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2D fluid modelling of sheaths and magnetron

discharges

J.H. Mun1,2, M. Muraglia1, L. Couedel1,2, C. Arnas1, O. Agullo1

1 Aix-Marseille Université, CNRS, PIIM UMR 7345, Marseille, France
2 Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon,
Saskatchewan S7N 5E2, Canada

Abstract. Recently, it was observed that under moderate pressure (p > 10Pa), nanoparticles
can be created using sputtering magnetron discharges [1]. Although such plasma source has been
widely studied at low gas pressure (p < 0.1Pa) in the context of industrial application such as
thin film coating, there are only few plasma models at the fairly high-pressure range where
collisions between sputtered species and the background neutral particles favor the growth of
nanoparticles. Such small ”dust particles” were also observed in tokamaks of graphite wall [2].

Magnetron discharges in which the plasma density may reach 1018m−3 in the cathode
region could help us to understand their formation in the coldest plasma region of tokamaks.
Experimental studies are in progress at PIIM laboratory in Marseille where magnetically
confined plasmas are generated using sputtering magnetron discharge. The feed gas is argon at
30 Pa and the magnetron cathode is in tungsten.

In that context a new and reliable numerical model is currently under development in order
to investigate the transport of sputtered tungsten atoms in the discharge. Usually, cold plasma
discharges are simulated using PIC-MC or kinetic models [3, 4]. PIC simulations are limited by
numerical constraints, in particular at high plasma density and in the sheaths. Fluid approaches
are limited by modelling constraints. We focus on a 2D axisymmetric fluid model. In particular,
as to resolve the sheaths, we developed a non quasi-neutral drift-diffusion model of two fluids –
ions and electrons and compare with PIC results in a DC discharge. We also present results in
magnetron context, taking into consideration the specific structure of the magnetic field

References
[1] L. Couëdel et al., AIP Conf. Proc., Proceedings of the 8th ICPDP, Prague, (2017).
[2] C. Arnas et al., Plasma Phys. Control. Fusion 52, 124007 (2010)
[3] G. J. M. Hagelaar et al., Journal of Applied Physics 93, 67 (2003)
[4] R. Sahu et al., Phys. Plasmas 27, 113505 (2020)
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Resonant transport of fusion alpha particles in

quasisymmetric stellarators

C.G. Albert1, K. Rath2,3, R. Buchholz1, S.V. Kasilov1,4,5 and
W. Kernbichler1

1Fusion@OEAW, Institute of Theoretical and Computational Physics, Graz University of
Technology, Petersgasse 16, 8010 Graz, Austria
2Max Planck Institute for Plasma Physics, Boltzmannstr. 2, 85748 Garching, Germany
3Department of Statistics, Ludwig-Maximilians-Universität München, Ludwigstr. 33, 80539
Munich, Germany
4Intitute of Plasma Physics, National Science Center “Kharkov Institute of Physics and
Technology”, 61108 Kharkiv, Ukraine
5Department of Applied Physics and Plasma Physics, V. N. Karazin Kharkov National
University, 61022 Kharkiv, Ukraine

E-mail: albert@tugraz.at

Abstract. In modern, highly optimized stellarator configurations where prompt fusion alpha
particle losses from the plasma core are absent, alpha particles can still be lost due to stochastic
orbits which result in delayed losses. One mechanism leading to stochastic orbits are changes in
the particle trapping class during drift motion along the contours of the parallel adiabatic
invariant J‖ leading to jumps in J‖ when crossing class boundaries. Another mechanism,
which is of main interest here, is the resonance between particle drift and bounce motion
(drift-orbit resonance). The first mechanism affects mainly trapped particles near the trapped-
passing boundary in the phase space of quasi-symmetric and quasi-isodynamic devices, and
can be minimized there by aligning local magnetic field maxima on a given flux surface. The
second mechanism may affect a broader range in the trapped particle domain where contours
of J‖ still remain closed. Drift-orbit resonances modify the topology of orbits leading to
island-like structures on Poincaré plots where these islands may overlap thus leading to the
stochastic transport. In this report, we study this stochastization mechanism in quasi-symmetric
stellarator configurations with help of the Hamiltonian drift-kinetic code NEO-RT as well as
orbit classification and direct computation of fusion alpha losses within the symplectic orbit
following code SIMPLE. The width and overlap of resonances in phase-space is studied using
Hamiltonian perturbation theory. Based on optimized reactor configurations we assess if this
approach can be used as a fast metric for fusion alpha losses in stellarator optimization.
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A self-consistent kinetic model for the parallel

