results of laboratory and numerical studies of magneto-hydrodynamic interaction
of high-velocity streams of dense, highly-conductive plasma with an ambient magnetic field. Such processes
take place in numerous astrophysical systems, as accreting compact stars, hot Jupiters etc. The main attention has
been paid to the processes developing when the plasma flow expands across the ambient magnetic field. It has
been shown that in the region where the pressure of the magnetic field is of the order of the gas dynamic
pressure, a Rayleigh—Taylor instability modifies the flow’s dynamics forming narrow tongs of supersonic plasma
flows penetrating deeply into the magnetic field.

We present recent experiments, performed at PEARL laser facility (Institute of Applied Physics),
aimed at investigating the dynamic of plasma flows expending into the ambient magnetic field. The
main attention has been paid to the case when the plasma flow penetrates across the magnetic field.
Such geometry of the experiment is related to laboratory modeling of accretion of matter into compact
stars and, especially, to the processes developing at the inner edge of the accretion disks in the region
where the pressure of the magnetic field of the star is of the order of the dynamic pressure of the
accreting plasma. Using two femtosecond interferometers, 2D snapshots of plasma flow expanding
into the ambient magnetic field have been obtained in two geometries (perpendicular and parallel to
the direction of the magnetic field lines) and in different times after the plasma flow formation. It has
been found that the plasma flow exhibits strong Rayleigh—Taylor instability in the region where the
pressure of the magnetic field is of the order of the plasma flow dynamic pressure. As a result of this
instability, the plasma flow deeply penetrates into the magnetic field forming a narrow (‘pancake-
like”) tongs of supersonic plasma streams (in practice, a thin plasma layer penetrates between the
magnetic field lines). This result, confirmed also by numerical modeling, calls into question the
generally accepted astrophysical model of matter accretion in form of ‘accretion columns’, when the
matter falls onto the star from the inner edge of the accretion disc (which is formed at the
magnetic/plasma dynamic pressures balance region) along the magnetic field lines to the polar regions
of the star. On the contrary, the results of the present experiment make it possible to propose an
alternative model for the fall of matter onto the equator of the star.
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Abstract. We demonstrated the laser-ion acceleration by bundled picosecond laser beams experimentally.
50-MeV protons were achieved from a typical thin aluminum target with 1.2- 10" Wem 2 as a total laser intensity
of four bundled beams. This result can be attributed to the interference effects, which appear in multiple laser
beams focused on the target with a small angle to each other. The modulated laser fields induce localized electric
and magnetic fields also on the rear side, which make a beneficial effect for enhancing the ion energy owing to
the high absorption efficiency due to the modulation.

Ion acceleration with picosecond (ps) laser pulses involves several characteristic mechanisms never
seen with sub-picosecond pulses. Recently, we found [1] that multi-ps laser pulses induce the temporal
evolution of plasma electron temperature beyond the ponderomotive scaling and boost the ion
acceleration via the target normal acceleration (TNSA). In this study, we discuss the bundling effect of
ps laser beams on the ion acceleration in the relativistic regime.

We had performed the ion acceleration at LFEX [2] laser facility of Osaka University. Four laser
beams (2x2) were bundled and simultaneously focused onto the foil target (10-pum-thick aluminum)

along the normal axis of the target surface. The beams were Thomson Parabola (TP}

linearly polarized in the vertical direction with an angle

between the neighboring beams 5.7°. The total beam energy l\oL_f;:;]g'Ck .
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i \
Turbulentlike ' ‘
structures

the maximum, and protons with lower energy (~5 MeV) has
turbulent-like structures on the RCF (Fig. 1). Since the
bundled four beams focused on the same spot are interfered,
producing modulations like filamentations, of which size is
determined by the incident angle, viz, controllable. These
modulated laser fields induce localized electric and
magnetic fields also on the rear side, which then affect the
TNSA acceleration and modify the angular distribution of
ions. The bundled beams also make a beneficial effect for
enhancing the ion energy owning to the high absorption efficiency due to the modulation. Detailed
discussion of experimental results including particle-in-cell simulations will be in the presentation.

