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Over the last six decades, research into controlled nuclear fusion through the
magnetic con�nement of hot plasmas has been pursued in many countries with the
long-term aim of providing a practically inexhaustible, safe and environmentally
friendly energy source

To date, the most advanced concepts for fusion con�nement are the tokamak and
the stellarator. The latter is exempli�ed by the Wendelstein 7-X (W7-X) stellara-
tor in Greifswald, Germany, which has recently completed its operational phase
1.1. The tokamak scheme is currently the leading variant for plasma con�nement
and is therefore being used for the next-generation device ITER and is planned
for the DEMO reactor. However, reliably achieving and maintaining the stability
of fusion plasmas remains an important fundamental issue that needs to be resolved.

In both tokamaks and stellarators, stochastic magnetic �elds can arise and in�u-
ence the interplay between three-dimensional (3D) magnetic topology and plasma
con�nement. Stellarator devices represent an inherent three-dimensional challenge.
They make use of the island divertor concept, and stochasticity and magnetic topol-
ogy therefore play a fundamental role in their operation. With the extended op-
erational regimes pioneered on the Large Helical Device (LHD) and with W7-X,
attention has been directed towards the challenge of 3D plasma equilibria, trans-
port and plasma�surface interactions.

In the tokamak line, non-axisymmetric magnetic perturbations, which change the
magnetic topology, are applied on the majority of large-scale tokamaks nowadays
to control plasma edge stability and transport. Recent research has highlighted the
signi�cance of the role that stochasticity and 3D magnetic topology also play in this
fundamentally 2D concept. Their in�uence can be seen in transport and energy
con�nement, in the nature of disruption events and in the control of various magne-
tohydrodynamic (MHD) instabilities, most notably edge-localized modes (ELMs),
which expel considerable amounts of energy from the plasma and pose a risk of dam-
aging plasma�facing components in ITER and other next-generation fusion devices.

The existence of these stochastic and 3D e�ects brings tokamak and stellarator
physics closer together, and a holistic approach to studying them provides the most
promising path to making good progress. Understanding these e�ects is essential for
the success of future fusion devices, and they represent a hot topic in current fusion
research. In addition, reversed �eld pinches o�er access to these topics with unique
features such as the bifurcation into self-generated 3D equilibria and multi-mode
unstable plasma conditions with a high degree of magnetic �eld stochasticity. Joint
discussions of these aspects across the three communities will foster progress on ba-
sic as well as applied understanding in these complex branches of high-temperature
plasma physics. Therefore, it will be of great interest and scienti�c importance to
share the most up-to-date theories and techniques and to provide a platform for
discussion between leading experts in the �eld.



The 9th International workshop on "Stochasticity in Fusion Plasmas (SFP)" is an at-
tempt to discuss issues relating to impact of 3D magnetic �elds on hot plasmas from
all sides, bringing together experts from di�erent devices (tokamaks, stellarators
and reversed-�eld pinches) and from di�erent �elds (equilibrium and con�nement,
turbulence, MHD instabilities, transport and plasma�wall interactions). The pre-
vious seminars focused on integrating experimental methods of controlling MHD
instabilities, on comparing the relative merits of 2D and 3D conceptualizations of
hot plasmas, and on the underlying physics of stochastic e�ects. In contrast, the
focus of this seminar will be on the latest experimental results from stellarators and
tokamaks. This will naturally lead to a comparison of W7-X's 3D island divertor
with various di�erent axisymmetric divertor con�gurations under the application
3D �elds being a highlight of the seminar.

The success of these four previous Workshops is exempli�ed by the publication
of associated special issues of the journal Nuclear Fusion. The 597th WEH Seminar
absorbed the International Workshop on Stochasticity in Fusion Plasmas, which had
run successfully for over a decade and had established itself as the foremost interna-
tional workshop in the �eld, the plan is now to continue this history independently
of the WEH foundation.

For the most recent seminar successful publications were made in a special issue
of the IOP journal "Plasma Science and Technology", which gave especially phd
students a venue to publish their research in a peer reviewed journal.