expansion of a pellet plasmoid

Alistair M. Arnold1∗, Pavel Aleynikov1, Boris N. Breizman2

1Max Planck Institute for Plasma Physics, D-17491 Greifswald, Germany
2Institute for Fusion Studies, University of Texas, Austin, USA

E-mail: ∗alistair.arnold@ipp.mpg.de

Abstract. During pellet plasmoid expansion, an electric potential well forms that serves
to trap electrons. A fluid model for the electrons is only appropriate at the earliest times,
when the electron mean free path is much shorter than the plasmoid size. At later times, the
mean free path exceeds the plasmoid length, which calls for a kinetic model. We obtain a
bounce-averaged kinetic equation that provides a rigorous description of the particle and energy
exchange between the passing and trapped electron distributions. A self-consistent system for
the parallel expansion of a pellet plasmoid is obtained by supplementing the kinetic equation
with a description of ions and the quasineutrality condition. When the electron distribution is
strongly isotropised, the distribution can be averaged over pitch-angle to become a function of
a single adiabatic invariant plus time. The right hand side of the kinetic equation reduces to
just the electron self-collision term, expressed as an integro-differential operator in terms of the
invariant. We incorporate our kinetic model into numerical simulations of plasmoid expansion
and compare the results with a simpler fluid model, with the aim of understanding the effect
of electron kinetics and the finite potential well on the electron-ion energy balance after pellet
homogenisation.
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Spectral/hp finite-element methods for plasma edge

physics

Wayne Arter, for the ExCALIBUR Project NEPTUNE Team

UKAEA, D3 Culham Science Centre, Abingdon, Oxon Ox14 3DB, UK

E-mail: wayne.arter@ukaea.uk

Abstract.
Modelling the plasma edge region brings computational challenges including the interaction

of the plasma with the material of the wall, strong transport anisotropy due to the magnetic
field, and the need to include kinetic effects. Project NEPTUNE, part of the UK’s ExCALIBUR
programme, aims to develop new computational methods to address these issues using current
and next-generation (ie. Exascale) HPC. One key theme is the application of spectral/hp finite-
element methods, which, due to their intrinsically large number of arithmetic operations per
unit of data, are well-suited to today’s exascale architectures - this contrasts with existing
finite-difference codes, which are not expected to scale well.

This presentation will outline applications of spectral/hp methods to fusion-relevant
problems, including heat transport and higher-dimensional (kinetic) models, intended as the
initial steps toward a full-featured edge simulation code. Attention will be given to the
question of constructing a higher-order (curvilinear) computational mesh to provide an accurate
representation of the first wall geometry and the magnetic field. Further discussion will cover the
coupling of the finite-element methods to a discrete particle representation in order to provide
a tractable position-dependent description of a range of edge physics. The NEPTUNE project’s
ethos of ‘separation of concerns’ is embodied in the aspiration to modern approaches to software
development and performance portability and this aspect also will be touched upon.

Work supported by the UK Strategic Priorities Fund
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Local gyrokinetic simulations of tokamaks with

non-uniform magnetic shear

Justin Ball and Stephan Brunner

Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015
Lausanne, Switzerland

E-mail: Justin.Ball@epfl.ch

Abstract. In a standard local flux tube simulation domain, the background safety factor
profile is Taylor expanded around a given radial location such that its variation is linear. Thus,
while uniform magnetic shear is allowed, the curvature of the safety factor profile and all higher
order terms in the Taylor expansion (i.e. a profile shearing effect) are neglected. In this work,
we relax this assumption. We modify the flux tube, allowing one to add arbitrary periodic
gyroradius-scale variation to the radial profile of the safety factor.

