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Study of stability and rotation of a chain of saturated, freely-rotating

magnetic islands in tokamaks

A. Casolari1, O. Ficker1 3, E. Macusova1, T. Markovic1 2, M. Peterka1 2, O. Grover1 3,
L. Kripner1 3, V. Yanovskiy1, F. Jaulmes1 and the COMPASS theme

1 Institute of Plasma Physics of the CAS, Prague, Czech Republic
2 Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic

3 FNSPE, Czech Technical University in Prague, Prague, Czech Republic

One of the most important instabilities arising in magnetically confined plasmas is the so-called tearing
mode. Magnetic islands result from the nonlinear evolution of tearing modes [1] and represent a serious issue
for magnetic confinement devices. In the presence of equilibrium density and temperature gradients, the tearing
mode acquires a propagation frequency and the instability is said a drift-tearing mode [2]. Linear theory predicts
a propagation frequency of the instability close to the electron diamagnetic frequency, ω− ωE ≈ ω∗e (ωE is the
E ∧B frequency) [3]; however, experimental observations show that, in some conditions, the rotation frequency
is closer to the ion diamagnetic frequency, ω − ωE ≈ ω∗i [4]. According to a widely accepted interpretation,
when the island width becomes larger than the ion-acoustic radius ρs =

√
Te/(miΩ2), the ion fluid cannot

cross the island separatrix and the island is forced to propagate with the velocity of the ion flow [5]. Most of
the theoretical models agree that the magnetic island rotation velocity smootly transitions from the electron
direction to the ion direction as the island width grows above the ion-acoustic radius. Plasma dynamics close
to a magnetic island is strongly affected by neoclassical effects, that depend on the collisionality regime that
characterizes the plasma. Other effects such as finite Larmor radius (FLR) of the ions or non-ideal effects
(viscosity, diffusivity), can affect island dynamics. Island rotation velocity also affects stability through the ion
polarization current [5], and it can play an important role in the determination of the threshold island width
for destabilization of the so-called neoclassical tearing modes (NTMs). In this contribution, we study the non-
linear dynamics of a chain of stationary, saturated magnetic islands by solving a four-field system of equations
that include non-ideal effects (viscosity, diffusivity), lowest-order FLR effects and neoclassical effects (damping,
rotation) [6]. The equations have been deduced as the limit for small ion Larmor radius (ρik⊥ � 1) of a system
of gyrofluid equations; the lowest order FLR corrections to the poloidal flow damping have been calculated by
solving a simplified version of the gyrokinetic equation. The FLR corrections thus obtained are consistent with
those coming from the small-Larmor-radius expansion of the gyrofluid equations, being both proportional to
ρ2i∇2

⊥ ∼ ρ2i k
2
⊥. This allows to include the FLR effects in a more self-consistent way. The equations are solved

by applying a series of perturbative expansions, under some simplifying hypotheses, by following a procedure
described in a series of papers by Fitzpatrick ([5] and older ones). These tools are applied to the evaluation of
magnetic island stability and rotation, by imposing the torque balance condition, and the results are discussed
in the light of current theoretical understanding of the subject and in relation to the experimental observations.

References

[1] H.P. Furth et al., Physics of Fluids 6(4), 459-484 (1963).

[2] G. Ara et al., Annals of Physics 112(2), 443-476 (1978).

[3] B. Coppi, Physics of Fluids 8(12) 2273-2280 (1965).

[4] P. Buratti et al., Nuclear Fusion 56(7), 076004, (2016).

[5] R. Fitzpatrick, Physics of Plasmas 23(5), 052506 (2016).

[6] A. Casolari, Physics of Plasmas 8, 082514 (2018).
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Multi-scale simulation study on ELM crash dynamics 
 

M. Yagia, H. Setoa, B.D. Dudsonb and X. Q. Xuc 
aNational Institutes for Quantum and Radiological Science and Technology 

bYork Plasma Institute, Department of Physics, University of York 
cLawrence Livermore National Laboratory 

 
In H-mode plasma of Tokamak, the edge localized mode (ELM) is observed which 
releases the intermittent heat flux. In ITER, it is pointed out that the ELM should be 
avoided or mitigated to suppress the heat load on plasma facing components to 
allowable level. To understand the dynamics of intermittent energy release during ELM, 
the nonlinear simulation is indispensable. It is an important issue to develop the 
simulation technique for multi-scale ELM simulation, namely, the interaction between 
MHD and turbulent transport.  
BOUT++ code employs field-aligned coordinates as well as flux surface coordinates 
for tokamak edge simulations [1]. The radial derivative method and the shifted metric 
method are combined to simulate ballooning mode instabilities with reasonable 
computational cost and high accuracy. It has provided qualitative understandings on 
ELMs triggered by middle-n ~ high-n ballooning modes [2]. 
There was a limitation to handle with the convective cell modes (n=0 modes, where n 
implies the toroidal mode number) in BOUT++ code which play a key role for turbulent 
transport after ELM crash. The two-dimensional Poisson solver for n=0 mode is 
implemented to resolve the limitation [3,4]. The simulation study on ELM crash 
triggered by the resistive ballooning mode with middle to high n mode numbers is 
performed [4]. The effect of convective cell modes on energy release process is 
investigated. It is found that during the primary ELM crash, the convective cell modes 
are driven by means of the Reynolds stress as well as of the residual of force balance 
for fluctuation. However, after the primary ELM crash, the latter is dominant. In this 
phase, the nonlinear periodic oscillation appears followed by the secondary instability 
which enhances the energy release. 
This picture is somewhat different from the previous study where only zonal flow 
(m=0,n=0) is taken into account as the convective cell modes in vorticity equation 
without solving n=0 Ohm’s law[5]. 
 

[1] B.D. Dudson et al., Comput. Phys. Commun. 180 (2009) 1467 
[2] X.Q. Xu et al., Phys. Rev. Lett. 105 (2010) 175005  
[3] B.D. Dudson and J. Leddy, Plasma Phys. Control. Fusion 59 (2017) 054010  
[4] H. Seto et al., Phys. Plasmas 26, (2019) 05250 
[5] H. Jhang et al., Nucl. Fusion 57 (2017) 022006 
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Drift‐Kinetic theory of Neoclassical Tearing Modes close to threshold 
Howard Wilson1, Jack Connor2, Alexandra Dudkovskaia1, Koki Imada1, Sid Leigh1 

1York Plasma Institute, Department of Physics, University of York, Heslington, York, UK 
2Culham Centre for Fusion Energy, Culham Science Centre, Abingdon, Oxon, UK 

 
Neoclassical tearing modes (NTM) adjust the magnetic geometry in a tokamak plasma, typically 
causing a significant reduction  in confinement, or even a disruption. They are formed when a 
“seed” magnetic island causes a local flattening of the pressure gradient, removing the bootstrap 
current from within the  island, which then drives the seed  island to  larger width. They can be 
controlled by replacing the missing bootstrap current, and on ITER it is planned that microwaves 
resonant with the electron cyclotron frequency will provide this. The power required, and the 
level of localisation of the current drive, depend to some extent on the threshold mechanisms 
for the NTM. There are two such thresholds, and they are likely related: a threshold in the seed 

island width, and a  threshold  in  the normalised plasma pressure, . Our goal  is  to develop a 
predictive theory for these thresholds. 

The  threshold  island width  is observed  experimentally  to be  comparable  to  the  trapped  ion 
banana  width.  This  complicates  the  physics  because  the  ions  then  experience  a  varying 
fluctuating electromagnetic field as they progress around their orbits. A theory is presented that 
retains this physics, based on the drift‐kinetic equation. We perform an expansion in the ratio of 
magnetic island width to system size, which to leading order yields the fact that particle orbits 
are not affected by the seed island. One can average over these orbits at next order to derive the 
ion and electron responses. It is demonstrated that the passing particles follow streamlines that 
lie on  island structures  in phase‐space –  these  islands are similar  to  the magnetic  island, but 
shifted  radially  by  a  distance  of  order  the  poloidal  Larmor  radius.  The  shift,  which  is  a 
consequence of the grad‐B, curvature and ExB drifts, is negligible for macroscopic islands, but is 
important for small islands of width comparable to the particle poloidal Larmor radius. The result 
is that a density gradient is then partially maintained across the magnetic island, influencing the 
bootstrap current drive. 

Consequences for NTM stability are presented using a new drift‐kinetic code and from a reduced 
analytic model valid in the limit of very low collision frequency. Comparing the results from the 
two approaches highlights the importance of boundary layers around the island separatrix and 
at  the  trapped‐passing  boundary  in  velocity  space. Results  for  the  particle  responses  to  the 
magnetic island are presented, together with conclusions for the threshold mechanism. 

Acknowledgements: This work was funded by a UKRI EPSRC grant, reference EP/N009363/1 
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Nonlinear dynamics of neoclassical tearing modes 
Driven by micro-turbulence 

 
M. Muraglia1,2, O. Agullo1,2, N. Dubuit1,2, J. Frank1,2 and X. Garbet3 

1 France-Japan Magnetic Fusion Laboratory, LIA 336 CNRS 
2 Aix-Marseille Université, CNRS, PIIM UMR 7345, Marseille, France 

3 IRFM, CEA, 13108, St-Paul-Lez-Durance, France 
*e-mail: magali.muraglia@univ-amu.fr 

 
 Magnetic reconnection is a physical process involving conductive plasma flows that 
leads to a modification of the magnetic field topology.  Controlling the processes involved in 
such dynamical effects could lead to a major breakthrough towards the realization of fusion 
experiments. In particular, a large magnetic island (with a size of the order of centimeter) can 
lead to the destruction of the plasma confinement. This phenomenon, known as Neoclassical 
Tearing Mode (NTM), requires a seed island, which will be nonlinearly amplified by the so-
called bootstrap current. Although a lot of studies [1] are devoted to the crucial question of 
the NTM control in a fusion reactor, the origin of the seed island and the  NTM triggering 
mechanism are still open questions. 
 

Moreover, in fusion experiments, large magnetic islands coexist with micro-turbulence. By 
means of fluid simulations as well as gyrokinetic simulations, it has been underlined that a 
Turbulence Driven Magnetic Island (TDMI) can be generated thanks to a nonlinear beating 
of small-scale interchange modes [2, 3]. Then, in [4] it has been found that the bootstrap 
current can amplify the TDMI size. 
 

From an experimental point of view, in [5] the mutual interaction between island and a 
micro-scale turbulence has been investigated in DIII-D. Recently, these experimental results 
have been compared with gyrokinetic simulations using a static magnetic island [6]. A 
qualitative agreement has been found without solving the question of the magnetic island 
origin. 
 

Here, we propose to investigate the question of the nonlinear dynamics of a NTM driven by 
micro-turbulence by means of numerical simulation of a 2D self-consistent Reduced-MHD 
model. More specifically, we focus on the impact of micro-turbulence on the island 
dynamics. The possibility of its modelisation through Rutherford type equations is explored. 
Finally, in order to search for an experimental signature of TDMIs amplified by bootstrap 
current, simulation results are compared with experimental ones [5]. 
 