Discussing together and summarizing recent approaches will improve the physics
understanding of various e�ects of 3D �elds in magnetically con�ned plasmas. Ana-
lyzing the in�uence of stochasticity and magnetic topology in fusion plasmas will be
bene�cial for research in the �eld and will guide the design of future fusion devices.
A further major goal of this seminar is to give young scientists the opportunity
to enter an active and growing �eld of research by interacting with world-leading
experts.
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Invited Talks

Results from the �rst operation phases of Wendelstein 7-X

Thomas Sunn Pedersen, for the W7-X Team.
Max Planck Institute for Plasma Physics, Greifswald, Germany

Stellarators provide a potentially attractive concept for fusion power production,
owing to their intrinsic steady-state capabilities, and their lack of runaway electron
issues. However, high con�nement at high ion temperatures has in the past been an
elusive goal, primarily owing to prompt orbit losses. Wendelstein 7-X (W7-X) is a
highly optimized stellarator experiment that went into operation in 2015.
Its optimization goals include not only a strong reduction of the just mentioned
prompt orbit losses, but also stable MHD equilibria at volume-averaged beta val-
ues up to 5%, a reduced bootstrap current, and successful operation of the island
divertor at high performance. With a 30 cubic meter volume, a superconducting
coil system operating at 2.5 T, and steady-state heating capability of eventually up
to 10 MW, it was built to demonstrate the bene�ts of optimized stellarators at pa-
rameters approaching those of a fusion power plant.

Operation phase 1.2 featured the full complement of 10 divertor units, ECRH heat-
ing with up to 10 gyrotrons, more than 30 diagnostic systems, and a pellet fueling
system. This talk will give a general overview of the W7-X goals and capabilities,
and describe results from divertor operation, including measurements and correc-
tions of error �elds, characterization of divertor heat loads, evidence of detachment,
and performance extension into regimes with high densities (ne ≈ 1020meter−3) and
high ion temperatures (Ti ≈ 3.5keV), long pulse lengths (up to 100 s), and high stored
energies (E > 1 MJ). Tests of the W7-X optimization will also be reported.

4



Results from the �rst operation phases of Wendelstein 7-X

D. Zhang1, J. Baldzuhn1, R. Brakel1, S. Brezinsek2, R. Burhenn1, B. Buttenschön1,

Y. Feng1, L. Giannone3, M. Jakubowski1, R. König1, M. Krychowiak1, F. Wagner1,
H. Niemann1, N. Tamura4, R. Bussiahn1, F. E�enberg5, B. Geiger5, T. Wegner1, O.
Ford1, S. Bozhenkov1, G. Fuchert1, Y. Gao2, P. Hacker1, S. Kwak1, A. Langenberg1,
N. Pablant6, F. Reimold1, J. Svensson1, H. Thomsen1, V. Winters5, T.S. Pedersen1,
T. Klinger1 and the W7-X team
1Max Planck Institute for Plasma Physics, Greifswald, Germany
2Forschungszentrum Juelich GmbH, IEK-4 D-52425 Juelich, Germany
3Max-Planck-Institut für Plasmaphysik, Garching, Germany
4National Institute for Fusion Science, Gifu 509-5292, JAPAN
5University of Wisconsin � Madison, Wisconsin 53706, USA
6Princeton Plasma Physics Laboratory, Princeton, NJ, USA

During the �rst divertor operation phase of the stellarator Wendelstein 7-X (W7-X), a

2D radiation distribution in the triangular plasma cross-section has been measured both

before and after wall boronisation. A clear up-down asymmetry in radiation intensity has

been frequently observed in spite of a symmetric magnetic topology.