To accomplish this, we start from the Fokker-Planck equation with the addition of a
strong, localized, gyroradius-scale source inspired by Electron Cyclotron Current Drive (ECCD).
Then, after the gyrokinetic expansion we perform a multi-scale analysis, distinguishing the fast
electrons driven by the source from the slow bulk thermal electrons. This produces a system of
equations identical to the standard gyrokinetic model, but with new terms that modify ion and
electron parallel streaming. Importantly, these new terms are shown to exactly correspond to a
modification of the safety factor profile away from its typical linear dependence.

These new terms have been implemented in the gyrokinetic code GENE and successfully
benchmarked against analytic linear results in the cold ion limit. While the additional
computational cost scales proportionally with the amplitude of the safety factor modification,
the flux tube approach retains its usual practical advantages. Specifically, it does not require
non-physical sources/sinks and can use periodic radial boundary conditions as well as the
standard Fourier representation in the perpendicular plane. This functionality enables reliable
flux tube studies of profile shearing and non-monotonic safety factor profiles, which is expected
to be particularly useful for studying internal transport barriers. As an illustrative example,
we investigate the importance of profile shearing in tokamaks with positive versus negative
triangularity plasma shaping.
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Investigation of the effectiveness of ‘multi-harmonic’ electron 
cyclotron current drive in the non-inductive EXL-50 ST 

D Banerjee1,2, S D Song2, H S Xie2, B Liu2, M Y Wang2, W J Liu2, B Chen2,          
L Han2, D Luo2, Y Y Song2, X M Song2, M S Liu2, Yu V Petrov3, R W Harvey3, 
Y J Shi2 and Y K M Peng2 
1DISAT, Polytechnic University of Turin, Torino 10129, Italy 

        2ENN Science and Technology Development Co. Ltd., Lang fang 065001, China 
3CompX, Del Mar, CA, USA

debabrata.banerjee@polito.it,   shiyuejiang@enn.cn 

The fully non-inductive spherical tokamak EXL-50, built and operated by the ENN 
private limited company, has routinely achieved high current drive efficiency of ~1 A/W 
[1] in only ECRH powered experiments. We have numerically investigated the
effectiveness of multiple electron cyclotron resonance (ECR) harmonics in generating
such a high efficiency of ECCD in non-inductive plasma start-up. The Fokker-Planck
equation is numerically solved to obtain the electron distribution function, under the
steady state of relativistic nonlinear Coulomb collisions and quasi-linear diffusion
operators, for calculating plasma current driven by the injected EC waves. Multi-pass
absorption simulations [2], done with the CQL3D code for extra-ordinary EC waves
[3], demonstrate over 1 A/W efficiency in current for a relatively low density
(∼1 × 1018𝑚𝑚−3), and low temperature (~ 100 eV) plasma, consistent with experimental
results observed on EXL-50. Systematic scanning of different ECR harmonics in the
simulation has revealed that the multi-harmonic resonance interaction in EXL-50 plays
a pivotal role in generating the energetic electron tail responsible for the current. The
details of this mechanism will be presented in the meeting with results from both
simulation and experiment.

References 
[1] Yuejiang S et al 2022 Solenoid-free current drive via ECRH in EXL-50 spherical torus plasmas

accepted in Nuclear Fusion (https://doi.org/10.1088/1741-4326/ac71b6). 
[2] Banerjee D et al 2021 Investigation of the effectiveness of non-inductive ‘multi-harmonic’

electron cyclotron current drive through modeling multi-pass absorptions in the EXL-50 
spherical tokamak  arXiv:2109.04161.