60 mm  2uksue-
Fig. 1. Schematic of the experimental
setup and the turbulent-like structure
found on the ion spatial profile, which
was measured simultaneously with the
Thomson Parabola analyzer
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GENERATION AND APPLICATION OF A LASER DRIVEN MAGNETIC FIELD
IN LAB-ASTROPHYSICS RESEARCHES

Zhe Zhang

Institute of Physics, Chinese Academy of Sciences, China

Abstract. Generation of a strong magnetic field by intense laser has been demonstrated. A hundreds to
thousands Tesla level pulsed magnetic field can be produced. Besides the original design of a “capacitor-coil”,
many other types of coils have been tested with fs-ps short pulse laser. With such a strong magnetic field,
laboratory researches of many astro-phenomena can be studied in a new regime and in a more controllable way.

Laboratory generation of strong magnetic fields opens new frontiers in plasma and beam physics,
astro- and solar-physics, materials science, and atomic and molecular physics.

In 2013, a kilotesla laser driven magnetic field has been realized by a group in Osaka Univ. [1], and
a 800 T magnetic field was reported on the LULI facility [2] by a “capacitor-coil” geometry. In SG-1I
facility in China, a new designed single open coil has been tested and a 200 T magnetic field is
achieved [3]. The temporal and spatial distribution of the magnetic field is further controlled by the
design of coil sharp. As an extension of this research, such laser driven magnetic field have been
applied in magnetic reconnection experiment.
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LOW-BETA MAGNETIC RECONNECTION EXPERIMENTS
DRIVEN BY INTENSE LASERS

J.Y. Zhong

Department of Astronomy, Beijing Normal University, Beijing, China
jyzhong@bnu.edu.cn

Abstract. The Sun is not so quiet as it looks. Solar flares, coronal mass ejections and solar wind strongly
influence interplanetary and terrestrial space by virtue of shock waves, hard electromagnetic radiation and
accelerated particles. It is very important to understand space weather and develop effective tools for space
weather simulation and prediction to protect the performance and reliability of space borne and ground-based
technological systems. It is believed that the coupling between the solar wind and the magnetosphere is mediated
and controlled by the magnetic fields in the solar wind through the process of magnetic reconnection, which is
considered to be an important mechanism of explosively transferring energy from magnetic fields to plasma
flows and heat. In addition to (expensive) spacecraft, we show that the plasma reconnection process can also be
studied by appropriately scaled lab experiments, in which large-scale space plasmas are scaled to (relatively low
cost) small lab plasmas; these experiments also offer significant and flexible control over the conditions of
reconnection.

One novel plasma device for magnetic reconnection is demonstrated by Shenguang II and Gekko
XII lasers irradiating a double capacitor-coils target. Optical probing reveals a high velocity,
accumulated plasma plume at the region of magnetic reconnection outflow. The background electron
density and magnetic field are measured around 10" cm™ and 50-60 Tesla with Nomarski
interferometry and Faraday effect, respectively. Compared with high beta magnetic reconnection
experiments driven by Biermann battery effect, the present beta is much lower than one, which largely
extends the parameter regime of laser driven magnetic reconnection and shows potential applications
in astrophysical plasmas [1].

References

1. X.X.Pei,J.Y. Zhong, et al., Physics of Plasmas, 2016, 23, 032125; doi: 10.1063/1.4944928.
2. J.Y.Zhong, et al., Astrophys. J. Suppl. Ser., 2016, 225, 30.

177



A

AbeY.
Agafonov A.V.
Ahmed H.
Albertazzi B.
Aleksandrov A.
Alexander N.
Amano T.
Amendt P.A.
Andreev A.A.
Anishchenko V.S.
Ansmann G.
Antier M.
Appd K.
Argiroffi C.
Arikawa Y.
Asabuki T.
Astakhov O.V.
Atherton B.
Atzeni S.
Audebert P.
Azechi H.

B

Baehtz C.
Baidin I.S.
Balandina G.N.
Barreiro M.
BathgjaD.K.
Beard J.
BelikovichM.V.
Bellanger S.
Berloff P.