The position of the maximum intensity varies, both radially and poloidally, depending

on the plasma parameters and the magnetic con�gurations that respond to the 3D SOL

structure. With increased plasma density, the radiation zone shifts from the SOL toward

the last closed �ux surface, accompanied by an increase in total radiated power. Under

certain conditions, stable, strongly radiating regimes exist, characterized by a high radia-

tion loss fraction, frad > 90%, a strong reduction of the heat load on the divertor targets

(i.e. power detachment) and even more by a favorable, lower plasma con�nement degra-

dation. Further increases in density could lead to uncontrollable radiation collapses with

precursors, such as pronounced poloidal asymmetric radiation patterns and simultaneous

deterioration of plasma con�nement. In addition, this asymmetric radiation pattern and its

location also change with the dominant impurity species (responsible for the main power

loss) and their locations. Experimental observations by a two-camera bolometer system in

combination with spectroscopic diagnostics at W7-X are described.

The analysis of this phenomenon currently focuses on ECR-heated hydrogen plasmas,

which contain the following radiators: 1) intrinsic impurities (such as carbon and oxy-

gen) released from the wall and targets by wall outgassing and sputtering, 2) extrinsically

seeded gases (such as N2, Ne and Ar) for special experimental purposes, and 3) metallic

elements (such as Fe and Cu) injected by LBO and TESPEL for transport studies. The

physics behind these observations is presently analyzed using the impurity transport codes

STRAHL and EMC3-EIRENE and the results will be presented.
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Plasma-Wall Interaction in W7-X with uncooled graphite di-
vertor

S. Brezinsek1 and Wendelstein 7-X team

1Forschungszentrum Jülich GmbH, IEK-4 D-52425 Jülich, Germany

The stellarator Wendelstein 7-X completed its initial operation with ten divertor
modules made of uncooled graphite plasma-facing components PFCs The plasma
exhaust concept and �rst wall properties are substantially di�erent from those in
the initial campaign which had limiters and explicitly avoided edge magnetic islands.
The ten divertors now intercept an edge island chain. Additionally the inner vessel
has been complemented by adding graphite PFCs to the already installed CuCrZr
heat shields. Before the initial divertor operation (OP1.2a) started, the device vessel
was baked up to 150◦ ◦C, and glow discharges in helium and hydrogen were performed
to condition the device. ECRH discharges were conducted in helium in order to re-
duce the impurity and hydrogen content to acceptable values for steady and long
pulse operation. The main impurities have been identi�ed spectroscopically to be
carbon and oxygen in the plasma-edge layer whereas the post-plasma outgassing
also includes methane, water and carbon monoxide. Water was attributed to resid-
ual water in the graphite PFCs and was released at higher surface temperatures.
Indeed the release of O and subsequent impurity sputtering of O on C determined
the high radiated fraction in the edge plasma and limited the operational window.
Application of boronisation cured the challenging conditions by backing the O cycle
and permit an expansion of the operational window. Subsequently, higher diver-
tor density operation, low radiated fraction operation and long-pulse operation was
achievable.

Key studies in the full 3D geometry are related to the determination of the
impurity production distribution with respect to spatial distribution and absolute
strength. In parallel to spectroscopic observations in the edge layer in di�erent
plasma con�gurations also dedicated experiments related to the identi�cation of the
material migration footprint were conducted. Most relevant with this respect was a
global tracer injection in the standard iota= 5/5 con�guration under attached diver-
tor conditions. 13CH4 methane was injected in 30 identical discharges of about 10 s
each through a divertor gas injection system simulating a divertor C source. Optical
emission spectroscopy and post-mortem analysis of divertor modules are going on
the identify locations of erosion and deposition as well as to identify the amount of
C which reaches the plasma core, thus, is unscreened from the divertor. Secondly,
marker layers were implemented at di�erent locations in the divertor permitting
access to local erosion and deposition at multiple positions in one divertor as well
as at di�erent divertors. Finally, impurity injection experiments in di�erent con�g-
urations were applied to determine the source strength and relate it to the global
content of C (and O).
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These dedicated studies in the second operational campaign are related to the
�rst campaign and post-mortem analysis by di�erent techniques providing informa-
tion about erosion/deposition/migration as well as fuel content and layer formation.
Revealing overall a very strong erosion at the main interaction zones at the strike-
line locations and no clear location of massive re-deposition. Likely ba�e areas
are turned into main deposition areas as laser-based diagnostics and colorimetry of
wider areas suggested.
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Loads on plasma wall components in W7-X and correspond-
ing limits