[3] Harvey R W and McCoy M G 1992 The CQL3D Fokker-Planck code proc. of iaea tcm montreal
June 15-18 https://www.compxco.com/cql3d.html. 
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Fast particles resonance with axisymmetric modes in shaped 
plasmas

T. Barberis1, F. Porcelli1, and A. Yolbarsop1,2

1 Polytechnic University of Turin, Torino 10129, Italy
2 University of Science and Technology of China, Hefei, Anhui 230022, China
tommaso.barberis@polito.it

Abstract. The vertical instability is a well known instability affecting elongated plasmas, 
which is associated with axisymmetric perturbations. In tokamak plasmas the uncontrolled 
growth of this instability leads to Vertical Displacement Events (VDEs). Stability against this 
mode is guaranteed by a passive feedback consisting of eddy currents induced by the plasma 
motion in a nearby wall and/or in plasma facing components. Considering a resistive wall 
containing the plasma, the dispersion relation for axisymmetric modes becomes cubic [1]. 
Under relevant tokamak conditions two roots are associated to damped oscillatory modes, 
while the third one is related to the unstable n=0 resistive wall mode. Here we consider the 
possibility of driving the oscillatory branch of the cubic dispersion relation unstable thanks to a 
fast ion resonance. Since the oscillation frequency associated to this branch is below the 
minimum of the Alfvén continuum, continuum damping does not play an important role. Thus, 
the competition between resistive wall damping and fast-ions drive could lead to the 
destabilization of fast-ion-driven vertical modes, as described in [2]. Energetic particles effects 
are considered within the hybrid kinetic-MHD model. The resonant condition related to the 
oscillatory branch of the dispersion relation is , where p is an integer number 
labelling harmonics over particle orbit periodicity and  is the bounce (or transit) frequency 
of magnetically confined fast particles. The resonant drive of the mode requires a fast ion 
distribution function characterized by . As discussed in [2], this condition can be 
obtained with distribution function characterized by a bump-on-tail like feature in the velocity, 
that can be obtained considering fast ions losses. Moreover, there is experimental evidence that 
such situation can be achieved also thanks to a modulation over time of the fast ion source 
[3-4]. In particular, here we consider a simple theoretical model describing this effect in JET-
relevant regimes [4] when  , where  is the sawtooth period and  the fast ion
slowing down time. Lastly, with respect to the case considered in [2], preliminary work 
describes also how a distribution function with an anisotropy in the pitch angle  could drive 
FIDVM unstable. The competition between resistive wall damping and fast-ion drive provides 
a threshold in terms of fast ion density for the excitation of FIDVM. The FIDVM theory 
discussed here is motivated in part by the observation of saturated n=0 fluctuations reported in 
[4-5]. These observations were tentatively interpreted in terms of a saturated n=0 Global 
Alfvén Eigenmode (GAE). Here we discuss the main points of distinction between GAE and 
FIDVM that may facilitate the experimental identification.

References
1. T. Barberis et al. , Submitted for publication in Journal of Plasma Physics
2. T. Barberis et al. , Nucl. Fusion Letter 62, 064002 (2022)
3. M. A. Van  Zeeland et al. , Nucl. Fusion 61, 066028 (2021)
4. V. G. Kiptily, et al. , Nucl. Fusion Letter 61, 114006 (2021)
5. H. J. C. Oliver et al. ,Phys. Plasmas 24, 122505 (2017)
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Optimisation of spherical tokamak divertor magnetic 

configurations using vacuum harmonic constraints 

O. P. Bardsley1, J. L. Baker2 

1United Kingdom Atomic Energy Authority, Culham Centre for Fusion Energy, 

Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK 

2York Plasma Institute, Department of Physics, University of York, Heslington, YO10 

5DD, UK 

oliver.bardsley@ukaea.uk 

Abstract. The acute plasma exhaust challenge faced by burning spherical tokamaks motivates 

the use of advanced divertor magnetic configurations such as the super-X. The newly 

operational MAST Upgrade device is the perfect test bed for these solutions, with its highly 

flexible divertor coil set and spacious divertor chambers. However, in order to fully exploit its 

potential a method is required for modifying the magnetic field within the divertor regions 

whilst only negligibly affecting the core plasma shape. Furthermore, there are huge cost 

savings to be made in optimising the poloidal field coil sets for STEP, and future spherical 

tokamak power plants, to deliver a target core plasma and exhaust solution simultaneously. 