References: 

1. O. Sauter et al., Plasma Phys. Control. Fusion, 52, 025002, (2010). 
2. M. Muraglia et al., Phys. Rev. Lett., 107, 095003, (2011). 
3. W. Hornsby et al., Plasma Phys. Control. Fusion 57 054018, (2015). 
4. M. Muraglia et al., Nucl. Fusion, 57 072010 (2017). 
5. L. Bardóczi et al., Phys. Plasma, 24 122503 (2017). 
6. L. Bardóczi et al., Plasma Phys. Control. Fusion 62 025020 (2020). 
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Gyrokinetic understanding of edge pedestal transport driven by 
resonant magnetic perturbations in a realistic divertor geometry 

 
Robert Hager, C. S. Chang, N. M. Ferraro, R. Nazikian 

Princeton Plasma Physics Laboratory, Princeton, NJ, USA 
 
The many kinetic side effects of RMPs complicate reliable prediction of the 
effectiveness of RMP ELM control in ITER. For example, plasma density is pumped 
out, which can lower the fusion efficiency in ITER, while the electron temperature 
pedestal is preserved or becomes even somewhat steeper. Gyrokinetic total-f 
simulations of the plasma transport driven by n=3 resonant magnetic perturbations 
(RMPs) in a DIII-D H-mode plasma performed with the gyrokinetic code XGC now 
reproduce these two experimental observations. XGC calculates neoclassical and 
turbulent transport self-consistently in realistic divertor geometry with gyrokinetic 
ions and drift-kinetic electrons, nonlinear Fokker-Planck collisions, and neutral 
particle recycling. The RMP field – calculated using linear extended MHD 
simulation with the M3D-C1 code and coupled into the electrostatic version XGC – 
is stochastic around the pedestal foot (ψN>0.98) but contains good KAM surfaces at 
the pedestal top and steep-slope. In the stochastic pedestal foot, neoclassical 
transport is enhanced and is responsible for the bulk of particle transport there. In 
the pedestal shoulder and slope, enhanced turbulent particle transport from trapped 
electron modes takes over. The increase of turbulent transport is at least partly 
consistent with RMP-induced weakening of the ambipolar radial electric field, and 
is caused by increased cross-power between the electrostatic potential and density 
fluctuations rather than a change in the cross-phase. The electron heat transport 
barrier in the steep-slope region of the pedestal is preserved. The electron heat 
conductivity is even completely suppressed in the steepest part of the pedestal, 
making the electron energy loss to be completely convective flowing out together 
with the density. The neoclassical component of the electron heat flux, while 
significantly enhanced in the outer thin stochastic layer, remains small compared to 
the turbulent heat flux, indicating that this thin stochastic region near the separatrix  
is not stochastic enough for Rechester-Rosenbluth transport theory to be applicable. 
The comparison between experiment and XGC simulation will be extended from 
DIII-D by short (~0.2 ms) gyrokinetic simulations of a KSTAR H-mode discharge 
with n=1 RMPs. Extension of our studies to ITER is planned. 
 
Funding is from the U.S. DOE under contracts DE-AC02-09CH11466 (PPPL) and 
DE-FC02-04ER54698 (DIII-D); computing time is provided via INCITE at ALCF 
(DE-AC02-06CH11357) and ERCAP at NERSC (DE-AC02-05CH11231). 
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PEELING-BALLOONING STABILITY OF TOKAMAK PLASMAS
WITH APPLIED 3D MAGNETIC FIELDS

M.S. ANASTOPOULOS TZANIS, C.J. HAM, P.B. SNYDER, H.R. WILSON

• Development of a variational approach for the calculation of the linear
non-axisymmetric ideal MHD stability of tokamak plasmas using the un-
stable peeling-ballooning modes of the axisymmetric equilibrium as basis
functions for the non-axisymmetric eigenmode.

• According to ballooning theory for an axisymmetric equilibrium, the decou-

pled toroidal normal modes ~ξn are composed by different poloidal Fourier

modes ~ξmn that have the same radial structure and are centred at their
corresponding rational surface where m = nq.

• The radial dependence of the background equilibrium defines how these
poloidal Fourier modes m are coupled, i.e. determines the relative ampli-
tude of each poloidal Fourier modes m for a given toroidal normal mode
n.

• A similar picture is expected in the case where the background equilibrium
is non-axisymmetric. As a result it is postulated that the radial structure of

the individual ~ξmn remains unchanged but the relative poloidal and toroidal

coupling of the different Fourier harmonics ~ξnm is changed.
• Therefore, existing axisymmetric stability codes can be used to provide the

trial or basis functions in order to minimise the non-axisymmetric linear
ideal MHD energy functional.

• In our case the ELITE stability code is used to obtain the trail functions. In
addition, ELITE is modified to provide a non-axisymmetric linear plasma
response for a given external 3D magnetic field. In such a way, a framework
is created for the simultaneous examination of the linear ideal plasma re-
sponse and stability of tokamak plasmas under the application of external
3D magnetic fields.

• The main outcome of this study for high-β D-shaped plasmas is the fur-
ther destabilisation and field-line localisation of ballooning modes, as local
ballooning theory suggests.

• In addition, it is observed that unstable kink-ballooning like modes are
highly destabilised by the external 3D magnetic field due to a synergistic
destabilising contribution from the toroidal coupling.

• Finally, it is shown that the largest destabilisation for a given amplitude
of the external 3D magnetic field at the plasma surface, occurs when the
displacement of the equilibrium flux surfaces is largest within the pedestal.

1
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A new formalism for inherently robust plasma fluid 
simulations 

  
F. Halpern 

General Atomics, SanDiego, USA 
 
 

We introduce the anti-symmetric representation of the plasma fluid model hierarchy 

as a path to fast, easy, and reliable simulations. In the anti-symmetric representation, 

the underlying symmetries of the fluid equations are exposed in such a manner that 

the conservation theorems have exact discrete analogs. The formalism is general and 

applies to the entire fluid hierarchy, including the two-fluid equations, MHD, and 

drift-ordered models. We demonstrate the favorable conservation properties of the 

formalism at each step using numerical examples. Robust numerical applications 

can be achieved with little effort, and conservation to machine precision is possible 

with simple and scalable numerical methods. The simplicity of the approach lends 

itself nicely for practical GPU acceleration. Exact time reversibility of the 

simulations, a manifestation of exact conservation, is also showcased 
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Modelling Asymmetric Vertical Displacement Events (AVDEs) on 

COMPASS using non-linear MHD simulations 

 

F.J. Artola1, G. Huijsmans2,3, M. Lehnen1, E. Matveeva4, T. Markovic4, M. Hoelzl5 

 1ITER Organization, 13067 St Paul Lez Durance Cedex, France 

 2CEA, IRFM, F-13108 St. Paul-lez-Durance Cedex, France 

3Eindhoven University of Technology, Eindhoven, The Netherlands 

4Institute of Plasma Physics of the Czech Academy of Sciences, Prague, Czech Republic 

5Max Planck Institute for plasma physics, Boltzmannstr. 2, 85748 Garching, Germany 

 

Plasmas presenting a large elongation are unstable to axisymmetric vertical displacements 

that are triggered when the plasma position control is lost (e.g. during disruptions). During 

these events, halo currents are induced in the open field line region, which flow from the 

plasma into the vacuum vessel and vice-versa. As the plasma cross section is reduced, 

additional asymmetric MHD instabilities can arise leading to a localization of the EM loads 

generated by the halo currents. The rotation of the electromagnetic load asymmetry needs to 

be investigated for its implications on large scale tokamaks such as ITER and DEMO due to 

resonant effects with the vacuum vessel. In this respect, complex MHD validated codes are 

required in order to estimate the halo current rotation in these machines.  

 

In this work we perform 3D VDE simulations with the JOREK-STARWALL code suite 

based on a COMPASS experimental shot. Several plasma parameters such as the vertical 

position, plasma current and halo current profiles are compared with COMPASS AVDE 

experiments with the aim to validate the code. The differences between simulations and 

experiments and the physics required to simulate these events are discussed. Additionally 

different scans are performed on several parameters such as the plasma resistivity, particle 

and heat diffusion coefficients and the plasma viscosity in order to study their effect on the 

toroidal asymmetries. The influence of different boundary conditions for the temperature, the 

density and current density is also explored. 
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Modelling of electron runaway in tokamak

disruptions in the presence of massive material

injection

T Fülöp1, O. Vallhagen1, L Hesslow1, O Embréus1, I Pusztai1,
M Hoppe1, S L Newton2

1Department of Physics, Chalmers University of Technology, 41296 Gothenburg, Sweden
2CCFE, Culham Science Centre, Abingdon, Oxon OX14 3DB, UK

E-mail: tunde@chalmers.se

Abstract. Unmitigated disruptions can cause severe damage on high-current tokamak devices
such as ITER. The currently envisaged mitigation method is based on massive material injection
(MMI). Recent progress in modelling the dynamics of REs during disruptions mitigated by MMI
indicate a substantial increase in the avalanche multiplication gain during an ITER current
quench compared to previous estimates [1]. This is due to the increased number of target
electrons available for the avalanche process in weakly ionized plasmas, which is only partially
compensated by the increased friction force on REs.

We present the development of a reduced kinetic model for RE dynamics in the presence of
material injection, including Dreicer, tritium decay, and Compton seed runaway generation as
well as avalanche multiplication with an accurate model of partial screening effects, benchmarked
to kinetic simulations. Using this model we address the runaway beam formation and evolution
during the current quench in ITER disruption scenarios, taking into account the temperature
and electric field evolution self-consistently. Our results indicate that, if losses due to magnetic
perturbations are not taken into account, impurity injection leads to high runaway currents in
ITER, even if it is combined with deuterium injection.

[1] Hesslow et al, Nucl. Fusion 59 084004 (2019)
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A boundary integral equation solver for stepped
pressure equilibria in stellarators

Dhairya Malhotra∗, Antoine J. Cerfon, and Michael O’Neil

Courant Institute, New York University
251 Mercer St, New York, NY 10012, USA

Abstract

We present BIEST (Boundary Integral Equation Solver for Taylor states), a new
numerical solver for computing stepped-pressure equilibria in stellarators. BIEST de-
composes the calculation of stepped-pressure equilibria into the same two iterative steps
as the SPEC solver (Stepped Pressure Equilibrium Code) [1] does: 1) The location of
ideal MHD barriers is first prescribed, and Taylor states are computed in the different re-
gions separated by these ideal MHD surfaces; 2) the ideal MHD barriers are then moved
in order to satisfy force balance at each interface. However, BIEST computes Taylor
states in a fundamentally different way from SPEC. Specifically, in BIEST Taylor states
are formulated in terms of boundary integral equations, in which the unknowns are only
defined on the surfaces corresponding to ideal MHD barriers, and the volume never needs
to be discretized. This approach has several advantages: 1) the number of unknowns
is greatly reduced as compared to SPEC, thus reducing the memory requirements; 2)
BIEST avoids issues with the coordinate singularity which occurs when parameterizing
the volume of genus-one domains, and has greater geometric flexibility; 3) the nature of
the integral equations in BIEST leads to favorable conditioning as compared to volume
based discretization schemes.

We tested the performance of BIEST for several stellarator geometries (W7-X, QAS3),
and numerically confirmed the favorable comparison with SPEC, in terms of both ac-
curacy (BIEST reaches 9-digit accuracy without encountering conditioning issues) and
speed (factor of 10 speedup as compared to SPEC). Furthermore, for the needs of BIEST,
we developed a new and efficient quadrature scheme for singular integrals on stellarator
surfaces which can be used to accelerate the evaluation of integrals in several stellarator
codes, such as BNORM, NESCOIL/REGCOIL, DIAGNO, EXTENDER, etc.