D. Naujoks, M. Jakubowski, M. Endler, J. Baldzuhn, C. Biedermann, R. Brakel,
C.P. Dhard, Y. Gao, P. Drewelow, R. König, M. Krause, A. Puig Sitjes, T. Sunn
Pedersen, and the W7-X Team

Max-Planck-Institut für Plasmaphysik Teilinstitut Greifswald, Wendelsteinstr. 1, 17491
Greifswald, Germany

The third experimental campaign of the stellarator experiment Wendelstein 7-X
has been completed 2018, October 18th. During the experimental programs, start-
ing with the �rst operation phase OP1.1 (Dec. 2015 � March 2016 [1]) up to OP1.2a
(Sept. 2017 � Dec. 2017 [2]) and OP1.2b (July 2018 � Oct. 2018 [3]), the energy in-
put and plasma performance as well as the heat and particle loads onto the in-vessel
components have been increased continuously. In OP1.1 �ve limiters on the inner
wall were used, in OP1.2 ten inertially cooled divertor units (with �ne grain graphite
as plasma facing surface) have been installed in the plasma vessel. The heat loads
and the resulting temperature rise have been closely supervised by thermography
systems but also by using a large number of thermo-couples incorporated in many
in-vessel components. A �ne adjustment of the currents in the main superconduct-
ing magnet system together with optimized current settings of the control and trim
coils were required in order to establish a certain magnetic �eld con�guration which
enabled a symmetric load on the divertor units, avoiding at the same time excessive
loads on other wall components. Finally, an energy input of about 200 MJ could
be achieved obeying the pre-de�ned load and temperature limits for the di�erent
plasma facing components. A survey of the visual inspection results after OP1.2b
will be given in context of the performed plasma experiments (the �gure shows the
view onto one of the ten divertor units with the complex pattern of erosion and
deposition zones).

Dedicated experiments aiming at controlled over-
heating of selected target modules have been per-
formed to investigate the plasma and divertor perfor-
mance under the condition of strong impurity emis-
sion. Such emission of carbon atoms and of clus-
ters/particles from small spots at leading edges of sin-
gle target �ngers have been observed by a fast video
camera system equipped with a CIII �lter. The e�ect
on the central plasma parameters as well as on the
core radiation was rather negligible, probably, due to
the good impurity retention in the divertor plasma.
The surface temperatures measured by the IR cam-
eras turns out to be rather low (max. 2200 °C), but
could be undervalued because it could be out of the linear range of the sensor and/or
due to the limited spatial resolution of the IR cameras. First estimations regarding
the spot size of the overheated regions and the amount of emitted particles will be
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presented.

[1] R. C. Wolf et al., Nuclear Fusion 57, 102020 (2017)
[2] T. Sunn Pedersen et al., Plasma Phys. Control. Fusion 61, 014035 (2019)
[3] T. Sunn Pedersen et al., this workshop

ELM control by 3D magnetic perturbations

Y Sun1 and Y. Liang1,2

1Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China
2IEK-4, Forschungszentrum Jülich, 52425 Jülich, Germany

It is necessary to avoid large transient local heat load on the divertor induced by
Edge Localized Mode (ELM) to achieve long pulse steady state operation in a toka-
mak fusion reactor. Uncontrolled type-I ELM is expected to be a signi�cant issue
to damage the materials of plasma facing components in ELMy H mode plasmas in
future fusion device like ITER. Based on present materials considered as divertor
plate and �rst wall, the crash amplitude of type-I ELM in ITER baseline operation
is expected to be reduced at least by a factor of 20.