Betti R.
Bezruchko B.P.
Bhattachgjee A.
Bilbault JM.
BiskaoD.V.
Bisnovatyi-Kogan G.S.
Bissall J.J.
Blecher M.
Boccaletti S.
Bolafios S.
Bonito R.
Bordet M.
Borghesi M.
Borsoni G.
Bourderionnet J.
Brack F.
Brambrink E.
Brantov A.V.
Brignon A.
Bruzon M.S.
Buffechoux S.
Bulanov S.V.
Bulatov A.A.
Burdonov K.

Bychenkov V.Y u.

C

Ca S.
Campbell P.T.
Ca0 S.
Casademunt J.
Cerchez M.
Chan M K.
Chanteloup J.-C.
Chen B.

Chen H.

Chen J.

Chen J.
ChenL.

Chen M.
Chen M.

97,171, 175
35

53

165

162

165
97,171, 175

83

133

137

129

90

167, 170
132

15

103, 140
162

97,161
104

66, 90, 170,
174

94, 150

INDEX OF AUTHORS

Chen M.
Chen S.N.

Chilingarian A.
Chizhov S.
Chodukowski T.
Chvykov V.
Ciardi A.
Courbage M.
Cowan T.

D

D’Humieres E.
Dai D.
Daniault L.
Davydenko S.S.
De Marco M.
Dd RioE.

Del Sorbo D.
Deng J.
Dewitte B.
Diansky N.A.
Diaz-Guilera A.

Dieckmann M..E.

DijkstraH.A.
Dmitriev A.S.
Dong C.F.
Dostal J.
DrakeP.
DuY.

Duane G.S.
Dudzak R.

E

Ebisuzaki T.
EfremovaE.V.
Eremeev A.
Ermakov S.A.
ErmakovaT.S.
Esirkepov T.Zh.

Evtushenko A.A.

F

Faenov A.Ya
Falize E.
Feigin A. M.

Feudd U.
Fiksel G.
Filipov E.
Filippov E.
Fitzsmmons P.
Foster JM.
Fourmaux S.
Fox W.
Franovi¢ L.
Frenje J.A.
Fsaifes .
Fuchs J.

FujiokaS.
Fukai T.
Fukami K.
FukudaY.
Fukuda Yu.

G

Galaktionov 1.V.
GandariasM.L.
Gangly T.
Garasev M.A.
Gavrilov A.

Geissel M.

178

110

90, 165, 167
170, 174
16, 106, 108
96

160

163

167, 170

31

83, 159

68

32

90, 174
122
132
161
112

167

159

84,113, 114
127,131, 132

69, 90, 149,
152, 165, 167,
170,174
97,171,175
35

157

157

153

141

36

174

166

84, 113, 114,
127,131
165

Gerasimov M.Yu.
Ginzburg V.N.

Giuffrida L.
Gjurchinovski A.
Glazunov A.V.
Gode S.
Golovanov A.A.
Goremyko M.V.
Grebenev V.
Gremillet L.
Grisollet A.
Gritsun A.

Guan C.
Gubchenko V.M.
GuoY.

Gusev A.V.
Gushchin M.E.
GushchinaD.Yu.

H

Hadjisolomu P.
Hallin E.
Hartigan P.
Hashida M.
HataM.

He X.T.
Heilmann A.
Hellen E.
Hernandez-Navarro LI.
Higginson D.P.
Hiratani N.
Hodge T.
Hoffman N.M.
Hoshino M.
Hou B.X.
Hramov A.E.
Hrebicek J.

Hu Guang-yue
Huang C.
Huang M.
Hurd L.

|

Ilin N.V.

Inoue S.
Ishbulatov J.M.
Itskov V.V.
ludin D.1.
Ivanovsky A.V.
lwamoto M.
lwasa Y.
Iwata N.

J

Jeong B.
Jequier S.
Jitsuno T.
Johzaki T.
JuhaL.

K

Kalinowska Z.
Kamenkovich I.
Kamitsukasa N.
Kanbayashi K.
Kar S.
Karavaev A.S.
Kawahito D.
Kawanaka J.
Keenlyside N.S.
Khaghani D.
Khain A.P.
Khalique C.M.

32
70, 74, 75, 90,
174

97,171, 175
160

160
120
97
11
160
39
157
92,97,171
1
170
121
40



Khazanov E.A.

