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Effect of edge ion temperature on the divertor W sputtering on WEST
Y. Li', N. Fedorczak?, G. S. Xu!, Y. Liang?, S. Brezinsek®, J. Morales?, and the WEST team*
!Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China
2CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France
3Forschungszentrum Jiilich GmbH, Institut fiir Energie- und Klimaforschung — Plasmaphysik,
Partner of the Trilateral Euregio Cluster (TEC), 52425 Jiilich, Germany
“See (http://west.cea.fr/WESTteam) for the WEST team
Email (speaker): ylli@ipp.ac.cn

Due to the lack of routinely ion temperature measurement at the SOL, the study of tungsten
erosion and transport is usually limited to the electron temperature measurement, and the effect
of the ion temperature is barely considered in theoretical simulations [1]. This presentation
introduces a study of the edge ion temperature effect on the tungsten (W) sputtering in the
WEST tokamak by means of the retarding field analyzer [2], the divertor Langmuir probe array
[3] and the divertor visible spectroscopy [4]. By gradually decreasing the SOL electron density
and maintaining a constant SOL power, the upstream ion temperature and its ratio over the
electron temperature both gradually increase. This increment is observed to enhance the energy
transfer from ions to electrons, which in turn increases the downstream electron temperature
and enhances the downstream W sputtering. The energy transfer rate was estimated to gradually
decrease with the increase of the normalized electron collisionality. Its value comparing with
the perpendicular ion and electron energy transport rate are roughly Qg,/Q,;~1/5 and
Qeq/QLe~1. This indicates that the energy transfer from ions to electrons play an important
role in governing the edge plasma energy balance. An analytical equation considering the ion
and electron coupling term is introduced to predict the upstream and downstream electron
temperature ratio (7eu/7eq). The result is more precise than the traditional analytical equation [5]
in comparing with the experimental measurement. Based on the new analytical equation,
increasing the upstream 7i/ 7. ratio or electron collisionality would decrease the Teu/7eq ratio and
potentially increase the W material sputtering risk. This work may help to facilitate the
understanding of the effect of the coupled ion and electron energy on the W sputtering.

Reference:

[1]Brezinsek S. et al. 2019 Nucl. Fusion 59 096035

[2]Kocan M. et al. 2008 Rev. Sci. Instrum. 79 073502

[3]Dejarnac R. et al. 2021 Fusion Eng. Des. 163 112120

[4IMeyer O. et al. 2018 Rev. Sci. Instrum. 89 10D105

[5]Stangeby P. C., The plasma boundary of magnetic fusion devices (CRC Press, 2000).



Predicting the physics of ion cyclotron emission from neutral beam-
heated plasmas in the Wendelstein 7-X stellarator

O Samant!, R O Dendy?!, S C Chapman'?, D Moseev*and R Ochoukov®

ICentre for Fusion, Space and Astrophysics, Department of Physics,
Warwick University, Coventry CV4 7AL, UK

2CCFE, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, UK
3Department of Mathematics and Statistics, University of Tromsg, Norway
“Max-Planck-Institut fir Plasmaphysik, Wendelsteinstr. 1, 17491 Greifswald, Germany
®Max-Planck-Institut fir Plasmaphysik, Boltzmannstr. 2, 85748 Garching, Germany

Recent observations of spontaneously generated radiation in the ion cyclotron range of
frequencies from the KSTAR and DIII-D tokamaks, and from the LHD heliotron-
stellarator, show that energetic neutral beam injected (NBI) ion populations can relax
collectively in the edge plasma near their injection point, resulting in ion cyclotron
emission (ICE). Its spectrum has strongly suprathermal peaks at harmonics of the local
ion cyclotron frequency. Edge NBI ICE is due to the magnetoacoustic cyclotron
instability (MCI), which has been simulated [for KSTAR, B Chapman et al., Nucl.
Fusion 59, 106021 (2019); for LHD, B C G Reman et al., Nucl. Fusion 59, 096013
(2019)] from first principles, using particle-in-cell (PIC) kinetic codes which solve the
Maxwell-Lorentz system of equations self-consistently for tens of millions of gyro-orbit-
resolved particles. Comparison of ICE spectra from tokamaks and stellarators sheds light
inter alia on the relative importance of overall magnetic field structure compared to
spatially localised physics. Here we report PIC simulations that predict ICE spectra from
imminent observations from NBI-heated plasmas in the Wendelstein 7-X stellarator.
These simulations are computationally resource-intensive, partly due to the low ratio of
the perpendicular velocity of the NBI ions to the local Alfvén velocity, requiring typically
200,000 CPU-hours apiece. Our simulations capture the entire frequency range from ion
cyclotron through lower hybrid and well beyond, with high fidelity. It appears that both
the MCI and the lower hybrid drift instability, found in related simulations (J W S Cook
et al., Phys. Rev. Lett. 105, 255003 (2010)), may operate simultaneously in the
Wendelstein 7-X scenario. We explore how far they embody similar underlying physics,
perhaps linked, at the level of first principles kinetics. The development of a predictive,
as distinct from ex post facto interpretive, capability for linking ICE spectral structure to
the velocity-space structure of the emitting ion population is important for the diagnostic
exploitation of ICE in present and future fusion experiments.

This work received support from the RCUK Energy Programme grant no. EP/T012250/1. It was carried out
within the framework of the EUROfusion Consortium and received funding from the Euratom research and
training programme 2014-2018 and 2019-2020 under grant agreements 633053 and 101052200. The views
and opinions expressed herein do not necessarily reflect those of the European Commission.



The helically-trapped electron mode in W7-X stellarator

J.H. Nicolau!, Z. Lin', X.S. Weil, PF. Liu! and G. Brochard!

' Department of Physics and Astronomy, University of California, Irvine, USA

This work reports the discovery of a new driftwave eigenmode in the W7-X from the first
ever nonlinear gyrokinetic simulation of microturbulence in the stellarator incorporating both
full flux-surface and kinetic electrons. Global simulations are necessary to study key physics
of the non-axisymmetric stellarator such as linear toroidal coupling of multiple-n toroidal har-
monics (e.g., localization of eigenmodes to discrete magnetic field lines, linear coupling be-
tween zonal flows and low-n harmonics etc), turbulence spreading, and secular radial drift of
helically-trapped particles. In this work, global gyrokinetic simulations using the GTC code [1]
find a new electrostatic helically trapped electron mode (HTEM) driven by a realistic density
gradient in the W7-X. The HTEM is excited by helically trapped electrons at the toroidal sec-
tion with a weak magnetic field. The linear eigenmode is localized to discrete field lines on the
inner side of the torus. Nonlinear simulations find that the HTEM saturates by inverse cascade
of the toroidal harmonics from a linear range of n=[100,300] to a nonlinear range of n=[0,200]
and by turbulence spreading to the damped region across the whole flux-surface and in the ra-
dial direction. Zonal flows play a secondary role in the HTEM saturation. The saturated HTEM
turbulence drives a large particle diffusivity comparable to the heat conductivity driven by the
ion temperature gradient (ITG) turbulence [2] with similar gradient scale lengths. The HTEM
can only be captured by full flux-surface simulations since helically trapped electrons residing
in different flux-tubes can either drive or damp the HTEM. The full flux-surface simulations
with kinetic electrons only become feasible thanks to the GTC global field-aligned mesh in
real space, which reduces the number of parallel grid points by a factor of 150 in these W7-X

simulations.

References
[1] Z.Lin et al, Science 281, 1835 (1998)
[2] H.Y. Wang et al, Phys. Plasmas 27, 082305 (2020)



Plasma perturbation by active probes in the SOL of W7-X

C. Killer!, O. Grulke!, W7-X Team'
I Max Planck Institute for Plasma Physics, Greifswald, Germany

Electric (Langmuir) probes are a common diagnostic tool for the investigation of plasma edge
physics in magnetized fusion plasmas. While they offer several advantages, such as highly
localized measurements and typically good temporal resolution, they have the inherent

drawback of being an invasive diagnostic, potentially perturbing the plasma.