Various methods have been developed in the past for ELM control in tokamaks.
Resonant Magnetic Perturbation (RMP) is one e�ective method for ELM control in
present tokamaks. It is usually generated by external non-axisymmetric magnetic
�eld coils. Signi�cant e�orts have been made in recent years and the control e�ects
have been successfully observed in many tokamaks. Edge ergodization due to the
overlapping of the neighboring islands induced by RMP has been at �rst proposed
as an explanation of the ELM suppression. However, plasma response may shield
the resonant components and may not form the edge stochastic layers. Signi�cant
progresses, especially on plasma response, have been made in the understanding of
the mechanism of ELM control using RMP in the recent years. These enhanced the
con�dences in the application of RMP for ELM control in ITER in the future. To
apply RMP for ELM control in future fusion device, like ITER, there are still a lot
of challenges. For example, at �rst, it is necessary to extend ELM suppression in
low torque, low collisionality plasmas.

Presently, most of the ELM control experiments were done in high torque with
dominant NBI heating. It is still a challenge to access ELM suppression in low torque
discharge, in which �eld penetration of the core resonant harmonics may limit the
plasma performance. Secondly, how to optimize the coil con�guration for accessing
ELM suppression and avoiding performance degradation? Plasma response plays a
key role in accessing ELM suppression. It strongly depends on plasma operational
regime and coil con�guration. The physical understanding the di�erence between

9



ELM mitigation and suppression is also a critical issue. Thirdly, steady heat �ux
control during ELM suppression is also necessary. The 3D edge magnetic topology
may enhance local heat �ux on the divertor that connected to the inner �ux surface
with high temperature.

Finally, it is necessary to extend the ELM suppression in long pulse operation
with mental wall. It needs to prove that ELM suppression and heat �ux control by
RMP can be sustained in long pulse. The heavy impurity control is also an impor-
tant issue for long time operation with ELM suppressed. The progresses attempted
to solve these challenging issues together with the progresses in ELM control in the
EAST tokamak are overviewed.

Magnetic reconnection in 3D equilibria of RFX-mod

R. Lorenzini
Consorzio RFX, Corso Stati Uniti 4, 35126 Padova Italy

The reversed �eld pinch (RFP) device RFX-mod features strong internal trans-
port barriers when the plasma enters states with a single dominant helicity. Such
transport barriers enclose a hot helical region with high con�nement whose ampli-
tude may vary from a tiny one to an amplitude encompassing an appreciable fraction
of the available volume. In this work it is shown that the position and the width
of the stochastic boundary encompassing the thermal structures can be estimated
using the concept of 3D quasi-separatrix layer (QSL) [1]. Such concept has been
developed in solar physics to explain the occurrence of reconnection phenomena in
solar �ares without true separatrices.

The QSL concept is novel to laboratory plasmas and has been adapted to their
toroidal geometry. The application of the QSL model indicates that the transition
from narrow to wide thermal structures is mainly due to the progressive stabilization
of secondary modes, although a role is also played by the progressive strengthening
of the equilibrium that occurs as long as the dominant mode increases.

In particular, these results open promising scenarios for RFX-mod2 [2], the up-
grade of the RFXmod device presently underway, where, due to a new magnetic
front-end, reduced secondary modes are expected, which will produce larger ther-
mal structures. Furthermore, this �rst application of the quasi-separatrix layer to
a toroidal plasma indicates that such a concept is ubiquitous in magnetic reconnec-
tion, independent of the system geometry under investigation.