To meet this need, we propose the use of spherical harmonic constraints on the vacuum 

magnetic flux in the core plasma region. This is a simple and robust way of ensuring the 

confined plasma flux surfaces are unchanged whilst the PF coil currents – and indeed positions 

– are adjusted, without appeal to a Grad-Shafranov solve at each iteration. We formulate an

optimisation problem with these constraints in place, plus bounds on individual coil currents, a

suitable choice of objective function, and further constraints on the divertor magnetic

geometry. This proves a rapid and effective means of determining a set of coils and/or currents

which not only deliver the requested magnetic configuration, but do so in the most efficient

way.
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Impact of transport models on local measurements

in W7-X using synthetic diagnostics with

EMC3-Eirene and comparison to experimental

observations in the W7-X island scrape-off layer

David Bold1, Felix Reimold1, Holger Niemann1, Yu Gao1,
Marcin Jakubowski1, Carsten Killer2, Victoria R. Winters1 and the
W7-X team2

1 Max Planck Institute for Plasma Physics, Wendelsteinstr. 1, 17491 Greifswald, Germany
2See Klinger et al 2019 [1] for the W7-X Team

E-mail: david.bold@ipp.mpg.de

Abstract. Modelling the scrape-off layer of a stellarator is challenging due to the complex
magnetic 3D geometry. In our previous study [2], we found disagreement with upstream
parameters when trying to match the target heat-flux observed in experiments. This is caused
by the need for small diffusion values of D ≈ 0.2 m2/s to match the experimental strike line
width on the target. However larger values of D around 1 m2/s are needed for sufficiently low
enough separatrix temperatures at experimental heating power.

For stellarators, such as W7-X, typically EMC3-EIRENE is used to model the plasma
boundary, as the code naturally supports the complex magnetic geometry which lacks toroidal
symmetry. The boundary of W7-X features several x-points and magnetic islands, making
it numerically challenging to simulate. One important limitation of the code is that EMC3-
EIRENE currently does not support the inclusion of drifts.

This study presents EMC3-EIRENE simulations featuring spatially varying diffusion
coefficients motivated by basic transport considerations. Two distributions are chosen for the
diffusion coefficient. One based on experimental observations, where the transport towards the
centre of the island is enhanced, motivated by the above described discrepancy between strike
line width and sepeartrix temperature. The other includes enhanced transport in the outer
midplane in the bean shape cross section motivated by the scaling of turbulent transport with
bad curvature. Both cases allow to increase agreement for both upstream measurements and
target heat fluxes compared to the standard spatially constant diffusion model. This is achieved
by decoupling the strike line width from the upstream conditions. The strike line width is
dependent on the diffusion coefficient at the island edge, transport through the island allows
to reduce the upstream condition without significant impact on the strike line width. Spatially
varying diffusion coefficients improve upon constant diffusion coefficients, discrepancies remain.
Drifts are discussed as a possible explanation for the remaining differences.

[1] Klinger T et al. 2019 Nuclear Fusion 59 112004 URL https://doi.org/10.1088/1741-4326/ab03a7

[2] Bold D, Reimold F, Niemann H, Gao Y, Jakubowski M, Killer C, Winters V R and team
t W X 2022 Parametrisation of target heat flux distribution and study of transport parameters
for boundary modelling in W7-X https://arxiv.org/abs/2201.06341 submitted to Nuclear Fusion URL
https://arxiv.org/abs/2201.06341
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Evolution of current and vorticity sheets in collisionless 
plasma turbulence  

Dario Borgogno1, Luca Comisso2, Daniela Grasso1, Massimiliano Romé3 
1Istituto dei Sistemi Complessi—CNR and Dipartimento di Energia, Politecnico di Torino, Torino, 