Experiments involving electrically biased reciprocating probes in the test divertor operation
phase of the Wendelstein 7-X stellarator (2017-2018) reveal a variety of (unintended)
phenomena attributed to perturbations by the probes:

Firstly, negatively biased probes, drawing ion saturation current, affect the fluctuation
characteristics in the 100kHz range of nearby unbiased probes.

Secondly, a single swept Langmuir probe can strongly affect the signals of all nearby electric
probes while it is at electron collection (positive) bias. The effects include a strong
modulation of both time-averaged values and fluctuation characteristics. In particular,
electron collection currents of ~1A by the swept probe at positive bias voltages can clearly
affect plasma conditions measured by divertor target probes on flux tubes passing closely
nearby the reciprocating probes at a parallel distance of ~10m.

Finally, the insertion of a reciprocating probe head into a magnetic island can redistribute heat
and particle fluxes within the island, causing factor 2 changes (both increases and decreases)
in density and temperature at the divertor targets, presumably by acting as a field-line limiting

object.

This contribution summarizes these observations, infers scenarios to minimize perturbations
in future experiments, and explores potential exploitations of perturbations: As an example,
the clear response on target probes due to a reciprocating swept probe can help in mapping
magnetic field lines. Furthermore, the propagation of active perturbations provides insight
into the SOL plasma physics. Finally, modification of plasma conditions and particularly E;
shear by biased electrodes with the goal of tailoring SOL heat and particle fluxes has been
attempted in several fusion devices, e.g. [Zweben PPCF 51 105012 (2009), Grenfell NF 59
016018 (2019)].



A statistical analysis approach of plasma dynamics in gyrokinetic

simulations of stellarator turbulence
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A geometrical method is used for the analysis of stochas-
tic processes in plasma turbulence. Distances between ther-
modynamic states can be computed according the thermo-
dynamic length methodology which allows the use of a Rie-
mannian metric on the phase space. The geometric method-
ology is suitable in order to understand stochastic processes
involved in e.g. order-disorder transition, where a sudden
increase in distance is expected. Gyrokinetic simulations of
Ion-Temperature-Gradient (ITG) mode driven turbulence in
the core-region of the stellarator W7-X, with realistic quasi-
isodynamic topologies using the GENE [1] software are
considered. In gyrokinetic plasma turbulence simulations

avalanches, e.g. of heat and particles, are often found and
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in this work a novel method for detection is investigated. This new method combines the Sin-

gular Spectrum Analysis algorithm [2, 3], formulated for 1D and 2D data, and Hierarchical

Clustering such that the gyrokinetic simulation time series is decomposed into a part of useful

physical information and noise. The informative component of the time series is used for the

calculation of the Hurst exponent, the Information Length and the Dynamic Time. Based on

these measures the physical properties of the time series is revealed.

References
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Investigation of tungsten EUV line and background emission and

determination of its density in the WEST tokamak

M.Y. Boumendjel!, R. Guirlet!, C. Desgranges', E. Popov?, J. L. Schwob?, O. Peyrusse*
I CEA/Institut de Recherche sur la Fusion Magnétique, 13108 Saint paul Lez Durance Cedex, France
2 dix-Marseille Université, Ecole Centrale Marseille, Institut Fresnel UMR 7249, Marseille, France.
J Racah Institute of Physics, Hebrew University of Jerusalem, Israel

* dix-Marseille Université, Laboratoire Lasers Plasmas Procédés Photoniques, Marseille, France

The inner walls of current (AUG, JET, WEST) and future (ITER) tokamaks use tungsten
W. In many devices with W wall components, plasma scenarios have been developed aimed at
minimizing W erosion from the plasma facing components and W contamination of the
confined plasma. A crucial criterion for the success of those scenarios is the core W density.
For this reason, it is important to determine the W density experimentally [1]. However, little
attention has been given to the tungsten spectrum background that may affect its density
determination. The aim of this work is to analyze the tungsten spectral emission in the EUV
region measured in the WEST tokamak by a grazing incidence spectrometer [2] and to extract
from the spectrum background some information complementary to the spectral line intensities
for the determination of tungsten density in the plasma core.

In a recent work [3], a method was developed to compute the local tungsten density
from its line brightness in the EUV region in WEST tokamak. The density of the W*?* to W***
ions was computed from isolated strong lines emitted in the 120-135 A region. In the present
work, we model the spectrum background. It appears to be complex, because in addition to the
Bremsstrahlung and the radiative recombination, higher diffraction orders of the quasi-
continuum emission may contribute to the background. We have calculated the grating
efficiency, and in our spectral region of interest (120-160 A), the results show that the
contribution of the second and third orders is negligible compared to the other emission types.
The bremsstrahlung and the radiative recombination emissions are computed with the help of
the experimental Zes and the W density deduced from the EUV line measurements. Assuming
three types of impurities: light (C, N, O), mid (Fr, Cu) and W, we can thus assess the impurity
mix from the consistent modeling of the background and of the spectral lines by fitting it to the
measurements. This allowed us to develop a fitting method for the EUV spectra and evaluate
the impact on the derived line intensities. The method is used to resolve the tungsten blended
lines, to extract properly the line characteristics and to determine the tungsten density. It is also
used here to show that W accumulation triggered by ICRH is responsible for a radiative collapse
in a WEST plasma.

[1] Asmussen, Knut, et al. "Spectroscopic investigations of tungsten in the EUV region and the determination
of its concentration in tokamaks." Nuclear fusion 38.7 (1998): 967.

[2] Schwab, J. L., et al. "High-resolution duo-multichannel soft x-ray spectrometer for tokamak plasma
diagnostics." Review of scientific instruments 58.9 (1987): 1601-1615.

[3] R. Guirlet, et al. To be submitted.
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Analysis of divertor fluxes with proper orthogonal decomposition method
in Wendelstein 7-X

M. Sl@czkal, M. JakubowskiZ, H. Niemann?,
A. Puig Sitjes?, H. Tanaka®, B. Zamorski' and W7-X team
U Institute of Physics, University of Szczecin, Szczecin, Poland
2 Max-Planck-Institut fiir Plasmaphysik, Greifswald, Germany
3 Graduate School of Engineering, Nagoya University, Nagoya, Japan

Wendelstein 7-X uses a so-called island divertor for heat and particle exhaust, which uses
large magnetic islands to form strike lines on ten divertor units: five on top, five on bottom. This
leads to specifics, strongly three-dimensional structure of the heat flux distribution, which is
sensitive to magnetic configuration and plasma parameters. During the last campaign, OP1.2b
(2018), a few programs were performed where a set of 10 so called control coils (located behind
each divertor units) were used to modify edge islands geometry and by that strike line shape
and position. Data collected during the discharge by 10 infrared camera systems were analysed
by the 2D THEODOR code in order to obtain heat flux distribution across all 10 divertors.
However, the analysis is very complicated due to the large amount of data to be considered. The
Proper Orthogonal Decomposition (POD) [1, 2] method was implemented to find the correlation
between strike line parameters and the additional magnetic field generated by the control coils.

POD method has been applied to investigate multidimensional problem allowing to reduce
the number of dimensions in the description. For these studies the time evolution of the heat
peak profile and the wetted area were investigated. It was shown that POD modes changed
as the considered parameters changed. Comparison of both, heat profile and evolution in time

wetted area, with proper time coefficient show clear relation between these quantities.