Khazanov G.E.
Khiar B.

Kiday.

Kieffer J.C.

Kim G.H.
Kimmel M.
Kingham R.J.
Kirillov S.Yu.
Kiselev A.R.
Kishimoto H.
Kishimoto Y.
Klein SR.
Klinshov V.V.
Kocharovskaya E.
Kocharovsky V.V.
Kocharovsky VI.
Kochetkov A.A.

KodamaR.
Koenig M.
KogaK.

Kohout A.L.
KojimaS.

Kon A.

Kondo K.
Kondrashov D.
Konopkova Z.
Korneev Ph.
Korobeynikova A.P.
Korobkov S.V.
Koronovskii A.A.
Koryukin I.V.
Korzhimanov A.
Kostyukov 1.Y u.
Kozhevatov |.E.
Kravtsov S.
Kroll F.
Krousky E.
Krus M.
Krushelnick K.
Kudryashov A.
Kudryashov A.
Kulikov M.Y u.
Kulikova E.H.
Kumar D.
Kuramitsu Y.
Kuranz C. C.
Kurths Ju.
Kuterin F.A.
Kuzmin A.
KuzminaM.S.
Kuznetsov I.1.
Kuznetsov M.B.
Kuznetsov S.P.

L

Laffite S.
Lallier E.
Lamb D.
Larat C.

Law K.F.F.
LeDortz J.
Lech Z.
Lederer M.
LeeB.
LeeS.
Lehnertz K.
Leoncini X.
Levesgue J.
Levesgue J.
Lezhnin K.V.
Li C.

Li F-Yu
LiJ

Liang Yi-han

70, 74,75, 76,
82,90, 174
122

167, 170

34,42
84

166

84

70, 74, 75, 100,
174
165, 175
159

175

126
97,171
165

97

123

83

21, 159

22

118, 125
86, 90, 174

21, 159, 162
67

126

155

Liao A.

Liu Sh.
LiuW.-Yu.
LiuYy.
Loskutov E.M.

Loureiro N.F.
Lucarini V.
Luo A.C.J.
Luo W.
Lutoslawski P.
Luttjohann A.
LylovaA.

M

Makarov V.V.
MakitaM.
Maksimchuk A.
Maksimenko V.A.
Mangin L.
Manuel M.
Mareev E.A.
Maslennikov O.V.
Masoliver M.
Masoller C.
Masson-Labprde P.-E.
Matsumoto Y.
Matsuo K.
McKelvey A.
Melekhov A.V.
Michel T.
Mileham C.
MimaK.
Mironov E.A.
Mironov S.
Miyanaga N.
Morace A.
Moreno Q.
Morfu S.
Morita H.
MoritaT.
Mortikov E.V.
Mosekilde E.
Motter A.E.
Mourou G.
Mukhin D.N.

Mukhin 1.B.
Murakami M.

N

NagashimaT.
Nagatomo H.
Naka M.
Nakata Y.
Nakatsutsumi M.
Naughton K.
Nechaev A.A.
Nees J.
Nekorkin V.I.

Nerush E.N.
Nicolaou Z.G.
Nilson P.M.
Nishimura H.
Nkeumaleu G.M.
Norimatsu T.

(6]

Oberlack M.
Oginov A.V.
OkiharaT.
Orlandi J.G.
Orlando S.
Osmanov R.
Ozaki N.
Ozaki T.

179

84, 113, 114,
127,131
172

115

46

67

160

38

80

97,171

163

173

159

163
97,171, 175
81

82, 90
92,97,171
97,171, 175
164

29

1711

159

130

84,113, 114
127,131
66, 88
97,171

92

97,171
97,171,175
17

83, 165

170

132, 166
163

41, 42, 47, 49,
74,

85

50

163
97,171,175
58

97,171

51
133
157
55
170
90
159
171

[=]
Palashov O.V.
Pelka A.

Pepin H.
Perezhogin P.A.
Petrasso R.D.
Pfeifer M.
Pigasin A.V.
Pikuz S.

Pikuz T.A.
Pinsky M.
Pisarczyk T.
Pokrovskiy G.V.
Polezhaev A.A.
Politi A.