References
[1] S. R. Hudson, R. L. Dewar, G. Dennis, M. J. Hole, M. McGann, G. von Nessi, and S. Laz-

erson. Computation of multi-region relaxed magnetohydrodynamic equilibria. Physics of
Plasmas, 19(11):112502, Nov 2012.

∗Corresponding author (Email: malhotra@cims.nyu.edu)

I-11



Direct prediction of nonlinearly saturated tearing

mode islands with SPEC

J. Loizu1, Y.-M. Huang2, S. R. Hudson2, D. Bonfiglio3, A.

Baillod1, A. Kumar4, and Z. Qu4
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Abstract. We demonstrate, for the first time, that it is possible to use an MHD

equilibrium code to directly predict the nonlinear saturation of tearing modes without

resolving the dynamics and without explicit dependence on the plasma resistivity. This

is achieved by exploiting the variational principle of multi-region relaxed MHD, which

is numerically implemented in the SPEC code [1, 2]. We predict the saturated island

width, wsat, in configurations with strong guide fields and non-trivial current profiles

and for a wide range of values for the instability parameter ∆′ [3]. Calculations are

carried out in slab and cylindrical geometries and the predicted values of wsat are shown

to reproduce the theoretical scaling at small values of ∆′ and the scaling obtained from

resistive MHD simulations at large ∆′. Perspectives on the inclusion of auxiliary and

bootstrap currents in toroidal calculations are discussed.

[1] S. R. Hudson et al, Physics of Plasmas 19, 112502 (2012)

[2] S. R. Hudson et al, Plasma Physics and Controlled Fusion, submitted (2020)

[3] J. Loizu et al, Physical Review Letters, submitted (2020)
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1École Polytechnique Fédérale de Lausanne, Swiss Plasma Center, CH-1015 Lausanne, Switzerland

Understanding the sensitivity of 3D MHD equilibria to toroidal current is of paramount

importance for stellarator optimization and operation [1]. In particular, quasi-isodynamic stel-

larators, in which bootstrap current is minimized, can have their magnetic field strongly affected

by the reminiscent bootstrap current [2]. We present a first basic study of the effect of bootstrap

current on the equilibrium β-limit in a classical stellarator by leveraging new capabilities im-

plemented in the Stepped-Pressure Equilibrium Code (SPEC) [3]. SPEC can compute partially

reconnected equilibria with coexisting magnetic surfaces, magnetic islands and chaos. It has

been recently extended to free-boundary [4] and is now also capable of prescribing the profile

of toroidal current. When applied to a classical stellarator geometry, SPEC shows that the

bootstrap current pushes the ideal equilibrium limit [5, 6] to higher values of β by reducing

the Shafranov shift. For sufficiently strong bootstrap current, however, the emergence of chaos

is observed, thereby defining another equilibrium β-limit. The results are complemented with

analytical expressions that explain the observations.
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The simulation domain used for local gyrokinetic simulations is typically field-

aligned, meaning that the four corners of the domain follow four magnetic field lines.

Therefore, even if the domain is rectangular at θ = 0 (i.e. the outboard midplane),

the presence of magnetic shear will cause it to twist into a parallelogram at other

poloidal locations. For strong magnetic shear, this twist can be very extreme, potentially

preventing turbulence from being properly resolved. In this work, we formulate a “non-

twisting” flux tube, which stays rectangular at all poloidal locations. While this concept

was pioneered in reference [1], this work is the first to demonstrate it is compatible with

the doubly-periodic perpendicular boundary conditions of a flux tube [2]. Accordingly,

the non-twisting flux tube has been implemented in the gyrokinetic code GENE and

has been successfully benchmarked against the conventional flux tube at high resolution.

In preliminary simulations using adiabatic electrons, the non-twisting flux tube always

equaled or significantly outperformed the conventional one. Though calculating a single

timestep in the non-twisting flux tube was found to be slightly more expensive, this

was more than compensated by the fact that the CFL-limited timestep increased by an

amount proportional to the magnetic shear. Moreover, it appears that when modeling

turbulence that peaks away from θ = 0, the non-twisting flux tube can get by with

fewer radial modes. This made tokamak simulations employing a domain with more

than one poloidal turn cheaper and indicates that the non-twisting flux tube could be

beneficial for modeling stellarators. Additionally, the non-twisting flux tube requires

fewer radial modes to accurately model the inboard midplane of high magnetic shear

tokamaks, though this region does not contribute much to the total turbulent fluxes.

Lastly, we show how this work can be generalized to enable even more flexibility in how

the flux tube is shaped and discretized.
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Abstract. The non-adiabatic dynamics of passing electrons have a destabilising effect on ion-
scale microinstabilities such as Ion Temperature Gradient (ITG) instability, in particular leading
to generation of fine-structures located at the Mode Rational Surfaces (MRSs) of each eigenmode
[1]. Recent studies [2, 3, 4] have shown that, in presence of non-adiabatic passing electrons,
the self-interaction mechanism plays a significant role in saturating microturbulence. This
mechanism is essentially a process by which a microinstability eigenmode that is extended along
the direction parallel to the magnetic field interacts non-linearly with itself, in turn generating
sheared E×B zonal flows. An important consequence of the self-interaction mechansim is that
it leads to a finite system size effect that is distinct from the other, better known system size
effects, such as profile shearing or finite radial extent of the unstable region.

In this work, the study of non-adiabatic passing electron dynamics is pursued further to
account for more reactor relevant conditions such as collisional effects and background E × B
shear flow. In presence of kinetic electrons, the growth rate of ITG eigenmodes have been
reported to decrease with increasing collisionality [5]. Through detailed velocity space analysis
of the distribution function, we show further evidence that this can be explained with collisions
leading to a more adiabatic-like response of electrons away from MRSs. Furthermore, the
shortened electron mean free path in presence of collisions is shown to lead to a radial broadening
of the fine-structures at the MRSs of corresponding linear eigenmodes. In nonlinear simulations,
the turbulent flux levels decrease with increasing collisionality, as a result of the reduced drive
from the less unstable ITG eigenmodes, and the radial width of the fine-structures at MRSs is
found to reduce with increasing collisionality, as a result of the reduced nonlinear modification
of the eigenmodes. A study of the effect of background shear flow shows that the fine-structures
persist even with finite background flow shearing rates. The turbulent flux-levels decrease with
increasing values of background shearing rate, and radially propagating soliton-like structures
are seen, similar to the results obtained with adiabatic electrons in previous studies [6, 7]. For
physically relevant values of collisionality and background shear flow, the effect of self-interaction
is found to be significant, thereby showing that it is a robust and ubiquitous feature of plasma
turbulence in tokamaks, which can play a significant role in determining turbulent flux-levels.
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Abstract. While turbulent transport is known to dominate the radial particle and energy
transport in the plasma edge, a self-consistent description of turbulent transport in mean-field
codes such as SOLSP-ITER remains lacking. On the other hand, at present 3D turbulence
simulations cannot be used for reactor design purposes due to their high computational cost.
As a solution to this problem, a number of self-consistent models for the average turbulent
radial particle transport that can be implemented in mean-field transport codes have recently
been developed [1,2]. These models propose a diffusive closure for the particle flux in which
the diffusion coefficient is determined based on the turbulent kinetic energy (k⊥), and possibly
the turbulent enstrophy (ζ⊥). Additional partial differential equations for these new turbulent
quantities are then added to the (mean-field) equation set.

These closure models feature a limited number of unknown parameters to be estimated,
both in the diffusion coefficient itself and in the PDEs for k⊥ and ζ⊥. Recently, Bayesian
techniques have been applied to estimate the posterior distribution of these parameters [3].
The reference data for this consisted of a set of isothermal scrape-off layer (SOL) simulations
from the TOKAM2D turbulence code [4]. The advantage of such a Bayesian analysis is that
it allows to estimate probability distributions for all the parameters together (not just point
estimates), which permits to identify hidden model deficiencies such as unwanted parameter
cross-correlations. Moreover, a Bayesian analysis also provides the Bayesian evidence as a
quantifier for the merit of the different models.

This contribution aims to assess the validity of the k⊥(-ζ⊥) particle transport models in more
general cases using the Bayesian techniques developed earlier. These new flow cases consist of
a set of anisothermal SOL simulations in TOKAM2D, as well as a set of simulations in which
a drift-wave-like model has been activated in the core region. In both cases, strong flow shear
appears in the simulations, which impacts the turbulent transport characteristics.

The diffusive transport model D ∼ k⊥/
√
ζ⊥ developed earlier implicitly assumed the

enstrophy to provide a time scale for the turbulence, supposedly proportional to the correlation
time of the turbulence. While it is widely known in the literature that flow shear tends to quench
the turbulence and the turbulent transport, its effect was not explicitly taken into account in
this diffusive transport model. As the flow shear provides a new mechanism for the decorrelation
of the turbulence, we propose to introduce an additional time scale ωS in the diffusive transport
relation as D ∼ k⊥/(

√
ζ⊥ + ωS). Following this ansatz and drawing inspiration from literature

on shear decorrelation times [5], several candidate models to capture the mean effect of flow
shear on the resulting particle transport coefficient are analysed in a Bayesian setting.
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One of the main mechanism to heat a hot plasma is to send a wave that will transfer its
energy to particles via plasma-wave interaction. For an efficient coupling of the wave with the
plasma, resonant processes are needed, implying that the wave frequency is a multiple of the
cyclotron frequency of one of the species present in the plasma. It has been experimentally
observed that the area of deposition of electron cyclotron resonant heating (ECRH) is wider
than expected [1]. Two mechanisms have been proposed to explain this observation. The first
one is that the heating leads to a locally enhanced transport. The second option is the scattering
of the beam by turbulent fluctuations essentially at the edge [2]. These two mechanisms have
been investigated with different dedicated codes and both mechanisms are both significant.

To study this problem on a first-principle basis, the coupling of a global flux-driven gyrokinetic
code with a wave propagation code is an appropriate tool. Even though challenging, this
approach will allow more insights into the general problems related to plasma-wave interactions
and their implication on transport in tokamaks. One of the first steps for the coupling consists in
the implementation of a source term in the gyrokinetic code corresponding to the plasma-wave
interaction.

For this study, the particle-in-cell (PIC) code ORB5 [3] will be use. A multi-species nonlinear
collision operator has recently be implemented which is crucial to regulate the deformation of
the distribution function due to plasma-wave interaction.

The simplest way to take into account plasma-wave coupling relies on a quasilinear approach.
In the general case the quasilinear operator is acting on the total phase-space which makes it
difficult to implement [4]. Neglecting the magnetic field variations in the deposition area, allows
to significantly simplify the quasilinear operator as it becomes a Fokker-Planck operator acting
only in velocity space. This source term can be easily implemented in a PIC code using a
Langevin approach [5]. The details of the implementation of this source term and the first
results obtained will be discussed.

References
[1] S Coda, S Alberti, P Blanchard, T.P Goodman, M.A Henderson, P Nikkola, Y Peysson, and O Sauter.

Electron cyclotron current drive and suprathermal electron dynamics in the TCV tokamak. Nuclear Fusion,
43(11):1361–1370, nov 2003.