References
[1] Tanaka H. et al, Plasma Phys. Control. Fusion 60 (2018) 125001
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Upgrades of the Phase Contrast Imaging Diagnostic at Wendelstein 7-X

J.-P. Biihner!, A. von Stechow!, S. K. Hansen?, Z. Huangz, E. M. Edlund?,
M. Porkolab?, O. Grulke'* and the Wendelstein 7-X Team!
' Max-Planck-Institut fiir Plasmaphysik, Greifswald, Germany
2 MIT Plasma Science and Fusion Center, Cambridge, MA, USA
3 SUNY Cortland, Cortland, NY, USA
4 Technical University of Denmark, Kongens Lyngby, Denmark

This contribution presents the details of the technical diagnostic upgrades and proposed ex-
periments for the phase contrast imaging (PCI) diagnostic [1, 2] on the optimised stellarator
Wendelstein 7-X (W7-X). The PCI system, which measures line-integrated and wavenumber-
resolved density fluctuations throughout the entire plasma (e.g. [3]), is a central tool for tur-
bulence characterisation. In preparation for the upcoming long pulse, high performance exper-
iments at W7-X, technical upgrades of the diagnostic have been implemented including a new
infrared CO, laser, improved optical design, spatial mask filters for radially localised measure-
ments and a feedback system for suppression of low frequency noise due to mechanical vi-
brations. Additionally, a heterodyne detection scheme using an acousto-optical modulator will
be added for measurements in the ion cyclotron frequency range. Various experimental pro-
posals making use of these capabilities are planned for the upcoming experiment campaign: a
radial localisation of fluctuations previously inferred despite the line-integrated nature of the
measurements [3] will be further validated using the mask filters. Zonal-flow-like oscillations
of the poloidal flow velocity have previously been observed. Their nature and origin will be
investigated as well as possible connections to coherent MHD modes. A direct comparison of
dedicated experimental measurements to global gyrokinetic simulations is envisioned using a
synthetic PCI diagnostic [4]. Finally, the improved confinement after pellet injection [5] and
other means of profile shaping will be further investigated, in particular with respect to the

spatial distribution of fluctuations.

References
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2D X-ray spectrometer on WEST : diffracting crystals study and first
temperatures profiles
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A 2D X-ray spectrometer has been installed and operated on WEST. Based on the
Bragg’s diffraction law, three crystals, mounted on a rotating table, give access to physical
parameters such as Te and Ti through the Ar XVII K-a spectrum (~3.97 A), the Ar XVIII
Lyman-a spectrum (~3.73 A) and the Fe XXIV K-o spectrum (~1.86 A).

During the first campaigns, the spectrometer results for the ArXVII crystal revealed doubled
spectra, presumably because the crystals have been manufactured as two independent pieces
standing next to each other on the same curved support. These doubled spectra can be fitted
with two parameters, an amplitude ratio and a spectral shift, essentials to extract the temperature

profiles of the plasma.

This paper present experimental and ray-tracing evidence that the observed spectral shift is
indeed due to the double crystal but also to an intrinsic defect, a non-parallelism between the
crystal’s optical surface and its inner mesh. Then, it shows how to best model and fit the doubled
spectrum by studying how the doubling parameters vary on the surface of the detector. Indeed,

significant variations over the entire detector area in spectral shift are demonstrated.

Regarding the variations in the amplitude ratio, several hypothesis are being investigated among
which a vignetting by a spectrometer element and an effect of the polarization of the X-rays.
Although an absolute calibration of the detector has not been done yet, a rocking curve is
numerically estimated in order to characterize the reflectivity power with respect to the incident
angle, the wavelength and the polarization of incident photons. Depending exclusively on
crystallographic properties, this technique can reveal the influence of crystal defects, and more
importantly the non-parallelism, on the diffraction pattern. Numerical curves are used to

estimate the effect of the polarization on the rocking curve.

Finally, systematic analysis of the electronic temperature proxy profile estimated by the
spectrometer will be carried out, in comparison with the ECE measurements, confirming that

the spectrometers yields very valuable profile measurements.






Correlation microwave diagnostics on the Wendelstein 7-X stellarator for

Operational Phase 2
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Germany
Correlation microwave radiometry and reflectometry diagnostics are used to measure electron
temperature and plasma density fluctuations on Wendelstein 7-X (W7-X) [1] and the
capabilities of these diagnostics are being extended for the second operational phase of W7-X.
The ZOOM device [2] is a 16-channel, frequency scannable radiometer extension that is used
as a high-resolution radial correlation electron cyclotron emission (CECE) diagnostic when
connected to the ECE radiometer on W7-X [3]. A new toroidally displaced radial correlation
system with a focusing antenna has been installed that is optimized for core electron
temperature fluctuation measurements between 30% and 70% of the plasma minor radius. A
secondary CECE antenna has also been installed for plasma density-electron temperature
cross phase measurements in the outer 80% of the plasma minor radius. The poloidal
correlation reflectometer (PCR) diagnostic [4] measures plasma density fluctuations in the
same toroidal plane as the new CECE antennas and has overlapping measurement volumes. A
second frequency synthesizer and detection system has been added to the PCR system

3

allowing access to plasma densities up to 4.5x10" m™ and radial correlation length

measurements in the outer 80% of plasma minor radius.

[1] T. Klinger et al., Plasma Phys. Control. Fusion 59 014018 (2017).

[2] Ch. Fuchs and H.J. Hartfuss, Rev. Sci. Instrum. 72 383 (2001).

[3] M. Hirsch et al., EPJ Web of Conferences 203, 03007 (2019).

[4] A. Kramer-Flecken, S. Soldatov, B. Vowinkel, and P. Miiller, Rev. Sci. Instrum. 81 113502 (2010).
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toroidal fields using GORILLA

M. Eder!, C.G. Albert', M.F. Heynl, S.V. Kasilov!:2, W. Kernbichler!

U Fusion@ OAW, Institut fiir Theoretische Physik - Computational Physics, Technische
Universitdt Graz, Petersgasse 16, A-8010 Graz, Austria
2 Institute of Plasma Physics, National Science Center “Kharkov Institute of Physics and
Technology”, 61108 Kharkov, Ukraine

In Ref. [1], a method for quasi-geometric integration of the guiding-center equations in general
3D toroidal fields was introduced. Realized in the GORILLA code [2], this method reduces
the set of guiding-center equations to a linear ODE set with piece-wise constant coefficients
by approximating the guiding-center Lagrangian with a continuous piece-wise linear function
of the coordinates. The latter is achieved by representing the electro-magnetic field quantities
with a 3D linear interpolation within tetrahedral cells which can be built on the basis of the
spatial discretization of edge plasma codes, in particular, of the kinetic neutral code EIRENE.
Thus, direct data exchange with these codes is facilitated. Since this method is not limited by
field topology, its primary target is to model edge plasmas of toroidal devices with a general
3D geometry. Originally, the method has been realized for the approximate, lowest order time
dynamics such that the shape of the orbits in the phase space was corresponding to a Hamilto-
nian system but the evolution in time could lead to minor artifacts in dwell time averages which
are required for the computation of the spatial distribution of macroscopic parameters (den-
sity, plasma flows, pressure tensor). In the present work, the accurate time dynamics outlined
in [1] has been realized in GORILLA resulting in orbits fulfilling the Hamiltonian properties
in the whole extended phase space. The correctness of time dynamics is implicitly verified by
computing the 1% Poincaré invariant in the extended phase space and by directly demonstrating
the preservation of the symplectic form by the GORILLA flow map. The symplectic feature
of the present integration method is also shown analytically in the case that the linear ODE
set is integrated exactly. In GORILLA, a polynomial expansion of this linear set is used, how-
ever, computer accuracy of the resulting guiding-center orbits is achieved by employing a mild
refinement of the integration time step within a tetrahedral cell, if necessary.