[1] R. Lorenzini et al., Phys. Rev. Lett., 116 (18) (2016), p. 185002

[2] S. Peruzzo et al., Fusion Eng. Des., 123 (2017), pp. 59-62
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Edge diagnostic development for Wendelstein 7-X

O. Neubauer
IEK-4, Forschungszentrum Jülich, 52425 Jülich, Germany

In 2015, the magnet system of Wendelstein 7-X was successfully commissioned
proving reliable operation of the superconducting bus-bar system that is the major
contribution by Jülich to the machine construction. Based on the excellent technol-
ogy expertise developed at TEXTOR, JET and many other devices, Jülich is also
leading the research �eld of PWI at W7-X covering both edge plasma and surface
characterization. For this purpose, a set of diagnostics is developed. In particu-
lar, the multi-purpose manipulator for probes with slow and fast drive, cooling and
gas feed; microwave correlation re�ectometry; versatile gas inlet system in divertor
region; core plasma X-ray and VUV spectroscopy were successfully commissioned
in the very �rst plasma campaign already allowing for physics studies in limiter
operation. Diagnostic development is continued with versatile endoscopes for local
highly resolved divertor observation with the option of 2D tomographic reconstruc-
tion, several probe heads for probing edge plasma, feeding gas locally, and exposition
of material samples including corresponding probe electronics for testing divertor
operation of W7-X. A concept of a divertor manipulator for probing and long pulse
exposition under divertor conditions is prepared for operation with water-cooled
divertor in the next campaign. This will include a versatile observation system and
laser for in-situ surface analysis. A number of surface analysis techniques are also
available for post mortem analysis of wall elements. By this, W7-X will be equipped
for pioneering PWI research allowing also preparation of operation with a Tungsten
wall.
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Physics Design of Stellarators

A. Bader1, B.J. Faber1, J.C. Schmitt2, D.T. Anderson1, M. Drevlak3, T. Gri�n4, H.
Frerichs1, C.C Hegna1, T. Kruger1, M. Landreman5, S.A. Lazerson6, I.J. McKinney1,
J.N. Talmadge1, P.W. Terry2, W. Sutherland4, A.S. Ware4

1University of Wisconsin-Madison USA
2 Auburn Univeristy, USA
3 IPP-Greifswald, Greifswald, Germany
4 University of Montana, USA
5 University of Maryland, USA
6 Princeton Plasma Physics Lab, USA

New frontiers in stellarator optimization allow for design of next generation ex-
periments and reactors with capabilities exceeding current devices. In this talk we
discuss the stellarator design optimization procedure and recent improvements in
metrics for 1) Energetic particle transport, 2) Turbulent transport, 3) Coil design
and 4) Divertor design for stellarator reactors. Optimization codes modify the co-
e�cients of the plasma boundary, solve for the plasma equilibria, and then apply
penalty functions based on desired plasma properties. Some examples of penalty
functions are levels of neo-classical transport, metrics of quasisymmetry, etc. We
will brie�y discuss some of the historical metrics used to design the optimized stel-
larators of W7-X, HSX and NCSX. We also point out some of the pitfalls that
exist in the current optimization schemes, including local minima and non-convex
spaces Next generation stellarator experiments will require demonstrating signi�-
cant improvement in various topical areas. We show that using energetic particle
metrics developed by V.V. Nemov, we can optimize quasi-helically symmetric equi-
libria to have excellent energetic particle con�nement. New frontiers in turbulent
optimization produce metrics that target turbulent heat �ux by increasing the cou-
pling between unstable and stable modes. We show that it is now possible to design
con�gurations optimized for low ITG turbulence. Signi�cant development has been
made in new algorithms for coils. We look at some of these methods and their
capabilities. We also show the connections between coil design, energetic particle
transport and divertor design. For divertors, feasible solutions are strongly tied to
con�guration type. We will discuss several 3D divertor types in current machines,
and ones that are thought to be viable for future devices.

12



3D modelling of dissipative divertor conditions

H. Frerichs1, X. Bonnin2, Y. Feng3, Y. Q. Liu4, A. Loarte2, R. A. Pitts2, D. Reiter5,
O. Schmitz1

1Department of Engineering Physics, University of Wisconsin - Madison, WI 53706, USA
2ITER Organization, Route de Vinon-sur-Verdon, CS 90 046, 13067 St Paul Lez Durance
Cedex, France
3Max-Planck-Institut für Plasmaphysik, Association EURATOM-IPP, 17491 Greifswald,
Germany
4General Atomics, PO Box 85608, San Diego, CA 92186-5608, USA
5Forschungzentrum Jülich GmbH, Institut für Energie- und Klimaforschung-Plasmaphysik,
52425 Jülich, Germany