[2] Yves Peysson, Joan Decker, L Morini, and S Coda. RF current drive and plasma fluctuations. Plasma Physics
and Controlled Fusion, 53(12):124028, nov 2011.

[3] E. Lanti, N. Ohana, N. Tronko, T. Hayward-Schneider, A. Bottino, B.F. McMillan, A. Mishchenko,
A. Scheinberg, A. Biancalani, P. Angelino, S. Brunner, J. Dominski, P. Donnel, C. Gheller, R. Hatzky,
A. Jocksch, S. Jolliet, Z.X. Lu, J.P. [Martin Collar], I. Novikau, E. Sonnendrücker, T. Vernay, and L. Villard.
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Zonal flows play an important role in turbulence self-regulation and thereby on turbulent transport in 

magnetised plasmas [1]. The generation and sustainment of zonal flows, and their back-reaction on 

background turbulence, have been studied at length, mostly in the framework of weak turbulence 

theory combined with a random phase approximation. The wave kinetic equation appears to be a 

useful tool to explore this mechanism, applied to drift waves in slab or cylindrical geometry. In most 

cases, the regime of interest addresses a population of zonal flows that scatter drift waves, which in 

turn drive zonal flows via the Reynolds stress.  

However another regime presents some interest, where turbulent wave packets are trapped in a 

quasi-coherent zonal mode. Solutions have been found where a coherent zonal mode propagates 

radially together with drift waves trapped in the zonal structure [2]. These solutions can be solitons, 

shocks or wave trains.  Wave trapping provides in this case a mechanism for turbulence saturation. 

The same methodology was used recently for Geodesic Acoustic Mode [3,4], and showed that 

Geodesic Acoustic Mode can be non-linearly destabilised by wave trapping [3,4] .   

Another limit is investigated here, where a steady periodic structure of zonal flows emerges, with 

interspaced wave packets that propagate radially. Conditions for the onset and sustainment of these 

structures have been computed and indicate that this class of solutions is generic. The calculation is 

handled first for drift waves in slab geometry, and then extended to ITG modes in tokamak plasmas.  

This structure bears some similarity with staircases uncovered recently in gyrokinetic simulations [5]. 
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[3]  M. Sasaki, K. Itoh, T. Kobayashi, et al, Nucl. Fusion 58, 112005 (2018). 

[4]  C. Gillot et al, PhD thesis (2020), this conference. 

[5]  Dif-Pradalier, G. Hornung, Ph. Ghendrih et al, Phys. Rev. Lett. 114, 085004 (2015). 

P-6



Limits of the δf gyrokinetic particle-in-cell (PIC)

approach in strong gradient regions

Moahan Murugappan

Swiss Plasma Center, Ecole Polytechnique Fédérale de Lausanne, Switzerland

E-mail: moahan.murugappan@epfl.ch

Abstract. The δf gyrokinetic particle-in-cell (PIC) approach is known to be successful for
simulating the core of magnetic fusion plasmas, where fluctuations are relatively small and
therefore the unperturbed particle distribution function, usually represented by a stationary
Maxwellian f0, remains a good choice of a control variate for reducing statistical sampling
noise. However, towards the plasma edge, characterised by low density and temperature and
strong gradients, relative fluctuation amplitudes typically become large, so that the essential
assumption of |δf/f0| << 1 underlying the δf PIC approach will not be valid, where δf
is the fluctuating part of the distribution. This motivates the study of the limits of the δf
approach in a simplified system mimicking the plasma edge. To this end, simulations are run
using GKEngine, which is a δf PIC code that solves the nonlinear gyrokinetic equations for a
sheared slab geometry, using B-spline finite elements to represent the self-consistent electrostatic
field. Initial radial density and ion temperature profiles exhibiting high logarithmic and linear
gradients, representing plasma core and ‘pedestal’ region, respectively, are used. In order to
mitigate particles exiting the simulation domain as the ion temperature profile relaxes, all
profiles are mirrored at domain-centre and periodic boundary conditions are imposed. The
validity of the δf approach is measured by statistical noise estimates, while monitoring relative
fluctuation levels of density and temperature. In particular, the effect of background profile
gradients on these measures is also investigated. As a first step to reduce the amplitude of
the deviation δf , an adaptive Maxwellian f0 is implemented, whose time dependent density
and temperature profiles are obtained by locally absorbing/relaxing mass and kinetic energy
accumulating in δf . Current status of the development is towards a more general form of the
adaptive f0.
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Abstract. Many plasma systems exhibit a marked reduction in transport close to the linear
marginal stability threshold. This effective upshift of the critical gradient is known as the
Dimits shift [1] and is a result of zonal flows which self-emerge from the primary drift waves via
a secondary instability. Under the shearing influence exerted by these zonal flows the primary
instability is modified into a weaker tertiary instability and the resulting transport is quenched.
Though the broad strokes of this phenomenon are understood, the details are still unclear. Key
questions such as whether a linear tertiary transition can fully explain when the Dimits regime
ends are still unanswered, and a general quantitative prediction of the Dimits shift’s size has
remained elusive [2][3].

In an attempt to address these questions, in this work the Dimits shift of the entropy
mode in a collisionless Z-pinch is studied in detail through nonlinear and tertiary gyrokinetic
simulations using GENE[4]. Two main features are observed: first it is found that in nonlinear
simulations a few zonal modes clustered around kx ∼ 0.4ρi typically develop a crucial phase
shift between the proton and electron gyro-independent responses. As a result, within the
Dimits regime these modes provide the majority of the tertiary stabilisation exerted by the full
zonal profile. Secondly it is observed that the tertiary linear growth rates of the zonal profiles
typically obtained through nonlinear simulations dramatically increases around the end of the
Dimits regime, hinting that the transition indeed is of a linear nature for this system.

Facilitated by these findings, the stabilisation exerted by a typical full zonal profile can
be approximated by the maximally stabilising single zonal mode in a 4-mode scheme. In a
very simple prediction scheme, the Dimits regime can then be taken to end when this system
goes unstable. Though this prediction is found not to fully match the observed transition,
the deviation is of a consistent character such that the usefulness of this simple prediction
nevertheless remains apparent.
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Abstract. Nonneutral plasmas are of broad interest for antimatter physics, particle
accelerators and high power microwave sources such as gyrotrons. Indeed, the study of charged
particle confinement is crucial for developing long-term antimatter storage (Penning traps)
or to avoid arcing and improve efficiency of particle accelerators and microwave sources. In
gyrotrons specifically, operation has been sometimes compromised by the presence of localized
trapped electrons (i.e. not belonging to the main electron beam) in the gyrotron gun region
[1]. Such trapped electrons can lead to arcing and, in some cases, prevent the electron gun
from operating at nominal electron acceleration voltage [2]. The trapping of particles is the
consequence of the presence of crossed electric and magnetic fields and has some analogies to
a Penning trap. Starting from a known analytical annular electron layer equilibrium [3], we
use a newly developed particle-in-cell code to understand the trapped electron density limit
in a cylindrical geometry with a magnetic field mirror. Next, we add a coaxial insert and
apply an external radial electric field to create an electron trapping well. In this more complex
configuration we derive a theoretical maximum density criterion for axial confinement and apply
this criterion to a specific gyrotron electron gun geometry. This leads to a better understanding
of the instability conditions causing the loss of electrons and gives an insight into ways of
controlling this loss.
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Abstract. Axisymmetric modes with toroidal mode number n=0 in shaped tokamak plasmas 
are normally associated with vertical displacement events. However, not enough attention has 
been given to the fact that axisymmetric modes can be resonant in two different ways. In the 
first place, whenever the plasma is bounded by a divertor separatrix, magneto-hydro-dynamic 
(MHD) n=0 perturbations tend to develop a singularity at the divertor X-point(s), where 𝑩𝒆𝒒 ∙
∇𝜉 = 0, with 𝑩𝒆𝒒 the equilibrium magnetic field and 𝜉 a generic n=0 perturbation. The likely 
consequence is that n=0 perturbations can give rise to current sheets localized along the 
divertor separatrix in the vicinity of the X-point(s). In the second place, the vertical instability 
is normally suppressed by feedback stabilization. This, however, leads to a stable n=0 mode 
oscillating at a frequency of the order of the relevant Alfven frequency. The resonant mode-
particle interaction between feedback-stabilized n=0 perturbations and energetic particles has 
not been explored so far in theoretical works and may give rise to a new type of fast ion 
instability. The nature and consequences of these resonant phenomena will be the focus of this 
presentation. 
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Abstract. Recent developments in stellarator optimisation have produced promising
candidates for current carrying quasi-axisymmetric stellarator (QAS) experiments [1]. The
non-linear magnetohydrodynamic (MHD) behaviour of such stellarator devices is not well
understood, such that the threshold for current driven instabilities is unknown. It is currently
unclear at what fraction of external rotational transform stellarators become prone to major
disruptions.

JOREK [2] is a non-linear MHD code that is currently used by the European community
to study a wide variety of MHD phenomena in tokamak devices, such as Edge Localised Modes
(ELMs), natural disruptions, Vertical Displacement Events (VDEs) and disruptions triggered by
Massive Material Injection (MMI). Stellarator capable models have been derived for JOREK [3],
and the code is currently in the process of being extended to model 3D plasma configurations.

The linear viscoresistive MHD code, CASTOR3D [4] has been used to assess unstable QAS
configurations [5]. As part of this work, an axisymmetric approximation to quasi-symmetric
devices was compared against the original device, showing reasonable agreement in the growth
rates of external kink modes. An advanced axisymmetric approximation that makes use of
”virtual currents” to include the external rotational transform is implemented in JOREK and
used to linearly and non-linearly predict the dynamics of instabilities in stellarator devices.

This work presents the virtual current model, the validation and limits of the axisymmetric
approach, and initial linear and non-linear results for stellarator devices. Linear assessments
of Wendelstein 7-X (W7-X) and QAS equilibria are compared against CASTOR3D to quantify
the agreement with non-axisymmetric models in the linear phase. Approximations to a quasi-
axisymmetric stellarator configuration unstable to external kinks are then simulated into the
non-linear phase with different fractions of external rotational transform. The results provide
a first understanding of how the addition of an external rotational transform can change the
non-linear dynamics of current driven instabilities leading to disruptions.