Furthermore, the application of the method to guiding-center orbit computation using the spatial
discretization of the EIRENE code for the WEST tokamak geometry is presented as well.
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The European Transport Simulator (“ETS”) [1] is a suite of codes designed to simulate
tokamak plasma discharges. Not only it highlights the evolution of particle density and energy
due to transport effects accounting for particle, heat and current sources, but it equally provides
insight into fast ion dynamics resulting from ICRH (and - if present - beams), and the impact
these high-energy populations have on the plasma core [2]. This tool allows to help understand
the plasma dynamics in WEST and is being used for optimizing the plasma discharge. In
particular, attention is being devoted to identify means to avoid a radiative collapse by ensuring
an efficient electron RF induced heating and to help finding favourable conditions to enable the
L-H transition.

The first step was to verify and validate the simulator in interpretative and predictive mode
for some relevant WEST L-mode plasmas. CYRANO [3] and StixRedist [4] are used as ICRH
modules [5, 6], while transport is assumed to be due to turbulence and is described exploiting the
TGLF module [7]. Collisional electron power computeded with the ICRF modules was
compared with the experimental one obtained by using the Break In Slope method. Scans in
minority density and ICRF power were performed in interpretative mode in order to determine
the electron/ion heating ratio, revealing dominant electron heating and highlighting that the
neutron rate is a sensitive function of the power absorbed by the deuterons. Seeking for the
highest possible compatibility between the various available measurements (electron temperature
profiles, stored energy and neutron rate) while staying within realistic error bars, predictive
modelling which describes the evolution of particle density and temperatures allowed to
estimated the ion temperature profiles and to establish a firm link between the WEST
experimental data (e.g. energy & neutron rate) on the one hand and the thermal and fast particle
profiles resulting from simulation on the other, yielding a better insight in the scenario dynamics
allowing to better steer upcoming experiments.
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Filaments in fusion plasmas are high-density structures aligned with magnetic field lines and
can be responsible for a significant portion of particle transport in the plasma edge. Their origin
is often linked to density perturbations caused by interchange modes, in which curvature and
VB drifts result in charge separation. This polarized structure is moved by E x B drift [1]. Such
filaments have been observed on W7-X by multiple diagnostics, including fast-cameras [2], al-
kali beam emission spectroscopy [3] and reciprocating probes [4].

Due to the complex magnetic geometry, the 2-D description of filaments in W7-X, as it is com-
mon on tokamaks, is insufficient, a 3-D treatment is necessary. Most diagnostics offer a 1 or 2-D
view on filaments, focusing on radial or poloidal motion. To reveal 3-D behaviour, the W7-X
fast-camera system [5] offers a tangential vantage point, from where both poloidal movement
and toroidal structure are visible, including toroidal turn around.

In this study, an analysis of W7-X fast-camera images from various divertor configurations is
presented. The gathered light is filtered to different atomic emission lines, such as Hy and C
III (due to the carbon divertors, it is a common impurity in the edge plasma). Pixel-wise corre-
lations of images from various shots of standard, high and low 1 configurations are compared
to highlight differences in filament geometry and dynamics. Shape and toroidal extent is exam-
ined and showcased in the context of the magnetic geometry by overlaying the projection of
magnetic field lines and flux surfaces. Poloidal rotation of filaments is often seen. Localization
and direction of movement is mapped, its velocity estimated. Results are compared to those of

other diagnostics.
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The radial correlation reflectometry (RCR) is a widely used technics that provides
information on plasma turbulence characteristics. Probing plasma with multiple frequencies
can simply determine the turbulence radial correlation length by the difference in the cut-off
positions where the correlation of the signals disappears. It turned out that this approach is not
always correct [1]. That stimulated theoretical investigation of the RCR and resulted in the
non-linear theory of the RCR in 1D [2] and 2D [3] models. According to the developed
models in the case of strong turbulence or small plasma density gradient the signal spatial
correlation length is a function of both the turbulence correlation length and its amplitude.
Another method of the reflectometry signal analysis was developed for extracting information
on the turbulence spectrum thus the turbulence amplitude [4]. This approach is based on the
relation between the radial wave-number spectrum of the density fluctuations and the phase
fluctuation wave-number spectrum of a reflectometer signal via a transfer function or a
relation established under the Born approximation [5]. Assuming that the main contribution
comes mainly from the vicinity of the cut-off layer, the Parceval's theorem is used to recover
the density fluctuation level, and thus the density fluctuation profile.

Theoretically the two methods can be combined for obtaining the information on both
the turbulence amplitude and its radial correlation length under the conditions when the non-
linear regime of the RCR takes place. Nevertheless this idea has not been used in practice yet.

This paper is devoted to the demonstration and verification of the possibility to use the
two approaches of the RCR signal interpretation simultaneously. On the base of 2D
simulation of a RCR experiment it is shown that this method allows us to resolve the

turbulence amplitude and the turbulence radial correlation length.
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The impact of fluctuations of the confining magnetic field — brought about by finite plasma pressure
— has been studied in detail in axisymmetric toroidal fusion devices (i.e., in tokamaks) [1, 2]. One con-
sequence of finite pressure is the possible destabilisation of electromagnetic plasma waves such as the
kinetic ballooning mode (KBM). Much remains to be better-understood in terms of linear and nonlinear
KBM physics in more complex three-dimensional magnetic geometries [3, 4, 5, 6].

Here, we study the behaviour of finite-f3 ion-temperature gradient (ITG) modes and KBMs - and
the ensuing turbulence - in the Wendelstein 7-X (W7-X) stellarator. Using the gyrokinetic Vlasov code
GENE [7], we determine the onset of KBMs by varying the plasma pressure 8. Of particular interest is
how changes in the magnetic equilibrium or the driving gradients influence the KBM onset. From linear

simulations, we find that increasing the magnitude of magnetic shear delays the onset of KBMs in W7-X

KBM
crit

(i.e., increases the threshold). This effect of magnetic shear on the onset of KBMs is in agreement
with previous work [6].

We further report on the nonlinear behaviour of KBMs, as this regime is of particular interest for high-
performance operation. Here, we present the first-ever nonlinear KBM turbulence simulations in W7-X
geometry, and we discuss the numerical prerequisites for achieving a quasi-stationary state. Scalings of