The compatibility of detached divertor plasmas with application of resonant mag-
netic perturbations (RMPs) for control of edge localized modes (ELMs) remains a
key challenge for magnetic con�nement fusion. Non-axisymmetric particle and heat
loads onto the divertor targets appear as a result of RMP application, and thus
require a three-dimensional (3D) plasma edge model. However, no stable 3D nu-
merical model was available for assessment of detached divertor conditions with
RMP �elds so far. Recently, the numerical framework within EMC3-EIRENE has
been improved which now enables numerical access to detached divertor plasmas for
the �rst time. Numerical stabilization is achieved by a linearization of the energy
losses from interaction with neutral gas (i.e. from ionization and molecular disso-
ciation). These energy losses are very sensitive to the electron temperature in this
regime, and the improved numerical scheme includes a partially implicit method for
a more accurate treatment. To validate the model for detached divertor plasmas,
we present a comparison between EMC3-EIRENE and SOLPS-ITER for an unper-
turbed con�guration targeting the initial non-active phase in ITER with an L-mode,
gas fueled 1.8 T/5 MA hydrogen plasma at q95 = 3, and demonstrate that both codes
show a similar particle �ux roll-over during a gas pu� (density) scan.

For ITER, EMC3-EIRENE simulations for a low power (30 MW) H-mode dis-
charge anticipated for the initial non-active operation phase show a decoupling of
divertor loads around the original strike zone (OSZ) from those further away in
the non-axisymmetric strike locations: an earlier transition to detachment is found
at the OSZ while the latter locations remain attached. While detachment is com-
monly characterized by relating divertor conditions to upstream conditions (e.g.
at the outboard midplane position of the separatrix), such a characterization is
severly complicated by RMP application. This is because �eld lines can connect
the edge of the nominal con�ned region to the divertor targets resulting in non-
axisymmetric upstream and downstream conditions. The single �uid resistive MHD
model MARS-F is used in this analysis to include plasma response e�ects in the
EMC3-EIRENE simulations. The calculated plasma response leads to screening of
most of the resonances, and consequently a narrower region of broken perturbed �ux
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surfaces with connection to the divertor targets with respect to the vacuum RMP
approximation. However, resonant �eld ampli�cation near the separatrix results in
non-axisymmetric footprints which can be of similar size or even larger than those
found in the vacuum RMP approximation depending on the level of toroidal plasma
rotation.

Acknowledgements: This work was supported by the U.S. DOE under grants DE-SC0012315
and DE-SC0013911, and by the College of Engineering at University of Wisconsin - Madi-
son.
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Overview of 3D e�ects on the plasma con�nement and trans-
port in magnetically con�ned fusion

K. Ida

National Institute for Fusion Science, Toki, 509-5292, Japan

3D e�ects on the plasma con�nement and transport in magnetically con�ned fu-
sion plasma both in helical and tokamak con�guration are discussed in this talk.
There are two types of 3D e�ects in the magnetically con�ned fusion plasmas. One
is the 3D magnetic �ux surface e�ect in helical plasmas. Here, the 3D means a lack
of toroidal symmetry of magnetic �ux surface and only the transport perpendicular
to the magnetic �ux surface plays a role as well as tokamak, where the magnetic
�ux surface has a toroidal symmetry. The 3D magnetic �ux surface e�ect is crucial
in helical plasma but not in tokamak except for the plasma with resonant magnetic
�eld perturbation (RMP). The other is the 3D topology e�ect in the stochastic
region, magnetic island, and the plasma boundary. Here, the 3D means a lack of
nested magnetic �ux surface and the mixture transport parallel and perpendicular
to the magnetic �eld become important. The 3D topology e�ects are common issue
both in tokamak and helical plasma.