Ponomarenko A.G.

Ponomarenko V.I.
Portugall O.
Posukh V.G.
Price C.

Priebe G.
Prokhorov M.D.
Pukhov A.M.

Q
Qiao B.
QiaoF.

R

Rakov V.A.
Rambo P.
Rasmus A.M.
Raymond A.
Read M.P.
Recio E.
Reutov V.P.
Revet G.

Ribeyre X.
Ridgers C.P.
Riecke H.

Rigon G.
Rinderknecht H.G.
Riquier R.

Rodel M.
Rodionov A.A.
Rodriguez R.
Rosenberg M.J.
Rosse M.

Rozi F.

Rudko M.
Rukosuev A.
Runnova A.E.
Ryazantsev S.N.
RybushkinaG.V.
Rypinal.

S

Sagisaka A.
Sakabe S.
Sakagami H.
Sakaguchi H.
Sakata S.
Sakawa Y.

Sal E.
Samarkin V.
Sangster T.C.
Sawada H.
Schmidt A.
Schoeffler K.M.
Schall E.
Schollmeier M.
Schramm U.
Schwarz J.
Séguin F.H.
Seleznev A.

90, 159, 167,
170, 174

97

97,171
157
171
159

78, 80
162
11

172

24, 37

165

159

165

162

84, 113, 114



Seleznev E.P.
Semenova N.1.
Sentoku Y.

Serebryakov D.A.
Sergeev D.A.
Shagalov S.V.
Shaikhislamov I.F.
Shaikin I.

Shao J.

Shaykin A.

Shaykin .
Shchapin D.S.
Sheldakova J.
Shen H.H.
ShenM.-L.
Sheng Zh.-M.
Shevchenko I.V.
Shimizu T.
Shimogawara H. 159
Shiraga H.
Shpakov K.V.
Sidak E.V.
SilinD.E.
SilvaL.O.
Simon-Boisson C.
Singh S.
SioH.W.
SkalaJ.
Skobelev 1.Yu.
Sladkov A.
SmetsR.
Smirnov D.A.
Snetkov I.L.
Solomonoval.V.
Soloviev A.
Soloviev A.

Song Z.

Soriano J.
Speransky S.B.
Stankevich N.V.
Starodubtsev M.
Stepanov A.N.
Stoekl C.
Strelkova G.1.

53

28,57

97, 165, 171
175

85

137

138, 139
173

86

87,99

75, 76, 86, 90,
100, 174
90, 174
42,49

78, 80, 141
126

53, 56

90, 165, 174
166

163

28, 57

Strikovskiy A.V.
Sukharnikov K.
Sunahara A.
Syssoev A.A.

T
Tang Hui-bo
TassinV.
Tchakoutio Nguetcho
A.S.

Teller S.
Teramoto K.
Terao T.
Ter-Avetisyan S.
Thomas A.G.R.
Thomas J.
Thorpe I

Tibau E.
Tikhonchuk V.
TokitaS.
ToncianT.
Toporovsky V.V.
Tosaki S.
Trantham M.R.
Tribbia J.
Troitskaya Yu.l.
TsonisA.A.

U
UedaK.I.
Ullschmeid J.

\%

VaisO.E.

Van Box Som L.
Van Luijtelaar G.
Venediktov V.Yu.
VivesE.

Volkov E.
VyruchakinaT.Yu.

w

Waclawczyk M.
Wada S.

Wang W.

Wang Yu-lin
Wei M.S.

180

112

25, 88, 93
160

Wheeler J.
Wilks S.C.
Willi O.
Willingale L.
Wu zh.

X
XuZ.

Y

Yakovlev A.l.
Yakovlev I.
Yamanoi K.
Yanchuk S.
Yang J.
Yang Yu.
Yanovsky V.
Yao A.

Yao W.P.
YashinV.
YasuharaR.
Yogo A.
Young R.P.
YuJd-Ye
YuanT.
YuanY.

z

Zakharov Yu.P.

Zakharova A.
ZappalaD.A.
Zastrau U.
Zhang J.
Zhang Zhe
Zhao Bin
Zhao Yu.
Zheng Jian
Zhong J.Y.
Zhou D.