heat flux with 8 in the ITG-dominated regime as well as above the KBM threshold are reported.
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In the neoclassically optimized W7-X stellarator, particle and energy transport has so far been
dominated by turbulent transport, especially in gas-fueled plasmas generated by ECRH, where
the transport time for impurities is much shorter than predicted by neoclassical theory and the
energy confinement time is somewhat below the ISS04 stellarator scaling [1-4]. During these
experimental programs (usually lasting ~10 s), no evident impurity accumulation has been
observed up to now.
Recently, plasma phases with prominent radiation from the inner plasma region have been
revealed by bolometer tomography in two long-pulse discharges (up to ~50 s; ECRH power
1.2 MW in the initial phase and later halved), which were performed shortly after wall
boronization during the first divertor operational phase. In such discharges, gas refueling is
alternately turned on and off. The radiation intensities (at r/a~0.3) are comparable to that at
the plasma edge (r/a>0.8), which is usually associated with intrinsic low-Z impurities
(typically carbon from the plasma facing components). Spectroscopic diagnostics show an
increasing of high-Z impurity content (mainly Fe ions) and their accumulation in the plasma
core. During the accumulation phases of a few seconds long, a clear increase of the effective
ion charge (Zetr ~1.8) has been observed. At the same time, the plasma stored energy is
increasing (also the ion temperature exceeds the typical limitation of ~1.5 keV [5]) and the
energy confinement time is reaching the ISS04 scaling. This scenario remains in a quasi-
steady state for several tens of seconds and occurs at different power levels in the respective
experimental programs. Further analyses show that 1) a common condition for the occurrence
of this scenario is the peaking of the plasma density profile which has a low edge plasma
density (<1.0x10' m?); 2) this scenario favors a plasma phase fueled solely by recycling
neutrals from the divertors, without any additional gas-fueling. The impurity accumulation
observed is believed to be a neoclassical effect as a result of turbulence suppression which is
driven by density gradient increments [6] (similar to pellet injection experiments at W7-X [7]).
The electrostatic instabilities at ion scales are analyzed through linear gyrokinetic simulations;
the transport of impurities is studied using radiation profiles measured with bolometers.
Detailed results are presented and the sources of high-Z impurities are discussed.
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In a W7-X discharge (3™ shot of the morning, pulse 20180808005) during the previous
campaign, an accidental dropout of one of two ECRH heating gyrotrons, at 15 seconds into
a 55 second planned pulse, allowed a remarkable transition to occur. Initial heating power
was only 1.1 MW, but the stored plasma energy, after first dropping when the power was
cut to 510 kW, actually climbed higher (to 220 kJ) over the next 2 seconds, with only half
the heating power remaining. The plasma density, initially rather flat with core density of
3x10"19 cm”3, peaked to >4.5x10"19 cm”3 by itself during the same time. Turbulence was
reduced, and regular island-localized mode (ILM) activity, not normally present in high-
iota discharges [1] turned on, while the energy confinement time doubled, from 200 msec
to 400 msec. The ion temperature climbed to 1.8 keV, approaching the electron
temperature, breaking the ion temperature clamping which is often seen in W7-X plasmas
[2]. Zeff increased slightly from 1.6 to 1.9, and then held constant for the remainder of the
pulse. The edge soft x-rays dropped, but the core soft x-ray emission increased a factor of
5x. Bolometer signals were small, but an increase in the core radiation (due to some high Z
accumulation), along with a drop in edge radiation, followed the transition. Line integrated
light impurity emission (B, C, O) remained constant. Heat loads on the divertor dropped a
factor of 3.7x (more than the factor of 2x one would otherwise expect). The resulting
nTTau was within a factor of two of W7-X’s best transient performance [3]. A key factor
was that the divertor strike points for this high-iota plasma configuration were freshly
boronized, and no external gas puffing was enabled. Later in the day, it could not be
duplicated. The periodic ILM’ing activity has most of the features of ELM’s, which along
with the confinement improvement and H-alpha response, suggests the possibility that an
H-mode transition occurred. We plan to look for evidence of a pedestal with more
diagnostics in the upcoming campaigns, as well as explore further ways to modify the
profile during the long flattop (e.g., adding NBI or pellets), hopefully without turning the
normal turbulence (ITG’s) back on.
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In the previous experimental campaign on Wendelstein 7-X (W7-X), a spontaneous but transient
increase of global energy confinement time 7y exceeding the empirical ISSO4-scaling after in-
jections of frozen hydrogen pellets was reported [1]. The highest volume averaged plasma f3
was also reached in such post-pellets phase with measured diamagnetic energy above 1 MJ.
Strong density peaking leading to a reduction of the turbulence was considered as the main
reason for such transition to high-performance plasmas.

In this study, power exhaust in this high-performance phase will be reported. Preliminary
analysis shows a clear correlation between the evolution of the divertor heat distributions and
the transition to the high-performance phase. A clear second strike line was found on the hori-
zontal divertor plate at the outboard side connecting to the outer leg of the enlarged magnetic is-
land due to the higher 3. A narrower main strike line was also observed in the high-performance
phase, which might be attributed to two effects: 1) decreased connection length at the main heat
channel with higher 8, and 2) similar to tokamaks, a narrower power decay length caused by the
higher confinement. A careful comparison with numerical simulations using experimental equi-
librium and different perpendicular heat transport coefficients [2] could in principle disentangle
the above two effects, and quantify the heat transport during the high-performance phase.

Furthermore, strong transient heat and particle flows at the degradation of the high-performance
phase are measured from various edge diagnostics and will be reported in this study. Potential
influence of the mitigation of turbulence on the edge transports will also be discussed. This
study would be essential not only as a first understanding of the heat transport at the edge dur-
ing the high-performance plasmas, but also for the preparation for the next W7-X campaign to

prolong the high-performance phase with reliable power exhaust solutions.
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Abstract

In tokamaks and neoclassically optimised stellarators, like Wendelstein 7-X (W7-X)
and the Helically Symmetric Experiment (HSX), turbulent transport is expected to be the
dominant transport mechanism. Among the electrostatic instabilities that drive turbulence,
the trapped-electron mode (TEM), which is one of the dominant instabilities in tokamaks,
has been shown both analytically [1] and in simulations [2, 3] to be absent over large ranges
of parameter space in quasi-isodynamic stellarator configurations with the maximum-J
property. For some modes of operation of W7-X, the magnetic geometry approximately
satisfies the quasi-isodynamic and maximum-J properties. It has been proposed that the
reduction of the linear TEM growth rate in such configurations may lead to the passing-
electron-driven universal instability [4, 5], which is often subdominant to the TEM, be-
coming the fastest growing instability over some range of parameter space. Here, we show
through gyrokinetic simulations using the GENE code [6], that the universal instability
is dominant in a variety of stellarator geometries over a range of parameter space typi-
cally occupied by the TEM, but most consequentially in maximum-J devices like W7-X.
We find that the universal instability exists at long perpendicular wavelengths, and as a
result dominates the potential fluctuation amplitude and heat-flux spectrum in non-linear
simulations. In W7-X, universal modes are found to differ in parallel mode structure from

trapped-particle modes which may impact turbulence localisation in experiments.
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Parametric decay instability (PDI) is the nonlinear decay of a pump wave into a pair of daughter
waves when the pump power exceeds a certain threshold. In inhomogeneous plasmas, the power
threshold is lowered if the pump trajectory crosses a density bump where daughter waves can be
trapped [1]. In tokamaks and stellarators, where high-power microwave beams are employed for
plasma heating at the electron cyclotron resonance (ECRH), low-threshold PDI can induce
anomalous power deposition and permanently degrade microwave diagnostics and plasma facing
probes, if not properly shielded. In this contribution, we present a theoretical model for PDI-related
signals measured with a microwave radiometer in the Wendelstein 7-X stellarator. Here, ECRH
beams at f;, = 140 GHz cross a density bump detected by alkali beam emission spectroscopy
within a stationary magnetic island in the plasma edge. We measure PDI-related sidebands
symmetrically arranged around f, with a fine structure suggesting excitation of ion Bernstein
waves. We present a system of equations for the PDI cascade in the density bump which reliably
yields the power and the spectrum of the detected signals. The model predicts the PDI power
threshold at = 300 kW in agreement with the experimental value, 320 kW, and a fraction of power
drained by the daughter waves ~ 4%. Furthermore, we show correlation of crashes in the PDI-
related sidebands with quasi-continuous oscillations, related to island localized modes (ILMs) [2],
measured by several edge diagnostics. We propose inhibition of the low-threshold PDI during

ILM-like events, when the density bump in the island is observed to flatten [3].
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Laser Thomson scattering is employed in fusion experiments to determine the electron den-
sity and temperature from the measured spectrum of the scattered photons. However, the whole
spectrum cannot be measured with sufficient accuracy for a single laser pulse. Instead, so-called
polychromators are used. These split the full wavelength range into a number of channels and
integrate the spectrum over those channels. The spectrum is then reconstructed from those dis-
crete measurements. Due to noise (electronic and photon shot noise) there is an uncertainty in
this reconstruction and, hence, in the density and temperature determiend from it. In reality,
however, variations between individual laser pulses or adjacent spatial points are often larger
than the uncertainties arising from the reconstruction. This is especially true for the electron
density. It is often challenging to identify the exact cause for such additional uncertainties and,
consequently, to quantify a reliable estimate for the experimental error.