Italy 
2 Dipartimento di Fisica, Università degli Studi di Milano and INFN Sezione di Milano, Milano, Italy 

3 Department of Astronomy and Columbia Astrophysics Laboratory, Columbia 
University, New York, New York 10027, USA  

dario.borgogno@cnr.it 

Abstract. The plasmoid formation in collisionless plasmas, where magnetic reconnection within turbulence may 
take place driven by the electron inertia, is analyzed. We find a complex situation in which, due to the presence of 
strong velocity shears, the typical plasmoid formation, observed to influence the energy cascade in the 
magnetohydrodynamic context, has to coexist with the Kelvin–Helmholtz (KH) instability. We find that the current 
density layers may undergo the plasmoid or the KH instability depending on the local values of the magnetic and 
velocity fields. The competition among these instabilities affects not only the evolution of the current sheets, that 
may generate plasmoid chains or KH-driven vortices, but also the energy cascade, that is different for the magnetic 
and kinetic spectra [1] 

References 
[1] D. Borgogno et al., The Astrophys. J. 929:62 (2022)
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Time evolution and finite element representation of

Phase Space Zonal Structures in ORB5

A. Bottino1, M.V. Falessi2, T. Hayward-Schneider1, A. Biancalani3,
S. Briguglio2, R. Hatzky1, Ph. Lauber1, A. Mishchenko4, E. Poli1, B.
Rettino1, F. Vannini1, X. Wang1, F. Zonca2

1Max-Planck-Institut für Plasmaphysik, 85748 Garching, Germany
2ENEA, Fusion and Nuclear Safety Department, 00044 Frascati (Roma), Italy
3Léonard de Vinci Pôle Universitaire, Research Center, 92916 Paris la Défense, France
4Max-Planck-Institut für Plasmaphysik, 17491 Greifswald, Germany

E-mail: alberto.bottino@ipp.mpg.de

Abstract. Phase Space Zonal Structures (PSZS), obtained by averaging out dependencies on
angle-like variables in the energetic particle (EP) distribution function, play a fundamental role
in regulating EP transport induced by Alfvén instabilities in burning plasmas [1]. Recently,
evolution equations for PSZS have been derived [1, 2]. Those equations are of great interest
for the development of reduced models for the description of EP heat and particle transport
on long time scales, comparable with the energy confinement time, for future burning plasma
experiments. Those kind of predictions are well beyond the actual capabilities of the existing
global gyrokinetic (GK) codes. In this work, we propose an efficient finite element based
projection of the time evolution of the PSZS suited for particle-in-cell (PIC) codes. The resulting
algorithm has been implemented in the global GK PIC code ORB5 [3]. PSZS can not only be
used for validating reduced models, but also as a diagnostic tool for characterising the nonlinear
interaction in phase space between Alfvén instabilities and EP in global GK simulations. Note
that similar diagnostics already exist in GK-hybrid codes, like XHMGC [4, 5]. In addition
to this, the information provided by the finite element projection of the distribution function
allows for significantly improving the quality of δf PIC simulations, by adjusting and updating
the plasma reference state (background distribution function), during the nonlinear evolution
of the system.

[1] F. Zonca et al., Nonlinear dynamics of phase space zonal structures and energetic particle physics in fusion
plasmas, 2015, New J. Phys. 17, 013052.

[2] M.V. Falessi and F. Zonca, Transport theory of phase space zonal structures, 2019, Phys Plasmas 26, 022305.
[3] E. Lanti et al., ORB5: A global electromagnetic gyrokinetic code using the PIC approach in toroidal geometry,

2020, Comp. Phys. Comm. 251, 107072.
[4] S. Briguglio et al., Particle simulation of bursting Alfvén modes in JT-60U, 2007, Phys. Plasmas 14, 055904.
[5] X. Wang et al., Analysis of the nonlinear dynamics of a chirping-frequency Alfvén mode in a tokamak

equilibrium, 2022, Phys. Plasmas 29, 032512.
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Free boundary pressure driven instabilities in a

resistive plasma

D Brunetti

UKAEA-CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom

J P Graves

École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015
Lausanne, Switzerland