Zhu D.

Zhu M.

Zhu Ping
Zuev A.S.
Zulick C.
Zuo Yang
ZylstraA.B.

82
162
170

87,99

173
37,62
129
83

63

176

155
87,99
155
177
88
116
99
155

163
155
162



International Symposium

TOPICAL PROBLEMS
OF NONLINEAR WAVE PHYSICS

(NZW

Sponsors




The organization of NWP-2017 was supported
by the Government of the Russian Federation under the program
designed to support research projects implemented under
the supervision of the world’s leading scientists at Russian
institutions of higher learning

Grant No. 14.750.31.0007
“Laboratory and numerical investigation of plasma phenomena

in extreme astrophysical objects”
Leading scientist — Julien Fuchs

Grant No. 14.750.31.0033
“Novel approaches to investigation of climate processes and prediction
of extreme events”
Leading scientist — Juergen Kurths

by the Russian Foundation for Basic Research
Grant No. 17-02-20327

by Russian and foreign companies producing optical
and laser equipment

as well as by the European Physical Journal (EPJ)



AVESTA

lasers and equipment

= Single-box design

» Combined RA/MPA scheme with a single pump
+ >10 mJ/pulse

«Variable repetition rate

- Contrast >10%1

« <40 fs pulse duration

« Upgradeable up to TW level

TETA Yb Regenerative Amplifier

= 1030/ 515/ 343 / 248 nm possible outputs

«>5W average power at 1030 nm

« Industrial and scientific application

- Compact single-box solution

« More than 200 pJ/pulse at 1030 nm

- <300 fs pulse duration

+ High beam quality

- Excellent beam pointing and long term power stability

FREGAT Cr:Forsterite Regenerative Amplifier

« Operating wavelength 1240 nm
- Pulse duration: <120 fs
+ Single-box design
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REUS Ti:Sapphire Regenerative Amplifier

- Compact single-box rigid design

= >2 mJ/pulse

- Can be upgraded to higher energies

- <40 fs pulse duration

= High beam quality

« Excellent beam pointing and long-term power stability

AVET Ti:Sapphire TW Laser System

- Single-table design

» Up to 10 TW commercial system

« <45 fs pulse duration

« High beam quality

« Excellent beam pointing and power stability

« Pulse duration down to <7 fs TL

- Up to 1:10 compression ratio

« Energy efficiency 50%

« Input pulse energy up to 1 mJ
=800 and 1030 nm standard models
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Whether you are working at 1 kHz or 1 MHz, Coherent femtosecond
amplifiers operate at extraordinary levels of quality, accuracy, and
repeatability. Our HALT designed, HASS verified scientific lasers deliver
industrial-grade reliability.

Join the Industrial Revolution in Ultrafast Science
coherent.com/industrial-revolution

COHERENT.

Superior Reliability & Performance



Astrella, our one-box Ti:Sapphire amplifier, delivers industrial-
grade reliability that allows you to focus on results, publication,
and funding. Join the Industrial Revolution in Ultrafast Science
to advance your research and reduce your cost of data.
coherent.com/industrial-revolution

COHERENT.
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Laser components Ltd has leading positions
among suppliers of optical and electronic
components in Russia. The company supplies
both standard catalog products and custom
optical components for a wide range of
wavelengths from 193 nm to 10 microns, from
various optical materials.

Our products: windows, plates, filters, prisms, mirrors, lenses (with spherical and aspheric surfaces,
including off-axis).

One of the important directions of the company's activity is the production of large-aperture
optics according to customer's design: windows, mirrors, polarizers, diffraction gratings, phase plates,
slabs of neodymium doped phosphate glass.

Also, the company offers a wide range of optomechanics and measuring equipment. Laser
Components Ltd is the official distributor of European companies: Laserpoint (thermal sensors),
Duma Optronics (laser beam profile meters), Lasertechnik (pyroelectronic detectors, THz detectors).
One of the world's leading manufacturers of optical glass, the Chinese company CDGM Glass has
granted Laser Components Ltd the right to exclusive sales of blanks of large sizes (up to 900 mm) of
H-UK9L glass with high optical homogeneity (up to 2 ppm) and high volume threshold.