References
[1] S. Henneberg et al., Nucl. Fusion 59, (2019)
[2] G. Huysmans et al., Nucl. Fusion 47, (2007)
[3] N. Nikulsin et al., Phys Plasmas 26 (2019)
[4] E. Strumberger et al., Nucl. Fusion 57, (2017)
[5] E. Strumberger et al., Nucl. Fusion 59, (2019)
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Energetic particle nonlinear equilibria and transport processes in burning 

plasmas 

M.V. Falessi1, S. Briguglio1, L. Chen2,3, Z. Qiu2, F. Zonca1,2 

 1ENEA, Fusion and Nuclear Safety Department, Via E. Fermi, 45, 00044 Frascati (Roma), Italy 

2Inst. for Fusion Theory and Simulation and Dept of Physics Zhejiang University,Hangzhou, China 

3Dept. Physics and Astronomy, University of California, Irvine, CA 92697-4575, USA 

Energetic particle (EP) transport in burning plasmas is a spatiotemporal multi-scale process due to                           
the crucially important role played by EPs as mediators of cross scale couplings [1]. This makes                               
predictive analyses based on first principle computations very challenging and calls for reduced                         
descriptions, which preserve the necessary physics ingredients. 
This is the main motivation of the present contribution, where we propose a theoretical framework                             
describing EP transport in the phase space based on the theory of Phase Space Zonal Structures                               
(PSZS) [2–5]. 
PSZS are long-lived formations in the particle phase space; that is, PSZS are undamped by (fast)                               
collisionless dissipation mechanisms due to wave-particle interactions. They play important roles in                       
transport processes, since they describe the deviation from local thermodynamic equilibrium and                       
affect the nonlinear dynamic evolution of the system [2-5]. Together with zonal structures, i.e.                           
toroidally symmetric structures in, e.g., the scalar potential, unaffected by collisionless damping,                       
they define the zonal state; that is an evolving nonlinear equilibrium consistent with toroidal                           
symmetry breaking fluctuations and with transport time scale ordering [3]. This definition is                         
particularly important in collisionless burning plasmas, where one cannot always describe transport                       
via evolution of radial profiles of a reference Maxwellian. 
In this work, we derive the governing equations for the zonal state. This is an application of                                 
gyrokinetic transport theory, where the novelty stands in the explicit identification of the part of the                               
toroidally symmetric , the PSZS, that has to be incorporated into the generally non-Maxwellian    fδ                        
reference particle distribution function for taking into account plasma evolution due to transport                         
processes and its counterpart; i.e. the long-lived component of toroidally symmetric fields. It is                           
shown that this approach is consistent with the usual evolution of macroscopic plasma profiles                           
under the action of fluctuation induced fluxes, when the deviation of the reference state from local                               
Maxwellian response is small. Furthermore, classical and neoclassical transport are recovered in the                         
proper limits. The usefulness of this formulation becomes clear for long time scale transport                           
calculations, in particular those related with gyrokinetic or hybrid simulation of EP transport, where                           
the non-Maxwellian features and the role of wave-particle resonances is most important. 
 
 
References: 
 
[1] Chen L and Zonca F 2016 Reviews of Modern Physics  88  015008 
[2] Zonca F, Chen L, Briguglio S, Fogaccia G, Vlad G and Wang X 2015 New Journal of Physics 
17 013052 
[3] Falessi M V and Zonca F 2019 Physics of Plasmas  26  022305 
[4] Falessi M V 2017 arXiv preprint arXiv:1701.02202 
[5] Falessi M V, Chen L, Qiu Z and Zonca F to be submitted to New Journal of Physics 
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BSTING: fluid turbulence simulations in stellarators

B Shanahan1, B Dudson2, D Dickinson2, C Killer1, O Grulke1,  and P Hill2

1Max-Planck Institut für Plasmaphysik, Teilinstitut Greifswald, Germany
2York Plasma Institute, Department of Physics, University of York, UK

Wendelstein 7-X has been optimized for neoclassical transport and recent experimental

observations  [1]  indicate  that  turbulence  can  contribute  to  significant  radial  transport,

especially at the edge.  Novel edge and scrape-off-layer (SOL) physics have been observed in

the first experimental campaign. Edge filaments [2] and high frequency heat flux variations

[3] are among many new observations which merit numerical investigation. While there are

several edge fluid turbulence frameworks for tokamak geometries, the complicated nature of a

stellarator edge and scrape-off-layer has as yet inhibited the development of a fluid turbulence

framework  for  stellarator  geometries.  One  of  these  simulation  frameworks  written  for

tokamak  geometries,  BOUT++  [4],  is  also  able  to  simulate  phenomena  such  as  ELMs,

magnetic reconnection, plasma transport and neutral interaction. The BSTING project [5] has

extended  BOUT++  to  stellarator  geometries,  thereby  providing  the  first  nonlinear  fluid

simulation framework for non-axisymmetric geometries.  

Here we outline recent developments in the BSTING project, including a newly implemented

curvilinear  grid  system  suitable  for  stellarator  edge  magnetic  topology,  and  present

simulations of plasma filaments in stellarator geometries [5].  

Stellarator-relevant  simulations  of  filaments  in  simplified  geometries  are  also  presented,

including verification of simulated filaments in W7-X-like scenarios which yield remarkable

agreement  to  experimental  observations  [6].   We also present  simulations  of  filaments  in

regions of highly-varying connection length [7] and nonuniform curvature [8], both features

of the W7-X SOL.   Finally, a discussion the relevance and application of these methods to

Wendelstein 7-X edge turbulence scenarios is provided.

References

[1] N. Pablant et al., Physics of Plasmas 25 022508 (2018)
[2] G. Kocsis, et al., 44th EPS Conference on Plasma Physics (2017)
[3] G. A. Wurden, et al., Nuclear Fusion 57, 056036 (2017)
[4] B D Dudson et al., Comp. Phys. Comm. 180 9 1467-1580 (2009)
[5] B Shanahan et al., Plasma Phys. Control. Fusion 61 0250007 (2019)
[6] C Killer, B Shanahan, et al., In preparation (2020)
[7] B Shanahan and P Huslage, In preparation (2020)
[8] B Shanahan et al., J. Phys.; Conf. Series 1125 012018 (2018)
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RABBIT: A high-fidelity code to simulate the NBI fast-ion distribution in
real-time

M. Weiland1∗, R. Bilato1, R. Dux1, A. Lebschy1, E. Fable1, F. Felici2, R. Fischer1, O. Kudlacek1,
B. Sieglin1, M. A. van Zeeland3, the ASDEX Upgrade1 and Eurofusion MST1 teams

1Max-Planck-Institut für Plasmaphysik, Garching, Germany
2École Polytechnique Fédérale de Lausanne, Switzerland
3General Atomics, San Diego, California, USA

Knowledge of the fast-ion distribution arising from neutral beam injection (NBI) is important
for transport analysis and magnetic equilibrium reconstruction. For sophisticated plasma control,
which will be essential for the success of future fusion devices, it is very beneficial to know this
distribution function already in real-time during the discharge. Then, the relevant quantities (e.g.
heating profiles, current-drive etc.) can be controlled directly and fed to real-time transport and
equilibrium codes to improve their estimates of kinetic and current density profiles. Beyond real-
time applications, such fast models are essential for optimization problems, e.g. reactor design
studies, discharge planning and inbetween shot analysis.

Several sophisticated models exist, that can calculate this beam ion distribution in good agree-
ment with experimental data, such as the Monte-Carlo code NUBEAM [1]. The high accuracy of
these codes has, however, to be paid with relatively intensive numerical efforts, which compro-
mises their use in real-time applications. In this contribution, we review the RABBIT code [2].
RABBIT currently takes ≈15 ms per time step, which has already been demonstrated in real-time
experiments and is faster than NUBEAM by roughly a factor of 1000. The approximations needed
to arrive at this goal are discussed. A simplified beam geometry is used for calculating the beam
attenuation. The collisions are treated by an analytic solution of the time-dependent Fokker-Planck
equation in the uniform-plasma limit. A correction for finite orbit width effects is included by a
bounce average of the source term over the first fast-ion orbit. Here, the fast computation time is
made possible by calculating only very few orbits (≈ 20) and using an optimized interpolation
technique afterwards. Benchmarks have been carried out with the more accurate but also much
slower NUBEAM code, indicating a good agreement.

A recent extension of the code is the calculation of the NBI torque input. This is challenging,
because only the collisional torque is given as a moment of the distribution function. In addition,
the j ×B torque must be taken into account for which we have developed a calculation in the
framework of the RABBIT orbit-averaging technique. This is used in ASTRA [3] for momentum
transport studies.

In real-time, RABBIT is now run routinely at ASDEX Upgrade and experiments to demonstrate
the newly gained capabilities, such as direct control of ion heating or current-drive, are carried
out. This will allow more advanced discharge designs and is an important step towards the control
capabilities needed for future fusion devices.

References
[1] A. Pankin et al., Computer Physics Communications Vol. 159, No. 3 157-184, 2004.
[2] M. Weiland et al., Nuclear Fusion, 58 082032, 2018.
[3] E. Fable et al., Plasma Physics and Controlled Fusion, 55(12):124028, 2013.
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Global electromagnetic simulations of turbulence and profile evolution
across the tokamak edge and scrape-off layer

W. Zholobenko1, T. Body1, A. Stegmeir1, B. Zhu2, D. Coster1, F. Jenko1

1 Max-Planck-Institut für Plasmaphysik, D-85748 Garching, Germany
2 Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550, USA

A major endeavour of magnetic confinement fusion research is understanding, controlling and ex-
trapolating turbulent transport. Compared to the plasma core, the edge is of special interest since it can
harbour significantly steeper gradients. Turbulence levels in the scrape-off layer (SOL) also largely de-
pend on edge physics, e.g. due to turbulence spreading and filament propagation [1]. Hence, for exhaust
studies, a coherent treatment of edge and SOL is required. The interface of the two regions, the separa-
trix, is particularly interesting and challenging: X-points lead to singularities in field-aligned coordinates,
but they also affect blob propagation [2], magnetic shear[3], Reynolds stress [4] and MHD stability [5].

The edge and SOL turbulence code GRILLIX employs the flux-coordinate independent (FCI) ap-
proach [6,7], which avoids coordinate singularities while still taking advantage of magnetic field anisotropy
to permit toroidally sparse grids. This allows for a flexible and efficient treatment of realistic magnetic
geometries, including advanced divertor concepts (ADCs) [8]. The physical model has been extended
to the full drift reduced Braginskii set of equations with all global dependencies [9,10]. A semi-implicit
solver for the parallel heat conduction allows to reach relevant parameter regimes (Te & 500 eV). Further,
this includes electromagnetic induction and flutter, hot ions, sheath boundary conditions and a simple
fluid model for neutral gas.

These extensions allow realistic simulations of the edge and SOL at ASDEX Upgrade (AUG) ex-
perimental parameters. Since no separation between background and fluctuations is employed, experi-
mentally observed profiles are not prescribed, but self-consistently recovered according to implemented
physical mechanisms. For example, parallel heat conductivity, sheath heat transmission and electron
ionization cooling result in Ti > Te in the SOL. Rather then resistivity, electromagnetic induction and
electron inertia slow down parallel dynamics via shear Alfvén waves. Electromagnetic cross field trans-
port due to field-line flutter, primarily for heat, contributes only at higher pressure (β ) though. Turbu-
lence in attached single-null L-mode simulations is ballooning driven. In agreement with experiment,
the fluctuation level in the confined region is moderate, < 4%, and rather high in the SOL, > 15%.

The experimentally observed jump in the electric field across the separatrix results from different
mechanisms in the closed and open field line regions: towards the plasma core, the electric field mainly
balances the ion pressure, while in the SOL, the electric potential follows the electron temperature due
to sheath boundary conditions. Poloidal and toroidal rotation and Reynolds stress can also affect the
electric field, but at higher temperature these effects are damped by parallel heat conduction and ion
viscous stress. The flow shear due to the electric field jump [11], as well as the magnetic shear due to the
separatrix [3], can suppress turbulence (and GAMs) in the pedestal.

Besides a dependence of turbulence on β and collisionality, simulations carried out in various ge-
ometries (circular, diverted, ADCs) reveal also a strong dependence on machine size and geometry. The
importance of implemented and missing physical effects is evaluated through validation against ASDEX
Upgrade experiments, which supports extrapolation to larger devices.