C J Ham

UKAEA-CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom

S Saarelma

UKAEA-CCFE, Culham Science Centre, Abingdon, Oxon, OX14 3DB, United Kingdom

E-mail: daniele.brunetti@ukaea.uk

Abstract.
The Resistive Wall Mode (RWM) is an important global low-n operation-limiting MHD

instability, which can cause plasma termination when triggered. Its physical triggering
mechanism, however, is still debated [1], though it is generally believed to be a special
form of an external kink mode [2] which has been modelled analytically mainly by adopting
limited plasmas with simple geometries. However, normal tokamak operation nowadays involves
diverted plasmas with usually one or more x-points. Because of the presence of the x-point, the
safety factor profile diverges at the separatrix, so that all (m,n) resonances (m and n are the
poloidal and toroidal mode numbers respectively) occur within the plasma. This in turn imposes
boundary conditions which can differ dramatically compared with the ones normally employed
for modelling external kink modes. Hence, we analyse the impact of wall physics on the dynamics
of pressure driven instabilities which do not exhibit external, i.e. in vacuum, resonances. By
using the infernal model, which includes toroidicity and pressure effects, employed in previous
works [3] and varying the plasma response at the (m,n) resonances, i.e. allowing of an ideal or
resistive plasma, several β limits are derived. It is found that an ideal plasma with a separatrix
does not feel the effect of the wall, i.e. the β limits with and without a wall coincide. However,
the two limits differ when plasma resistivity is taken into account and improved stabilization is
achieved by the inclusion of Glasser-Greene-Johnson terms [4] (interchange stabilisation). The
impact of differential rotation is also considered and future work will address finite Larmor
radius effects.

References
[1] Pustovitov V D 2019 46th EPS Conf. on Plasma Physics (European Physical Society, Milan, Italy, 8-12 July

2019) 43C P5.1048
[2] Chu M S and Okabayashi M 2010 Plasma Phys. Control. Fusion 52 123001
[3] Ham C J et al. 2011 Plasma Phys. Control. Fusion 53 025001
[4] Glasser A H et al. 1975 Phys. Fluids 18 875
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Account of non-standard orbits in computations of