The main customers of the company are Rosteccorporation, ROSATOM Group and Roscosmos
corporation.

Important advantages of the company are: many years of experience in the Russian market, an
international team of professionals, the ability to control the quality of products at manufacturers,
experience with purchasing procedures on electronic trading platforms (FL 223 and FL 44), as well
as work on individual accounts within the framework of execution of state contracts (FL 159 and
FL 275).
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Thales is the world leader in the design, development and manufacturing of nanosecond
lasers and high intensity, ultra-short Ti:Sa laser systems. For more than 30 years Thales
has been driving innovative solutions through a large patents portfolio and scientific
collaborations. With hundreds of systems already installed worldwide, and a recent
commission to deliver a laser system within Romania's ELI-NP project that will generate
an unprecedented 2 x 10 petawatts, Thales demonstrates Petawatt turn-key systems.
More than just exceptional technical performance, we ensure that we provide the most
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MOSCOW was founded in 114? by Prince Yuri Doigo-
rukiy. The historical heart of the capitalis the ensemble
of the Kremlin with the Armory Chamber, a treasury of
Russian tsars. One can see murals by the world-famous
painter Andrei Rublev in the Annunciation Cathedral of
the Kremlin. The Tsar Cannon and Tsar Bell are unique
masterpieces of the Old Russian foundry art.

Moscow, with its popluation of about 12 million peo-
ple, is multifaced. Its iconic images include the Red
Square, the Spasskaya Tower with its famous carillon,

ST. PETERSBURG is one of the most heautlful cities in Europe The majestu:
appearance of St. Petersburg is created by a variety of architectural details including
long, straight boulevards, vast spaces, gardens and parks, decorative wrought-iron

embankments and bridges, gives the city a unique and striking ambience.
The most famous of St. Petersburg’s museums are the Hermitage and the

O
St. Basil's Cathedral, skyscrapers built in the 1930s, and %Q\‘;‘ fences and sculptures. The Neva River itself, together with its many canals and their
many others. As you walk along Tverskoy Boulevard, zé granite
Stoleshnikov Lane, Great Nikitskaya Street, and Arbat, c)\,?

you can feel the living breath of Moscow history.
The streets and lanes of Zaryadye and Zamoskvorechye have preserved ancient temples, strip
malls, and merchant's estates. Moscow has more than a hundred museums. The State Tretyakov
Gallery and Pushkin Art Museum are the richest art collections. The capital has more than thirty
professional theaters, including Bolshoy with its celebrated Russian ballet.
The wonders of Moscow include Ostankino television tower and Moscow Metro. Moscow is
one of the largest scientific centers with tens of universities, R&D institutions, and laboratories.

Panorama of the Moscow Kremlin
from the Moskva river *_OQ

-.J
= ol Wum

Russian Museum. St. Petersburg has been known as the city of palaces. One
of the earliest of these is the Summer Palace, a modest house built for Peter
Tin the Summer Garden (1710-1714). Much more imposing are the baroque
residences of their associates, such as the Kikin Hall and the Menshikov Pal-

) ace on the Neva Embankment designed by Domenico Trezini in 1710-1716.

A residence adjacent to the Menshikov palace was redesigned for Peter II
and now houses the state university. The mostillustrious of imperial palac-
es is the baroque Winter Palace (1754-1762), a huge building with daz-
zlingly luxurious interiors, now housing the Hermitage Museum.

The largest church in the city is St Isaac’s Cathedral (1818-1858), one
of the biggest domed buildings in the world, constructed under supervision
of Auguste de Montferrand. Another magnificent church in the Empire style
is the Kazan Cathedral (1801-1811), situated in the Nevsky prospect. No
tourist can miss the Church of the Savior on Blood (1883-1907), a gorgeous
monument in the old Russian style which marks the spot of Alexander II's
assassination. As Peter the Great forbade building onion domes, this church
is exceptional in the city with its onion-shaped tower.

St Petersburg is surrounded by imperial residences: Peterhof, with the
Grand Peterhof Palace and glorious fountain cascades; Tsarskoe Selo (Push-
kin), with the baroque Catherine Palace and the Alexander Palace in classi-
cist style; and Pavlovsk, which contains a domed palace of Emperor Paul and
one of the largest English-style parks in Europe.