In the first experimental campaigns of Wendelstein 7-X it was found that misalignment of the
laser beam was the dominant reason for uncertainties in the electron density. Besides mechani-
cal improvements of the beam path, a novel calibration technique has been established, which
accounts for any remaining alignment variations and substantially improves the profile quality.
This technique may be crucial for larger fusion experiments like ITER, which necessarily have
long beam paths. But the question remains, how error bars can be quantified reliably, possibly
even accounting for unknown error sources. For this, the distribution of measured signal levels
during the absolute Raman calibration (with constant conditions) has been determined. This
distribution covers all fast changes to the overall sensitivity of the diagnostic (vibrations, de-
tector gain, etc.) and in combination with the calibration uncertainties and the error due to the
imperfect reconstruction of the spectrum, this distribution gives a realistic and experimentally
accessible error estimate for the electron density. In this regard it was an interesting finding that
for some polychromators the error distribution was not symmetric. For such a distribution, the
mean value is different from the maximum of the distribution (modus). This implies that the
calibration factor relating the intensity to the electron density, which is determined from the
mean of the distribution, yields slightly incorrect density values for most of the measurements.

This effect can be mitigated by using the empirical distribution as error estimate.
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The Wendelstein 7-X Stellarator uses an island divertor for heat- and particle exhaust. This
island divertor induces a complex magnetic topology in the plasma edge, which makes the in-
tegrated interpretation of diagnostic measurements a challenging endeavor.

Understanding the mutual agreement or disagreement of plasma parameter measurements in the
SOL or boundary requires the separation of magnetic field geometry effects from other physics
phenomena like transport effects, e.g. the up- and downstream differences in plasma parameters
in the SOL. A commonly used approach to eliminate geometry effects is to find label functions
aligned along the magnetic surfaces. Most of these approaches, however, assume tightly nested
magnetic flux surfaces, such as this in equilibriy provided by the VMEC [1] code.

This contribution introduces first a new surface label function inspired by the idea of a trans-
port delay from the core to the edge. This function is capable of correctly handling non-nested
topologies such as magnetic islands, and provides a physical interpretation of the surface label.
Second, a neural network is used to both speed up the label function calculation and interpolate
in coordinate and parameter space (coil currents and equilibrium parameters). This allows us to
bypass the large bulk computations required to initially compute the surface label, which would

otherwise make the calculation prohibitively slow for real-time diagnostic applications.
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Many astrophysical scenarios such as supernova remnant (SNR), Cassiopeia A, the collision
of galaxies, and turbulent magnetic field amplification in the intergalactic medium, etc has been
imitated by utilizing high-power lasers. A hundred times stronger magnetic field has been
observed in Cassiopeia A than the adjacent interstellar medium. It is presumed that the
surrounding clumpy media near supernova remnant Cassiopeia A support myriads modes,
which acts as a source for amplifying the turbulent magnetic field. The origin of magnetic field
amplification in the clumpy medium is not fully understood yet. The typical model for this
amplification is the seed field amplification due to turbulence generation. Such magnetic field
amplification and turbulence generation have been reported experimentally in various
laboratory astrophysics. A model is proposed to study the turbulence generation and magnetic
field amplification, which ensues due to the high-power laser interaction with plasma. In this
study we employed the computational techniques to solve the coupled system of the model
equations.
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Abstract: In astrophysics, nuclear reactions take place mostly in the plasma environment, such as
the primordial universe, stars and interstellar mediums. However, so far, most of our knowledge of
nuclear reactions are from the experiments on conventional particle accelerators, with no plasma
effects taken into account. With the rapid progresses of high-power laser facilities, laser-plasma has
been regarded as a unique platform for researching nuclear reactions in plasmas. Some colliding
laser-produced plasmas experiments have been performed on different laser facilities, and give us
strong hints that nuclear reactions in plasmas can be modulated significantly by the self-generated
electromagnetic fields and the collective motion of plasma. However, no self-consistent theory or
simulation has been given to explain how the kinetic effects influence the nuclear reactions in

plasmas.

With the implement of nuclear reactions module in particle-in-cell code, we systematically show
that, the kinetic Weibel instability occurring in colliding plasma results in significant enhancement
of nuclear reactions. Specifically, the self-generated magnetic fields deflect ion motions to different
angles, decreasing the relative velocity and converting plasma kinetic energy to thermal energy. For
reactions with sharp resonance peak in the cross-section, like t(d,n)a or 2C(p,y)13N, the
enhancement of reaction yield could reach up to several times even orders of magnitudes, which is
a meaningful result and deserves more attention and further research.
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Low-density foams have a wide variety of applications in the fields of inertial confinement fu-
sion and high energy density physics. However, direct simulations of laser propagation through
a foam are difficult due to the large separation of scales, given by the necessity to spatially
resolve the density differences in the foam microstructure. Unfortunately, low-density foams
also cannot be modeled as a uniform material of an equivalent mean density as such results
overestimate the propagation speed of the laser-driven ionization wave.

Recent interests in foam simulations led to the development of two-scale models [1,2], where
a simplified interaction model is computed on the scale of an individual foam pore in addition
to the conventional macroscale hydrodynamics. These models describe the laser-foam inter-
action in terms of volumetric heating and expansion of planar or cylindrical, wire-like foam
microstructure. However, further analysis of laser absorption in sub-wavelength objects and
detailed particle-in-cell simulations show that laser is being absorbed mostly at the surface of
the overcritical elements and that ablation plays an important role in the overall dynamics. The
mass ablated from the surface layer rapidly fills the empty space in the pores and creates a
high-temperature, low-density plasma background. Moreover, it also carries away a significant
portion of the absorbed laser energy in the form of ion kinetic energy.

We present a novel approach to the foam modeling that combines a self-similar expansion of
cylindrical elements with a surface ablation by laser. In our microscale model, each foam pore
is divided into two regions (central cylinder and outer plasma) with separate masses, densities
and temperatures. The movement of the boundary between these two environments is controlled
by the self-similar expansion while the mass transfer between regions is given by a stationary
ablation model. Laser deposition is calculated according to the Mie theory for electromagnetic
scattering on cylindrical particles. The proposed model is implemented in the PALE and FLASH
hydrodynamic codes for laser-plasma interaction. The simulation results are compared to ex-
perimental data available in literature.
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Dense plasmas in the Warm Dense Matter (WDM) regime are of great interest as
a probe of stopping power theories. WDM is extremely difficult to treat theoretically due
to the simultaneous appearance of quantum degeneracy, Coulomb correlations, and
thermal effects. Also, the coexistence of plasma and condensed phases force stopping
power theories to consider both, free and bound electrons. Many stopping power models
in plasma use density, temperature, and ionization state as input parameters. Therefore,
an accurate description of the plasma is necessary to perform these calculations correctly.
As these values are not always available from the real plasma, hydrodynamic simulation
become a handy solution to obtain key plasma parameters. In this study, we have
performed a hydrodynamic simulation based on a proposed experiment [ 1] with the help
of a hydrodynamic code. The basic physics processes included in the code employed are
hydrodynamic equations, thermal flux, electron-ion relaxation, electron collisions and
laser energy deposition. We present the profiles of density, temperature and ionization
obtained and discuss their validity as well as the shortcomings of the simulation. Finally,
stopping power calculations with our and other models using an ad hoc combination of
free and bound electrons. The models considered are T-Matrix [3], Li-Petrasso [4],
Vlasov [5], SSM [6], Mehlhorn [7] and Zimmerman [8]. With this, we expect to test the
validity of the stopping power models considered in general, and of our model [2] in

particular, in WDM near the Bragg peak.
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Arbitrary Lagrangian-Eulerian (ALE) methods belong to the most popular approaches for hy-
drodynamic simulations of laser/target interactions [1]. They benefit from improved accuracy of
the simulation due to the Lagrangian motion of the computational mesh, as well as robustness
resulting from a regular mesh optimization followed by conservative interpolation (remap) of all
quantities between the meshes. In recent years, we were interested in modeling of spontaneous
magnetic field (SMF) generation [2, 3] resulting from crossed gradients of electron temperature
and density, known as the Biermann battery effect. Such models have been implemented in our
developed 2D cylindrical Prague ALE (PALE) code [1], containing also all necessary physical
models (EOS, laser absorption, thermal conductivity, etc.). Here, we present performance of the
second-order accurate extension of the SMF generation model [4] in the ALE framework on