neoclassical toroidal viscous torque in the resonant

plateau regime of a tokamak

R Buchholz1, S V Kasilov1,2,3, W Kernbichler1, A A Savchenko2,3 and

C G Albert1
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Abstract. Here the theory of resonant transport regimes in a tokamak is developed for the
general case of orbits forming various classes separated in phase space by homoclinic orbits with
infinite bounce time. Beyond standard orbits (banana and traveling orbits) also all types of non-
standard orbits (e.g. “potato” orbits) are taken into account. In case of weak readial electrical
field, non-standard orbit classes are usually present near the magnetic axis. If radial electric
field can not be treated as weak, there can be arbitrary many classes, located elsewhere. The
resulting quasilinear transport equations are applied to compute neoclassical toroidal viscous
(NTV) torque in a tokamak with non-axisymmetric magnetic field perturbation. Earlier, this
torque has been computed using a local approach [1, 2]. Within this approach toroidal torque
density is directly related to local, gradient-driven neoclassical particle fluxes via an algebraic
flux-force relation. The local approach is valid when the radial orbit width is small compared to
the radial scale of perturbation and of plasma parameter profiles, and distance to the magnetic
axis. For typical medium-range tokamak parameters, those conditions may be violated for bulk
ions. In particular radial scale of resonant magnetic perturbations (RMPs) used to mitigate
edge localized modes at the plasma edge often violates locality condition. The code NEO-
RT [2] computes ion NTV in the most typical “collisionless” resonant plateau regime using
a Hamiltonian approach. Taking finite orbit width into account showed that the local model
correctly predicts the order of magnitude of the torque from RMPs but the profile of torque
density is modified [3]. For externally driven as well as internal kink-like perturbations localized
near the axis, conditions for both radial perturbation scale and distance to the magnetic axis
are usually violated. This may lead to a significant overestimation of the ion torque. A fully
non-local approach to NTV computation has been realized in the upgraded version of the code
NEO-RT. Based on a generalization of magnetic flux surfaces to drift surfaces, the notion of a
local thermodynamic equilibrium is extended for our purpose. Using box counting technique,
we obtain the integral toroidal torque in-between a set of chosen flux surfaces.
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[3] Albert C G, Heyn M F, Kasilov S V, Kernbichler W and Martitsch A F 2017 44th EPS Conference on Plasma
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Abstract. An extensive linear analysis of the ICRH propagation and absorption in DTT [1] full 
heating scenario has been performed by means of three advanced numerical tools: DisEMag, 
FELICE and TORIC [2,3]. The numerical codes solve the integro-differential equation that 
accounts for the correct evaluation of the ICRH power absorption in the tokamak equilibrium 
configuration. Moreover, by incorporating the antenna conceptual design, as released by the 
engineering design team, in FELICE and TORIC, the power spectrum, radiated by the antenna 
(3 straps) and coupled to the plasma, has been evaluated in the case of 60 and 90 MHz (3He and 
H minority heating respectively). By extensively using the abovementioned suite of codes, and 
after establishing the plasma target (fixing tokamak dimensions, density, temperatures, plasma 
current, magnetic field, isotopic composition, etc.), and the antenna characteristics (number, 
dimension, pitch, and radial position of the straps, antenna size, etc.), the power absorption on 
the various species (electrons, majority and minority ions) has been calculated as function of 
the minority concentration, parallel wavenumber, frequency, harmonic resonant layer, etc.. 
Comparison between the codes DisEMag [4] and TORIC in evaluating the absorption on 
electrons and minority ions has also been performed that shows a good agreement of the 
results. A new ion heating scheme based on three ions mixture has also been proposed in DTT. 
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Abstract. The ability of Electron-Cyclotron (EC) waves to accurately deposit their energy
into a plasma, in well-defined locations in real and velocity space, has made them a routinely
used tool for heating and current tailoring in tokamaks. Their accuracy also makes them the
main foreseen tool for MHD mode control and mitigation in ITER. However, the complete
non-linear picture of the wave-particle interaction and its consequences for plasma operation
are not yet fully captured by standard numerical tools, namely ray-tracing and drift-kinetic
codes. Indeed, experimental observations, based on suprathermal electron Bremsstrahlung
measurements, suggest a broader profile of suprathermal electrons accelerated by EC waves than
expected by quasilinear drift-kinetic simulations [1, 2]. If this broader suprathermal electron
profile is associated with a larger deposition area of the EC power, it would lead to a loss of
accuracy for applications such as MHD mode mitigation, by driving current outside magnetic
islands. Two possible explanations are being investigated to understand this broadening, both
relying on plasma turbulence. The first possible explanation being explored is the broadening of
the EC beam before its absorption by plasma refractive index fluctuations, potentially leading
to a broaden power deposition area [3]. The focus of this contribution is on the second possible
explanation: the transport of accelerated particles, after the wave absorption, outside the wave
resonance location due to local turbulent transport enhancement from the wave-plasma coupling.
The lack of turbulent transport in drift-kinetic simulations is overcome by using an ad-hoc radial
transport model, proportional to the phase-space localized deposited power, constrained by
experimental Hard X-Ray Spectrometry (HXRS) data [2]. The drift-kinetic code LUKE is also
used as a HXRS synthetic diagnostic, enabling direct comparison with experiments. Dynamics
and transport are experimentally studied using EC power modulation and conditionally averaged
data. Previous studies in TCV have been extended to higher EC power, to investigate the impact
of a pre-existing suprathermal population on transport behavior, benefiting from the full HXRS
setup. These experiments also motivate the implementation of a new EC source in the flux-
driven gyro-kinetic code ORB5 [4] and represent the first opportunity for testing the hypothesis
of turbulent transport enhancement from first principles.
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