[1] P. Manz et al., Phys. Plasmas 22, 022308 (2015)
[2] P. Paruta et al., Phys. Plasmas 26, 032302 (2019)
[3] D. Galassi et al., Fluids 4, 50 (2019)
[4] P. Manz et al., Phys. Plasmas 25, 072508 (2018)
[5] G. T. A. Huysmans and O. Czarny, Nucl. Fusion 47, 659 (2007)
[6] F. Hariri and M. Ottaviani, Comput. Phys. Comm. 184, 2419 (2013)
[7] A. Stegmeir et al., Comput. Phys. Comm. 198, 139 (2016)
[8] T. Body et al., Contrib. Plasma Phys. (2019), https://doi.org/10.1002/ctpp.201900139
[9] A. Stegmeir et al., Phys. Plasmas 26, 052517 (2019)
[10] W. Zholobenko et al., Contrib. Plasma Phys. (2019), https://doi.org/10.1002/ctpp.201900131
[11] U. Stroth et al., Plasma Phys. Control. Fusion 53, 024006 (2011)
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Turbulence and flows in the plasma boundary of snowflake magnetic 
configurations 

 
M. Giacomin1 

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

 

 

The power exhaust through the scrape-off layer (SOL) in fusion reactors is expected to be significantly 
higher than in ITER, thus questioning the extrapolation of the ITER exhaust solution to these devices. 
The snowflake (SF) magnetic configuration is one of the alternative exhaust configurations being 
considered to mitigate the heat vessel loads in fusion reactors.  The SF configuration features a second-
order null of the poloidal magnetic field, i.e. a point where the poloidal magnetic field and its spatial 
derivatives vanish. As a consequence, the null-point is connected to the wall through four legs, which 
define four strike points. The presence of the four strike points allows for a heat flux distribution on a 
larger area compared to standard divertor configurations that feature two strike points.  

SF configurations are obtained experimentally by generating two first-order X-points close to each 
other. When the two X-points coincide, a second-order null point is obtained. However, in practice, the 
two X-points never coincide perfectly and, according to their relative position, we distinguish between 
the snowflake plus (SF+) and snowflake minus (SF-). The configuration with the two X-points 
coinciding is usually referred to as ideal SF.  All these configurations have been experimentally 
investigated in the TCV, NSTX, EAST, and DIII-D tokamaks and are considered for the DTT tokamak. 
Numerical simulations of SF configurations, carried out by means of the EMC3-Eirene and the SOLPS 
codes, are unable to reproduce the heat flux distribution observed experimentally, calling for detailed 
investigations of the turbulence and flows in the SF plasma boundary. 

We present the first global turbulent simulations of the plasma dynamics in SF configurations, 
including the ideal SF, the SF+ and SF- configurations [1]. These simulations carried out by using the 
GBS code [2], evolve self-consistently the fluctuating and equilibrium quantities, as they result from 
the interplay of a heat and particle source in the core, turbulent transport, and parallel losses to the 
vessel wall.   

The simulations allow us to disentangle the mechanisms behind the heat flux distribution among the 
different strike points. As pointed out by our simulations, the heat flux can be reduced by a factor of 
two in the SF configurations, with respect to single-null configurations. The activation of the 
unconnected strike points in the ideal SF and in the SF+ configurations, also observed in the 
experiments, is due to the presence of a steady  equilibrium flow in the null region that provides 
a cross-field transport mechanism towards the private flux region. The origin, the properties and the 
effects of this steady  equilibrium flow are carefully analyzed and described as well as its 
dependence on the direction of the toroidal magnetic field and on the distance between the two X-
points.  

 

References: 
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Stellarators with Permanent Magnets

P. Helander1, M. Drevlak1, M. Zarnstorff2 and S.C. Cowley2

1Max-Planck-Institut für Plasmaphysik, Greifswald, Germany
2Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA

Stellarators, tokamaks and other devices for fusion plasma confinement use electro-
magnets to create the magnetic field. In the case of stellarators, the required magnetic-
field coils can be very complicated and contribute significantly to the overall cost of the
device. It has recently been suggested that permanent magnets could be used to shape
the plasma and drastically simplify the coils [1]. This talk will discuss mathematical
aspects of this idea, in particular the problem of how to arrange the magnets.

Permanent magnets cannot create toroidal magnetic flux but they can create poloidal
flux and thus twist magnetic field lines. Toroidal-field coils are therefore unavoidable, but
much (or all) of the plasma shaping could be accomplished by permanent magnets. In
contrast to coils, they can easily be arranged in complicated patterns and do not require
power supplies or cooling, but suffer from other disadvantages, such as limitations in field
strength, non-tunability, and the possibility of demagnetization.

The central mathematical question is how to arrange permanent magnets to produce
a desired magnetic field inside the plasma. It will be shown that this problem is no
more difficult – in fact, it is in a certain sense easier – than that of finding suitable
coils in ordinary stellarator design. Moreover, there is great freedom in choosing the
magnetisation M(r) in the region occupied by the magnets since the magnetic field they
produce is invariant under the gauge transformation M → M + ∇χ , where χ(r) is
any function that vanishes on the boundary of the region. This freedom can be used
to minimise the maximum value of |M(r)| , which is limited to about 1.4 T /μ0 for
commercially available magnets.

Several concrete examples of stellarator fields with permanent magnets will be shown
and discussed in the talk, including a quasi-axisymmetric stellarator using only 8 identical,
circular coils.

[1] P. Helander, M. Drevlak, M. Zarnstorff and S.C. Cowley, accepted for publication
in Phys. Rev. Lett. (2020).
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Progress and challenges in constructing structure-preserving
particle-in-cell methods for the regular and drift-kinetic

Vlasov-Maxwell systems

Eero Hirvijoki

Department of Applied Physics, Aalto University,

P.O. Box 11100, 00076 AALTO, Finland∗

(Dated: May 27, 2020)

This contribution discusses the progress that has been made over the recent years

and some of the challenges that still await us in constructing structure-preserving

particle-in-cell discretizations for the regular and the drift-kinetic Vlasov-Maxwell

systems. Regarding the structure-preserving aspects of a numerical algorithm, it

would be preferable to achieve at least an electromagnetically gauge-invariant vari-

ational integrator for this would imply local charge conservation, preservation of

the multisymplectic two-form, and typically good behaviour of the global energy

functional. For the full Vlasov-Maxwell system, explicit synchronous variational in-

tegrators exist that achieve all these properties but trying to implement subcycling

to speed up the computations appears to always lead to an implicit scheme. For

the drift-kinetic system, no stable, gauge-invariant variational integrator exists yet

and the root cause of the problem appears to lie in the so-called parasitic modes.

Furthermore, the traditional way of enforcing quasineutrality in the drift-kinetic for-

malism renders the system uninvertible for the electric field. Per these obesrvations,

significant progress could be made if (i) stable gauge-invariant variational integrators

for phase-space systems could be invented, (ii) a parallel polarization term for the

drift-kinetic theory would be found to make the quasineutral limit of drift-kinetics

invertible, and (iii) explicit subcycling schemes were found for variational geomet-

ric particle-in-cell algorithms. The purpose of this contribution is to discuss these

particular topics.

∗ eero.hirvijoki@gmail.com
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Refined modelling of Edge Harmonic Oscillations

G. Bustos1, J. Graves1, D. Brunetti2

1 École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), Switzerland
2 Culham Centre for Fusion Energy, Abingdon, Oxfordshire OX14 3DB, United Kingdom of

Great Britain and Northern Ireland

Quiescent H-mode (QH-mode) operation is highly desirable in future fusion reactors because

it retains the high performance of the well known H-mode operation while suppressing Edge

Localised Modes (ELMs), which are instead replaced by a continuous low wave-length instabil-

ity called Edge Harmonic Oscillation (EHO) [1]. Recent analytical modelling shows that EHO

might correspond to the saturated state of exfernal (external-infernal) modes, exited by the com-

bination of large pressure gradient and the associated local flattening of the safety factor close

to a rational surface [2]. In this work, the latter assumption is relaxed by allowing the edge

shear to become finite. The linear modelling is performed on a large aspect ratio tokamak with

circular cross sections, from which a set of three coupled differential equations describing the

dispersion relation were derived. To correctly assess the effect of edge shear in exfernal modes,

higher order corrections are retained in the expansion of the safety factor around the rational

surface. Finally, the VMEC free-boundary code was used to calculate the non-linear saturated

states of QH-mode like equilibria with finite edge shear in JET-like tokamak geometry. Spectral

decomposition of the 3D plasma displacement with respect to the equivalent 2D axisymmetric

equilibrium was performed and compared with linear numerical simulations using the KINX

code and with analytical calculations. From the three-way comparison it was found that the

edge shear can be of order unity and still excite exfernal modes, implying that EHO could be

excited even with weak flattening of the local safety factor at the edge, which is in line with

some current experimental observations.

This work has been carried out within the framework of the EUROfusion Consortium and has

received funding from the Euratom research and training programme 2014-2018 and 2019-2020

under grant agreement No 633053. The views and opinions expressed herein do not necessarily

reflect those of the European Commission.
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Resonant resistive infernal modes in axisymmetric toroidal plasmas

J. P. Graves1,2, M. M. Y. Coste-Sarguet1, C. Wahlberg3

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

2 York Plasma Institute, Department of Physics, University of York, Heslington, York,
YO10 5DD, United Kingdom

3 Department of Physics and Astronomy, P.O. Box 516, Uppsala University, SE-751 20
Uppsala, Sweden

The equations that govern current driven tearing modes, global resistive interchange and global
resistive infernal modes in an axisymmetric torus are systematically derived and reduced. The
approach offers potential generalisation to include strong sheared flow and vacuum physics for
resistive exfernal modes [1] (or resistive external infernal modes) for application to edge har-
monic oscillations associated with ELM-free QH-modes. The reduced set of equations, which
are ultimately solved numerically, are compared with existing theories on ideal interchange
modes, tearing modes and resistive interchange modes [2]. Inclusion of resistivity introduces
coupling of pressure driven instabilities with sound waves (or equivalently ion acoustic waves)
[2, 3]. The pressure driven radial magnetic fluctuations that are associated with the tearing com-
ponent of interchange modes are partially damped by fundamental harmonic (flute) parallel flow
fluctuations and associated plasma compression. Most attention is given to an improved analytic
treatment of infernal modes, in order to treat cases where there is no clear transition between
regions of low and high magnetic shear. It is shown that the analytic treatment of ideal infernal
modes agrees much better against full MHD simulations than previous treatments. In addition
the approach permits, for the first time, a semi-analytic solution for magnetic island growth rate
and structure in toroidal plasmas where the island grows in a region of weak magnetic shear.
The work is primarily applied to a magnetic equilibrium with weak but non-zero magnetic shear
and exact resonance q = 1, relevant to equilibria before a sawtooth crash, or following a long
lived mode (LLM) event. The consequence of a cascade of magnetic islands driven by pressure
in this equilibrium is considered.
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Approaching the study of the plasma dynamics in

the stellarator boundary through global two-fluid

turbulence simulations

A. J. Coelho, P. Ricci and J. Loizu

Swiss Plasma Center, École Polytechnique Fédérale de Lausanne, Switzerland

E-mail: antonio.coelho@epfl.ch

Abstract. We present initial results of 3D, flux-driven, electrostatic, global, two-fluid
turbulence simulations for a 5-field period stellarator with an island divertor. The numerical
simulations are carried out with the GBS code [1]. GBS, developed in the past years to simulate
the plasma dynamics in the tokamak boundary, solves the drift-reduced Braginskii equations
and has been extended to simulate plasma turbulence in non-axisymmetric magnetic equilibria.