Uglich. Panorama from the Volga river

UGLICH the first records of which date back
to 1148, s one of the most picturesque old Rus-
sian towns. The magnificent view from the Vol-
ga river includes an ensemble of 17th century
churches, the Kremlin, trade rows, wooden hous-
es. The most famous and dramatic event in the
town’s history took place at the end of the 16th
century when Tsarevich Dmitriy, successor of the
throne was allegedly murdered, which gave rise
to the political crisis known as the Time of Trou-
bles. In commemoration of Tsarevich Dmitriy a
beautiful church of St.Dmitry-on-Blood was
erected. The 17th-18th centuries was a time
when wonderful architectural ensembles were
constructed — the monasteries of St. Alexius, Res-
urrection, Apparition of Christ. By the middle of
the 19th century the town was rebuilt accord-
ing to the master-plan. Many buildings in the
center of the town are preserved to the present
day: the building of the Town Council, the fire
tower, as well as some mansions.

Uglich. Dam and lock-gate

MYSHKIN. The site of the present-day
Myshkin was inhabited already in the V-III
centuries B.C. According to the reform of
Catherine II, Myshkin got the status of town
in 1777. Two cathedrals make the center
of the town: Nikolsky and Uspensky, which
was built in the first half of 19th century
with the donations of Myshkin merchants.

But it is Mice that the town is famous
for. It is the only town in the world that is
named in the honor of Mouse.

Myshkin. Former
public library

The world’s only museum of Mouse
boasts enormous collections of decorative
mice. Thousands of tourists from all over
the world visit the small mouse town every
year to kneel before the great Mice.

|

) Kirillo-
Belozersky
Monastery

KIRILLO-BELOZERSKY MONASTERY in the
town of Kirillov on Lake Siverskoye is situated not
far from GORITSY.

The monastery was founded by monk Kirill
Belozersky at the end of the 14th century. The
icons in the Assumption Cathedral date back to the
15th century, and the murals in the cathedral
telling the story of the Virgin Mary’s life, to the
17th century.

The Apocalypse murals in the porch that were
painted at the same time are not less interesting.
The magnificent ensemble of the monastery com-
prises the Churches of Baptism of Our Saviour, of
John the Baptist, and of the Archangel, farmeries,
fortress walls with high bartizans and two over-
the-gate churches. The local museum has collec-
tions of manuscripts, ancient utensils, samples of
wooden carving and traditional embroideries.

Goritsy. Parlorama from the water

Located at the crossing of a waterway connecting
central Russia with Lake Onega and a road connect-
ing St. Petersburg with Arkhangelsk, VYTEGRA was
once an important transit point for cargo. The idea to
build a canal connecting the drainage basins of the
Neva and the Volga rivers was already discussed by
Peter the Great, but the canal, formerly the Mariinsky
System, was only built in 1810.

In the 20th century, it was reconstructed and

renamed the Volga—-Baltic Waterway. The remains

of the Mariinsky System, a few dwelling houses of

the 19th century, the Presentation Church and

B440 Foxtrot-class submarine are the main sites
of interest in Viytegra.

| Valaam Monastery.

£¥ Transfiguration

1 v Cathedral

VALAAM ARCHIPELAGO is staggeringly
beautiful due to the fantastic maze of its coves,
lakes, and rocks. The ancient Valaam Monastery
is situated here; it was first mentioned in chron-
icles in the 10th century.

The Monastery was completely self-sufficient
and monks produced all the necessary products
themselves while working at small factories, saw-
mills and farms, constructing buildings. At the
beginning of the 20th century the Valaam Mon-
astery became one of the wealthiest Russian
Monasteries, comprising a kind of a small state
with 13 smaller monasteries under control.

During the Second World War the Archipelago
was under control of Finland and returned back
to the USSR in 1944. Since that time the Monas-
tery was closed until 1989. Now it is functioning
again. The monastery, hermits’ huts, and chap-
els built in the Russian-Byzantine style are ar-
chitectural masterpieces.

Vytegra. Submarine-museum
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