selected realistic tests.
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The interaction of a nanosecond laser pulse with a solid target is one of the most common
scenarios appearing in many disciplines, like inertial confinement fusion, X-ray plasma sources,
laboratory astrophysics and others. The detailed understanding of the involved physical phe-
nomena is crucial for increasing predictive capabilities of the simulations and achieving a better
agreement with the experimental results. One of the challenging parts of the physical modelling
is description of the self-generated magnetic fields and their role in the process of interaction.
The classical approach to their generation relies on the crossed gradients of density and temper-
ature [1]. However, these conditions can occur also on the fronts of propagating shock waves,
where the modelling of the magnetic fields has proved to be challenging and numerical insta-
bilities may arise [2]. We propose a stable high-order numerical method, which is integrated
to our recently developed multi-dimensional magneto-hydrodynamic code [3]. Moreover, the
non-classical processes, which are predominantly given by the non-local transport of electrons

and can substantially contribute to the magnetic field generation, are briefly explored too [4].
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Magnetized plasma studies are necessary for many applied studies including laser-driven
inertial fusion, modeling astrophysical relevant phenomena, as well as innovative industrial and
medical applications. One of the main issues met in this research is generation of strong
magnetic fields. A particularly interesting alternative to classic pulse magnetic field generators
offers the application of spiral-shaped cavity (snail-like) targets, in which the magnetized
plasma streams are generated. This research continues previous PALS experiments, which
principally confirmed the idea of forming the magnetized plasma in snail targets irradiated by
moderate intensity laser beams [1]. In the reported extended research, snail targets of various
diameters illuminated by ~500 J, 1o, linearly or circularly polarized radiation of the PALS
iodine laser , were used. As the main diagnostic, a 3-frame complex interferometry measured
the temporal changes in the distribution of the magnetic fields and electron density in the
formed structures of the magnetized plasma. Complementary studies of the electron emission
parameters were carried out using 2D imaging of the Cu-Ka line emission and a multi-channel
electron spectrometer. A 4-frame X-ray camera was used to visualize the plasma formation
process in the X-ray range. The results obtained within this investigation clearly demonstrate
the influence of the target size and the laser beam polarization on the structure of the formed
magnetized plasma and the emission of electrons and ions. Irradiation of the targets with the
linearly polarized laser beam significantly affects the parameters of the electron emission,
especially the hot electrons, which reveals in their increased production, temperature and energy
deposited along the snail target surface, according to 2D imaging of Ka-Cu emission and to
angular measurements of the electron spectra with the multi-channel magnetic electron
spectrometer.
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Electrical charge is an important parameter of

dust particles immersed in plasmas. It enters into : 5o AA(EL) NS
practically all dust-related quantities. In laboratory ~ 1°: L
experiments, the charge is usually measured by

means of dynamical methods. Such methods have §
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We propose to use the quantum dots (QDs) de- 102

A [nm]

posited on the surface of the microparticles as op-
tical charge sensors [1]. Radiative transitions of the Figure 1: Statistics of the Stark shift for a
QDs are subject to the so-called quantum-confined CdSe QD of 3.3 nm radius on the surface of a
Stark effect [2], for which the spectral shift of the microparticle of 4.6 um radius and charge of
photoluminescence wavelength is proportional to 3 x 10* elementary charges.
the square of the local electric field. Experiments
with QDs deposited on large flat plasma-facing surfaces proved the sensitivity of the QDs to the
surface charge [3].

As calculations show, the electric field sensed by a QD (and the respective Stark shift) will
be subject to large fluctuations (see Figure 1). The value of the Stark shift is of the order of
fractions of nm and, therefore, should be accessible for measurement.

Other issues related to the possible experimental realization of such measurement (heating of

microparticles and QDs, sputtering of QDs, surface design) will be discussed.
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In the context of plasma medicine, the most widespread tools are represented by small plasma
jets operating at atmospheric pressure and very low power, so as to avoid thermal effects on the
treated substrate [1]. These devices typically use helium or argon as main process gas, with the
elements required for the production of active chemical species provided by small amount of
oxygen or nitrogen mixed to the main flow or, more commonly, just by the interaction of the
plasma with the surrounding air. The most commonly used technology for the production of
such jets is that of Dielectric Barrier Discharge (DBD), powered by sinusoidal or pulsed high
voltage waveform. There are however also several examples of jets powered by radio frequency
(RF) voltage, including a well known certified device [2]. In this contribution we describe a
novel RF plasma jet developed by our group, and we investigate the impact of the applied
voltage waveform on the jet characteristics. In particular, the effects of frequency change and
of duty cycle are documented, both in terms of electrical and optical measurements. Operation
in helium and argon is analyzed, highlighting the differences in discharge features. The effect

of the jet on surfaces is described in terms of contact angle change.
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A numerical theoretical model has been developed that allows calculating the breakdown
voltage of a gas between electrodes of arbitrary curvilinear shape. Such parameters of the
model as boundary conditions for electric field calculation, time step between iterations of the
model, distribution of loaded ions, modeling time required for breakdown detection were
studied and optimized. A breakdown detection algorithm and a voltage feedback simulation
algorithm have been developed that allows simulations to be performed accounting for the
accumulation of surface charge on the chamber walls. Methods for acceleration of the
modeling process were also proposed, which allowed to speed up the calculations several
times. Comparison of the simulation results with previously obtained experimental data for
the cases of flat and hemispherical electrodes in a wide range of distances between the
electrodes showed a good correspondence at different gas pressures. It is shown that in the
case of flat electrodes for a sufficiently large distance between the electrodes, the Paschen
similarity law is not satisfied. It is concluded that the reason for this is the loss of charged
particles on the dielectric walls of the discharge chamber due to radial diffusion and the
defocusing geometry of the electric field lines. For the system with hemispherical electrodes it
is shown that the physical reason for the formation of a horizontal section on the breakdown
curve is the change in the breakdown path when the gas pressure changes, diffusion processes
expand the breakdown channel, and the trajectory of particles in a curved electric field does
not repeat the shape of the force line due to the inertia of motion. It is shown that due to the
accumulation of surface charge, the losses of charged particles are reduced, and breakdown

becomes possible at much lower voltages.
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Introduction

The Earth’s magnetic field has dependence both in the time and spatial domains. Also, due to
the underlying physical processes involved, the change of the magnetic field at a given point
or at a given instant may induce variations at other points and/or subsequent times. We
propose to study this complex dynamics of spatiotemporal correlations by means of tools de-
rived from graph theory and complex networks, which have shown to be useful to describe the
behavior of various systems of geophysical interest [I], 2 [3]. In particular, we intend to study
the evolution of magnetic field measurements on the Earth’s surface along the 23rd solar cy-
cle. Based on records by 59 magnetometers during the 23rd solar cycle (taken from the World
Data Center for Geomagnetism, Kyoto, http://wdc.kugi.kyoto-u.ac.jp/hyplt/index.html), we
define a complex network where nodes are the magnetometers, and their connection is de-
termined by the correlation between their respective magnetic field time series. Thus, the
structure of the complex network is expected to be a representation of the spatiotemporal
patterns of the Earth’s magnetic field. Since the 59 stations are not uniformly distributed, we
will also consider data from a simulation (taken from the Community coordinated modeling
center, https://ccme.gsfe.nasa.gov/modelweb /models/igrf_vitmo.php), where we can sample
data on a uniform grid in spherical coordinates. In fact, we consider a network of 234 points
with a separation of 12.5° in latitude and 20° in longitude. Thus, we expect to complement
the conclusions taken from observed data.