In the present work, we use the theory of Dommaschk potentials [2] to describe a vacuum
magnetic field with all the rotational transform being generated by the poloidal rotation of the
elliptical magnetic surfaces as one moves along the magnetic axis. In this configuration, we can
identify a region of nested flux surfaces, surrounded by a chain of magnetic islands, which itself
is surrounded by a region of stochastic magnetic field lines.

Similarly to the diverted configurations of W7-AS [3] and W7-X [4], the heat outflowing from
the core reaches the island region, and is transported along the magnetic field of the islands,
striking the vessel walls.
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The role of energetic particles (EPs) in fusion plasmas is unique as they could act as mediators of 
cross-scale couplings [1,2]. Energetic particle driven shear Alfvén waves (SAWs), on one hand, could 
provide a nonlinear feedback onto the macro-scale system via the interplay of plasma equilibrium 
and fusion reactivity profiles. Meanwhile, EP-driven instabilities could also excite singular radial 
mode structures at SAW continuum resonances, which, by mode conversion, yield microscopic 
fluctuations that may propagate and be absorbed elsewhere, inducing nonlocal behaviors that require 
a global analysis.  
Energetic particle transport must be described in phase space because of the underlying kinetic nature 
of wave-particle interactions and fluctuation excitations. The proper structures to describe such 
transport processes are phase space zonal structures (PSZS) [3]. Energetic particles, furthermore, may 
linearly and nonlinearly excite zonal field structures (ZFS), acting, thereby, as generators of nonlinear 
equilibria, or zonal states (ZS) that generally evolve on the same time scale of the underlying 
fluctuations. These issues are presented within a general theoretical framework. In particular, we 
present the nonlinear envelope equations that are needed to solve for the self-consistent evolution of 
the SAW fluctuation spectrum driven by EPs; and the PSZS transport equations, which determine the 
renormalized response of EPs including fluctuation induced transport [4]. 
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Quasilinear (QL) theory effectively estimates heat and particle fluxes in tokamaks, based 

on experimental profiles, and on local —hence gradient-driven— codes. Meanwhile, full-

torus flux-driven simulations reveal new features at intermediate scale, such as avalanches and 

turbulence self-organisation close to marginal stability
1
. Using the GYSELA code

2
, we study 

the interplay between zonal flows and mesoscale structures and its impact on heat flux. In 

particular, these results are shown to significantly depart from QL predictions obtained with 

QuaLiKiz
3
. This questions the QL nature of fluctuations and their feedback on profiles. 

Computed Kubo numbers, ratio of Lagrangian correlation times to the eddy turnover, are 

between unity (mixing length estimate) and a few units. This suggests marginal validity for 

the QL framework. We feed QuaLiKiz with the time-averaged and radially coarse-grained 

GYSELA flux-driven profiles. The ratio of QuaLiKiz over GYSELA heat flux ranges from 

zero to 20. Still, QuaLiKiz and GYSELA agree on the amplitude and phase shift of the 

pressure fluctuations with respect to potential fluctuations. Comparison to local non-linear 

GKW
4
 simulations is in process, and will be presented. 

To this end, the shape and motion of turbulent structures are computed from the 3D flux-

driven electric field. The inferred motion is mostly toroidal: parallel dynamics compensates 

poloidal advection, so that the ballooning character is preserved. No dynamic deformation of 

turbulent structures by zonal shear is observed. Computed radial velocities also correlate well 

with stationary flow shear rates
5,6

. Depending on the zonal flow curvature, turbulent structures 

can converge towards a zonal flow layer and feature increased turbulent correlation time, or 

diverge from it and exhibit increased radial correlation length. This asymmetry is reminiscent 

of turbulent wave trapping
7
, and challenges oft-used prescriptions of shear regulation. Its 

consequence on growth of geodesic acoustic modes will be discussed. 
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Heavy Impurity transport in the presence of 3D

MHD ideal perturbations, rotation and NTV

E. Neto1, J. P. Graves1, M. Rhagunathan2, C. Sommariva1, D.
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Abstract. In JET hybrid scenarios it is often observed that the plasma terminates

early due to tungsten acumulation events, sometimes following large living MHD

perturbations. Investigations to understand the effects of 3D background rotation

profiles and 3D MHD equilibria on the transport of heavy impurities have been pursued

recently. The VENUS-LEVIS code has been used in [M. Raghunathan et al. 2017

PPCF, 59] to follow heavy impurities in the presence of a 1/1 kink saturated 3D MHD

equilibrium and strong toroidal rotation. This approach was improved by allowing for

strong poloidal flows and including temperature screening due to poloidal friction in the

low collisionality regime of the background ions in [E. Neto et al, EPS 2019]. However,

the effect of thermal force was not considered. In the present work we consider the effect

of the heat flux of the background species as well as the effect of the radial electric field

set by NTV in the presence of 3D perturbations. Inclusion of the heat flux is achieved

using a recently developed neoclassical collision operator. NTV effects are taken into

account by building on flow theory for general 3D magnetic configurations of [K.C.

Shaing et al. 1986 The Physics of Fluids, 29] and [P. Helnder et al. 2017 J. Plasma

Physics]. The self-consistent background plasma configuration obtained in this way is

then used to follow heavy impurities with VENUS-LEVIS making use of the guiding

center theory in [A. J. Brizard 1995 Phys. Plasmas 2 ] allowing for strong flows. The

effect of the radial electric field generated by ions and electrons in 3D configurations

has been seen to be important for impurity transport in the presence of asymmetries

in the impurity density due to helically trapped ions [I. Calvo et al. 2018 Nuclear

Fusion, 58]. Here we consider the effect of centrifugal induced asymmetries and the

NTV induced electric field on impurity transport in the presence of a 3D MHD ideal

perturbation. A numerical study is performed to access how neoclassical transport of

heavy impurities is affected in the presence of a 1/1 kink saturated MHD equilibrium,

strong rotation and NTV when the helical core is in the 1/ν regime of collisionality.

‡ See the author list of “E. Joffrin et al 2019 Nucl. Fusion 59 112001”
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Generalized Collisional Terms for Multi-Component, Multi-Temperature
Plasma using the Boltzmann Collsion Operator for Scrape-Off Layer/Edge

Applications
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The challenge by power exhaust is a key area of research in next step fusion devices, particularly
tokamaks. Reducing the peak heat fluxes on the plasma facing components to tolerable levels, relies on
impurity radiation in the boundary layer of the tokamak to a large extent. The impurity radiation pattern
in turn depends on parallel and perpendicular plasma transport. This problem is generally addressed by
solving 2D plasma fluid models coupled to kinetic neutrals (e.g. with the Soledge3x-EIRENE, SOLPS
code packages). In this contribution, we focus on the derivation of self-consistent fluid equations from
the general kinetic equation, and their closure with an appropriate set of relations, which constitutes the
basis of these numerical tools. We firstly rederive a closed set of moment equations for a plasma with
multiple components, i.e. electrons, main ions, and impurities in multiple charge states, each with its own
temperature, along the lines given by Zhdanov et al[1]. This works aims both at 1) verifying the formulas
in Ref. [1], and 2) clearly identifying the assumptions and their validity range. In fact, a number of versions
of this closure, with certain approximations taken from Ref.[1], have been implemented in B2/SOLPS[2–
4], EDGE2D[5], and more recently in Soledge3x-EIRENE[6], which solves an energy equation for each
species (while other codes assume one common ion temperature). We present in particular the analytical
calculation of the friction and thermal force terms arising from interactions of a plasma with multiple
components (i.e. electrons, main ions, impurities in various charge states, all in different temperatures)
using a Hermite polynomial expansion[7] method with the Boltzmann collision operator for a 21N -
moment limit (where N is the number of fluid components). This involves reduction of the linearized
form of the Boltzmann collision operator into computable units[8–10], which has not been done before
for a multi-temperature equilibrium case. Furthermore, we illustrate the linearization technique for the
higher-moment equations derived by Zhdanov and Yushmanov in Ref. [1]. The force terms together with
the linearized higher-order relations provide a closed set of 5N -moment fluid-equations to solve.
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1998;38(1-2):284–289.
[6] Bufferand H, et al. Three-dimensional modelling of edge multi-component plasma taking into account realistic
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Univ. Press; 1952.
[9] Ferziger JH, Kaper HG. Mathematical theory of transport processes in gases. North-Holland; 1972.

[10] Rat V, et al. Transport properties in a two-temperature plasma: Theory and application. Physical Review
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Optimized DEMO ramp-down trajectories for safe
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Abstract. An optimized ramp-down strategy is critical for safe and fast termination of
plasma discharges in a pulsed tokamak demonstration fusion reactor (DEMO), avoiding plasma
disruptions and excessive heat loads to the first wall. Plasma stability limits and machine
specific technical requirements constrain the achievable ramp-down rate. The feasibility of
different plasma current ramp-down rates is tested by applying an automated optimization
framework embedding the RAPTOR core transport solver [1], [2]. This work presents how
optimal time traces for plasma current Ip(t) and plasma elongation κ(t) allow to satisfy an
Ip-dependent upper limit on the plasma internal inductance li(t) < li lim(Ip), as imposed by
vertical stability studies using the CREATE-NL code [3]. The non-linear response of the plasma
internal inductance to the applied Ip and κ trajectories is evaluated through the solution of
the non-linear, coupled diffusion equations governing the time evolution of the radial profiles
of temperature, density and poloidal flux. A linear interpolation scheme is applied to model
the impact of Ip and κ on equilibrium geometry metric terms within the transport equations.
Heat and particle transport follow a gradient-based transport model, reflecting profile stiffness
and controlling heat confinement and line averaged density to the levels expected respectively
from the H98(y,2) scaling law and the Greenwald density limit [2]. Sensitivity studies give
insight on the impact of assumptions regarding confinement enhancement factors during H and
L mode, HL transition timing and line averaged density. To validate the interpolation procedure
applied for the equilibrium geometry metric terms within the optimization scheme, the CHEASE
equilibrium solver [4] is used to find a sequence of MHD equilibria consistent with the optimized
Ip and κ time traces, as well as the internal profile evolution simulated in RAPTOR.
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In stellarator design, magnetic geometries are sought that provide good confinement and stability. In this 
work, leveraging the work in Ref. [1], it is shown how an analytical model based on the smallness of the 
inverse aspect ratio is able provide insight on the character of stellarator shapes, and how to numerically 
construct optimal solutions without resorting to computationally-intense numerical optimization 
procedures. In fact, analytical solutions of quasisymmetric magnetic fields are found at lowest order in the 
expansion that can accurately describe the core of experimental designs obtained using numerical 
optimization methods. As opposed to the inverse approach used in Ref. [2], by choosing a direct approach 
based on a cylindrical coordinate system tied to the magnetic axis, this framework is able to describe 
magnetic fields even in the presence of resonant surfaces and magnetic islands, and provide criteria for the 
existence of magnetic surfaces in the core of stellarator devices. Furthermore, using the direct approach, a 
formulation of the MHD energy principle at lowest order in the distance to the magnetic axis is obtained. 
Finally, an analytical description of several experimental designs (such as W7-X, LHD and HSX) is 
presented at lower and higher order in the expansion parameter that can be used for linear and non-linear 
studies of plasma turbulence. 
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3D wave modelling of hot plasma in the ICRF
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Abstract. Modelling of RF heated plasmas in the ion cyclotron range of frequencies (ICRF)
often involves approximating FLR effects using a low order series expansion. These FLR effects
are important in higher harmonic heating, for short wavelength waves, or when a high energy
ion population is present (such as nuclear fusion born alphas or NBI particles). The dielectric
tensor for a special type of Bi-Maxwellian distribution is derived, without FLR expansion. It
is presented in a way that can be solved numerically. This has been implemented in the 3D
full wave code LEMan, which solves the wave equation using a spectral method in poloidal and
toroidal directions, and a finite element method in radial direction. A warm plasma model,
to zeroth order on FLR, is compared to the new fully hot model, valid to all orders in FLR.
It must be noted that an infinite sum over cyclotron harmonics remains, which is truncated.
Hence, the model is valid up to an arbitrary cyclotron harmonic. However, this sum converges
rapidly. Several different heating schemes are selected for the comparison in the stellarator
W7-X . It is found that the warm model underestimates the fraction of RF power deposited
on electrons. Also, as expected, significant differences in are seen in ion power fractions where
second harmonic heating plays a role.
Secondly, a method is demonstrated for using general distribution functions f0(v‖, v⊥) to
compute the dielectric tensor in LEMan. The marker population from the orbit tracing code
VENUS-LEVIS is used directly, without any fitting. The distribution function is a sum over
delta functions, one for each marker. Markers are binned in real space, in a volume around
each grid point. But binning in velocity space is avoided. The main challenge for this method
is having enough markers for good statistics.
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New perspectives on large scale flows and their interplay with 
turbulence 

Y. Sarazin1, G. Dif‐Pradalier1, X. Garbet1, Ph. Ghendrih1, C. Gillot1, V. Grandgirard1, 
P. Hennequin2, C. Passeron1, R. Varennes1, L. Vermare2, D. Zarzoso3, A. Zraoura1 

1  CEA, IRFM, F‐13108 Saint‐Paul‐lez‐Durance cedex, France 
2  LPP, CNRS, Ecole polytechnique, 91128 Palaiseau, France 
3  Aix‐Marseille Université, CNRS, PIIM, UMR 7345 Marseille, France 
 
It  is  now  well  admitted  that  large  scale  flows  –  such  as  self‐generated  Zonal  Flows  or 
equilibrium flows – efficiently contribute to ion scale turbulence regulation. The mechanism 
by  which  Zonal  Flows  emerge  and  self‐organize  in  long  lived  quasi  regular  staircase 
structures remains however poorly understood. Also, the possible impact on core turbulence 
and  transport  of  the  poloidally  asymmetric  flows  in  the  Scrape‐Off  Layer  (SOL)  is  still  a 
matter of active research, especially regarding the access to improved confinement regimes 
characterized by an edge transport barrier. 
This  paper  addresses  both  issues  and  presents  critical  advances  by means  of  flux  driven 
gyrokinetic simulations with the GYSELA code and of a comprehensive 1D nonlinear reduced 
model for interchange turbulence. 
 
The 1D model reveals that Zonal Flows can emerge due to a phase instability, leading to the 
exponential growth of the tilt of the vortices. This mechanism appears to be dominant when 
the Zonal Flows  radial  structure  is commensurable  to  the box  size, and competes with an 
instability  of  the  amplitude  of  the  fluctuations  themselves  in  the  case  of  smaller  size 
staircases. The  search  for  such behaviors  in 5D GK  simulations will be  reported. Also,  low 
dimensional simulations allow one to explore the long term behavior of staircases. Merging 
is sometimes observed. Yet, its complex dynamics does not offer so far a clear understanding 
of the underlying mechanism. 
In  limiter configurations, modelled via  immersed boundary conditions  in GYSELA,  ion orbit 
losses already give rise to a non‐vanishing radial electric field which adds up to the expected 
inversion of Er across the separatrix. The physics will be reviewed in axi‐symmetrical and non 
axi‐symmetrical  (ripple) magnetic  configurations.  In  addition,  we  commonly  observe  the 
onset of steep variations of Er and notably the development of a well at the transition region 
between closed and open field lines. In its vicinity, instabilities develop which, depending on 
underlying  plasma  parameters may  be  of  interchange  nature  or  bear  analogies with  the 
transverse Kelvin‐Helmholtz instability. We will detail the mechanism by which, mediated by 
large scale asymmetric poloidal flows,  it appears to propagate both  inwards and outwards, 
hence bridging SOL and core turbulence. Last, first evidence of core turbulence modification 
by edge flows will be discussed. 
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Zonally dominated saturation and Dimits
threshold in curvature-driven ITG turbulence
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4Merton College, Oxford OX1 4JD, UK

5Department of Physics, University of Maryland, College Park, Maryland 20740, USA
6Worcester College, Oxford OX1 2HB, UK

The saturated state of turbulence driven by the ion-temperature-gradient (ITG) insta-
bility is investigated using a two-dimensional long-wavelength fluid model that describes
the perturbed electrostatic potential and perturbed ion temperature in a magnetic
field with constant curvature (a Z-pinch). The model is derived in a long-wavelength
asymptotic limit of the ion gyrokinetic (GK) equation (Frieman & Chen 1982). Numerical
simulations reveal a well-defined transition between a finite-amplitude saturated state
dominated by strong zonal-flow and zonal-temperature perturbations, and a blow-up
state that fails to saturate on a box-independent scale. We argue that this transition is
equivalent to the Dimits transition from a low-transport, zonal-flow-dominated state to
a high-transport state seen in gyrokinetic numerical simulations (Dimits 2000).

In the near-marginal Dimits state, turbulence is suppressed by a quasi-static "zonal
staircase" arrangement of the zonal flows and zonal temperature. This structure is
reminiscent of the "E ×B staircase" observed in global GK simulations (Dif-Pradalier
2010). The zonal staircase consists of interleaved regions of strong zonal shear that
suppresses the ITG turbulence in those regions, and localised turbulent patches at the
turning points of the ZF velocity.

The break up of the zonal staircase, and, thus, of the low-transport Dimits regime, is
linked to a competition between the two different sources of poloidal momentum — the
Reynolds stress of the E ×B flow and the diamagnetic advection of the poloidal E ×B
flow. We find that the former drives the staircase ZFs, while the latter opposes them.
By analysing the linear ITG modes, we obtain a semi-analytic model for the Dimits
threshold at large collisionality.
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Recent progress on neoclassical impurity transport in
stellarators with implications for a stellarator reactor
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Abstract. Accumulation of impurities in the core of the plasma is a potential problem for a
fusion reactor based on the stellarator concept. In stellarators, unlike tokamaks, the collisional
transport is not independent of the radial electric �eld. The radial electric �eld is expected to
point inwards at reactor-relevant ion temperatures, and this is thought to cause inward impurity
�uxes, and thus impurity accumulation. This interpretation has historically been backed up by
numerical calculations using pitch-angle scattering collision operators, using codes such as Dkes
that has been the workhorse of neoclassical transport in stellarators for decades.

However, pitch-angle scattering collisions are not su�cient to accurately describe neoclassical
transport at high collisionality. It has recently been shown that when momentum conservation
is enforced in the collisions, the transport of a highly-collisional impurity becomes insensitive
to the radial electric �eld [1]. Thus, the role of the radial electric �eld has to be reevaluated.

The insensitivity to the radial electric �eld is due to a cancellation between the �ux due to
the parallel impurity �ow and the ion-impurity friction when integrated over the �ux-surface.
The cancellation hinges on the assumption that the impurity density is constant on the �ux
surface. However, for a highly-charged impurity � such as tungsten � even a slight variation
in the electrostatic potential on the �ux-surface can lead to a notable �ux-surface variation in
the impurity density, which destroys the cancellation and causes the radial electric �eld to drive
impurity transport [2, 3]. Depending on the details of how the potential varies along the �eld
line, the radial electric �eld can even drive a �ux in the opposite direction, so that an inward
�eld drives an outward �ux [2, 4]. Thus, the electrostatic potential variation on the �ux surface
could be a design consideration for avoiding impurity accumulation.

We will use the adjoint solver [5] in the collisional transport code Sfincs to calculate, in
a reactor stellarator scenario, the derivatives of the impurity transport with respect to the
�ux-surface electrostatic potential variation. Unlike current experiments, tungsten impurities
in a reactor will be in the plateau collisionality-regime, where the existing high-collisionality
analytical theories do not apply. For this regime, we optimize the electrostatic potential variation
to minimize impurity accumulation, and compare this optimum to the potential variation caused
by trapped particles intrinsic to the plasma, and the variation due to fast particles from heating
and fusion. Thus, we will deduce whether �ux-surface electrostatic potential variations are a
feasible tool for impurity control in a stellarator reactor.
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Impurity transport in tokamak plasmas, from theory to real-time control

Clemente Angioni

Max-Planck Institut für Plasmaphysik, D-85748 Garching bei München, Germany

Impurities are an unavoidable component of a tokamak plasma. If their concentration in the

plasma increases out of control, they can have very negative effects, even leading to plasma

disruptions. At the same time, if their presence is kept under control, they can have positive

effects, as the seed of some impurities is also observed to improve the confinement, and will

certainly be required in a reactor to increase peripheral radiation and reduce the heat loads which

reach the divertor plates.

The amount of impurities present in the different regions of the plasma, from the core to

the edge, is the result of a combination of effects connected with the strength of their sources

at the periphery (and at the centre for He ash in a burning plasma) and the transport. With

respect to the main plasma components, impurities have the additional physically interesting,

but more complex, property that their transport is concomitantly governed by both collisional

and turbulent mechanisms, whose relative role depends not only on the plasma conditions, but

also on the impurity charge and mass. The high mass and charge also open the possibility of

impurity density distributions which are not poloidally homogenenous on the magnetic flux

surfaces, providing additional complexity to the problem, but also increasing the number of

physical parameters which can be experimentally used to modify their radial profiles. The need

of metallic walls for fusion reactors and in particular the use of a highly charged element like

tungsten has required the development of robust techniques to limit the concentration and avoid

central accumulation of highly charged impurities, for a successful experimental operation. At

the same time, the mechanisms of impurity transport have received renewed interest and a more

complete theoretical treatment has been achieved, the reliability of the predictions has been

increased by a detailed validation, leading to increasingly realistic modelling.

In this presentation, the main mechanisms of impurity transport are reviewed from a theoret-

ical standpoint and the effects by which impurity density profiles can be modified in a plasma

by affecting the impurity transport properties both directly and indirectly, by a modification

of the bulk plasma profiles, are described. The consistency between the theoretical predictions

and the experimental observations has allowed an increasingly comprehensive understanding

of the physical mechanisms which are behind the operational recipes which are experimentally

adopted to limit the impurity concentration and avoid central accumulation. New mechanisms

impacting the radial profiles of impurities have been identified theoretically and have been later

experimentally confirmed. The processes of accumulation and accumulation avoidance can now

be consistently reproduced by integrated transport modelling. This successful story of combined

theoretical, modelling and experimental research has paved the way to real-time control appli-

cations, and gives today increased reliability to the identification of proper sensors and to the

utilization of effective actuators for the control of impurity density profiles.
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