Methodology

The network is defined by two similarity methods between time series, namely, the Pearson
correlation [4, [5] and event synchronization [6]. Complex networks are built for each year
from 1996 to 2008, covering the full 23rd solar cycle. Then, the community structure of each
network is analyzed, and some of its basic features are analyzed along the cycle: the number
of communities, their average coverage area and the value of their modularity.

We find that the community structure for both the real data and the simulation data do
indeed have information about solar activity. For example, we observe that both the average
coverage area and the value of the modularity of the communities decrease during the solar
maximum, with both parameters producing a maximum at the beginning and at the end of
the solar cycle. This suggests that the community structure of the network may reveal the
changes in correlation length in the magnetic field structure as solar activity evolves. But we
also show that results strongly depend on the choice of similarity methods, and the thresholds
involved.

Acknowledgments

V. M. acknowledges support of ANID through Fondecyt Grant 1201967.



Referencias

[1] L. Orr, S. C. Chapman, J. W. Gjerloev, and W. Guo, Nuovo Cim. 12, 1842 (2021).

[2] S. Lu, H. Zhang, X. Li, Y. Li, C. Niu, X. Yang, and D. Liu, Nonlinear Proc. Geophys.
25, 233 (2018).

[3] A. Najafi, A. H. Darooneh, A. Gheibi, and N. Farhang, Astrophys. J. 894, 66 (2020).
[4] Y. Xu, F. Lu, K. Zhu, X. Song, and Y. Dai, Water 12, 1739 (2020).
[5] M. J. Halverson and S. W. Fleming, Hydrol. Earth Syst. Sci. 19, 3301 (2015).

6] A. Agarwal, N. Marwan, R. Maheswaran, B. Merz, and J. Kurths, J. Hydrol. 563, 802
(563).



On stochastic electron dynamics in colliding plane waves

A.R. Knyazev, S. I. Krasheninnikov

Univeristy of California San Diego

Stochastic dynamics of the electron interacting with multiple electromagnetic waves is a
subject of active research [1-6]. Recently, dynamics of the relativistic electron interacting with
two counter-propagating plane waves was described with a 3/2-Hamiltonian, [5] allowing to
utilize the techniques used in previous studies of stochastic dynamics in such systems. This
novel Hamiltonian approach provided a clear physical picture of the mechanism behind the
onset of stochasticity in electron motion. However, the previous analysis [5] did not consider
the impact of the electron’s canonical momentum P, perpendicular to the laser propagation
axis. Assessing the effects of P, enables [5] a better understanding of the recent numerical
results of stochastic heating in colliding laser pulses, such as the dependence on the initial laser
phases [6].

This talk presents a recently published [5] study of stochastic heating of an electron with an
arbitrary canonical momentum P in the presence of two counter-propagating linear plane waves
with vector potantials a; and a,, with an arbitrary angle between the polarizations. The onset of
stochasticity for both parallel and perpendicular polarization setups is demonstrated.

For a, < aj case, i.e. when laser amplitude a; of one of the lasers dominates the other, the
stochasticity threshold is derived, showing how the stochastic region of H decreases with an
increase of perpendicular canonical momenta P | . The physics behind the impact of P| on the
stochasticity boundary is revealed. Finally, the Hamiltonian analysis is expanded to include the
impact of radiation friction in the classical radiation reaction limits. It is shown that Hamiltonian
analysis remains valid within applicability of classical RF approximation. Presented results are
useful for understanding the electron dynamics in counter-propagating laser pulses such as, for

example, the incident-reflected laser pulses in laser-target interactions.
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Nonlinear growth of Rayleigh Taylor Instability single mode structure
under the effect of collision with a second fluid
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The Rayleigh-Taylor instability (RTI) occurring at the interface between two fluids subject to
an external force pointing from heavy to light fluid is widely encountered in plasma physics,
playing an important role in inertial confinement fusion, astrophysics, and geophysics. A par-
ticular case appears when the fluid is partially ionized plasma interacting through collision with
a predominantly neutral background.

In this configuration, the non-linear growth of RTI structures is investigated using Gon-
charov’s [1] potential model for a single mode RTI. It gives the temporal evolution of the po-
sition, the curvature, and the velocity of the top of the bubble or of the tip of the spike. In the
case where the RTI dynamics is dominated by collisions between neutrals and ions, the terminal
bubble and spike velocities are derived from the non-linear equations. Direct Numerical Sim-
ulations (DNS), with the code MHD CLOVIS [2] and electrostatic ERINNA [3], are used to
justify the use of Goncharov’s model in this regime and observe its limitations or transition to
the classical (inertial) regime.

In the collisional regime and at any arbitrary Atwood number, the terminal velocity obtained
with this model appears to agree well with DNS. As a conclusion, Goncharov’s potential model

applied to this particular case yields promising and unexpected results.
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PICSAR-QED: a Monte Carlo module to simulate strong-field quantum
electrodynamics in particle-in-cell codes for exascale architectures
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Physical scenarios where the elec-
tromagnetic fields are so strong that
quantum electrodynamics (QED) plays
a substantial role are one of the fron- |
tiers of contemporary plasma physics

research. Investigating those scenarios

requires state-of-the-art particle-in-cell
Figure 1: Snapshot of a 2D Particle-In-Cell simula-

tion performed with WarpX+PICSAR-QED. The interac-

(PIC) codes able to run on top high-

performance computing (HPC) ma-

. . tion of an ultra-intense beam (blue-red scale) between a
chines and, at the same time, able f ( )

: solid target (grayscale) results into the emission of high-
to simulate strong-field QED pro- get (gray ) f hig

) o energy photons (orange rays) and the generation of elec-
cesses. This contribution presents the

PICSAR-QED library[1], an open-

tron/positron pairs (green and purple particles), two pro-

cesses simulated with PICSAR-QED.
source, portable implementation of a

Monte Carlo module designed to provide modern PIC codes with the capability to simulate
such processes, and optimized for HPC. We present detailed tests and benchmarks that we car-
ried out to validate the physical models in PICSAR-QED, to study how numerical parameters
affect such models, and to demonstrate its capability to run on different architectures (CPUs and
GPUs). We also discuss its integration with WarpX[2, 3], a state-of-the-art PIC code designed to
deliver scalable performance on upcoming exascale supercomputers. Finally, we present the re-
sults of some production simulations carried out with WarpX and PICSAR-QED to investigate

strong-field QED effects in ultra-intense laser-solid interaction[4] (see Fig. 1).
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lonization and electron capture processes induced in collisions between

singly charged ions and nitrogen atom
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The electron processes induced in ion-atom collisions are crucial and central in various research
domains such as fusion plasma in tokamak reactors and interstellar space [1]. The modeling
and control of these processes rely on the accurate cross sections of the induced electron
processes. In particular, we are interested in presenting accurate cross sections for single
electron processes, mainly ionization and electron capture in collision between Li*and Na* ions
with nitrogen atom. For sake of simplicity, the considered collisional systems are treated as
three-body problem. The nitrogen atom target is described within the single active electron
approximation using Garvey model potential where only the outermost electron is involved in
the collision dynamics [2]. Regarding the projectile, in the first approximation, it is treated as a
frozen core model and the charge of the projectiles are +1 in the entirely time of the collision.
In the second approximation, the projectile-target interaction is described by a model potential
which takes into account the screening effect by the projectile electrons [2]. The scattering
problem is solved within the frame of the classical trajectory Monte Carlo (CTMC) [3].

We present total, angular, and energy differential cross sections for single ionization and single
capture processes from intermediate to high impact projectile energies (10 keV-10 MeV). Our
results are compared to the available experimental data which allowed us to test the validity of

the frozen core approximation.
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