Recently the role of topology 3D e�ect is recognized to be essential. For ex-
ample, the transport in the radial direction in the region with a stochastic magnetic
�eld is determined by the combination of parallel and perpendicular transport. The
power fall-o� length in the Scrape-o�-layer (SOL) is determined by the balance be-
tween the two transports parallel and perpendicular to the magnetic �eld. In the
magnetic island, the magnetic �eld becomes partially stochastic near the X-point,
while it has nested magnetic �ux near the O-point of the magnetic island. Therefore,
3D topology e�ects always exist in the plasma with spontaneous magnetic island and
induced magnetic island by resonant magnetic perturbation (RMP).

The following experimental results are reviewed. (1) The bifurcation of the trans-
port and turbulence spreading in the magnetic island in tokamak plasma [1,2]. (2)
The electron and ion heat and momentum transport in the stochastic region in heli-
cal plasma [3,4]. (3) The helium transport and turbulence exhaust at the boundary
between the closed and open magnetic �eld i.e. transport across the last closed �ux
surface (LCFS) [6]. Turbulence spreading into the SOL region and the impact on
the power fall-o� length is also discussed as an example of topology 3D e�ect on
transport [7,8].

[1] K.Ida et. al., Sci. Rep. 5, 16165 (2015).
[2] K.Ida et. al., Phys. Rev. Lett. 120, 245001 (2018).
[3] K.Ida et. al., Nature Communications 6, 5816 (2015).
[4] K.Ida et. al., Plasma Phys Control Fusion 57, 014036 (2015).
[5] K.Ida et. al., Plasma Phys Control Fusion 58, 074010 (2016).
[6] K.Ida et. al., Nucl. Fusion 58, 112008 (2018).
[7] T.Happel et. al., IAEA-FEC in Ahmedabad, India, EX/2-3 (2018).
[8] C.Hidalgo et. al., IAEA-FEC in Ahmedabad, India, EX/P1-20 (2018).
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Seeding of tearing modes by external and internal 3D per-
turbations

V. Igochine

Max-Planck Institut für Plasmaphysik, Garching

In tokamak plasmas, large internal events (sawteeh, �shbones, etc) are able to
provide the drive for magnetic reconnection at the neighbouring resonant surface,
which lead to seeding of tearing modes. This type of tearing mode formation is
considered to be one of the most dangerous for future fusion reactors like ITER.
Recent �ndings show that the crash leads to the formation of an ideal kink mode
with large saturated amplitude at the resonant surface immediately after the saw-
tooth or �shbone [1,2]. This kink mode transforms into a tearing mode on a much
longer timescale than the crash itself. Thus, the ideal kink mode, formed at the
resonant surface after the crash, provides the driving force for the magnetic recon-
nection. These experimental �ndings from ASDEX Upgrade and DIII-D tokamaks
were also con�rmed by non-linear two �uid MHD code [3].

The process of the island formation due to an internal event is similar to the
seeding of the tearing modes by external perturbations in the presence of di�eren-
tial plasma rotation [4]. In this case, the perturbation modify the plasma rotation
in a way that the di�erential rotation between electron �uid velocity at the resonant
surface and the perturbation is reduced. When this di�erential rotation vanishes,
the electrons are at rest with respect to the external perturbation and magnetic �ux
e�ciently penetrates into the plasma. This �ux penetration is accompanied by fast
island growth and �nally, the non-linear evolution leads to saturation of the island
size. These results show importance of the di�erential plasma rotation both from
internal and external seeding of tearing modes.

[1] V. Igochine et. al, Phys. Plasmas, 21, 110702 (2014)
[2] V. Igochine et al., Nucl. Fusion, 57, 036015 (2017)
[3] Q.Yu et.al., �NTM Excitation by Sawtooth Crashes and the Suppression of their Onset by
Resonant Magnetic Perturbation�, IAEA Conference 2018, TH-P5/19
[4] D. Meshcheriakov et al., �Tearing mode seeding by external magnetic perturbations�, 45nd EPS
conf., (2018)
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RMP ELM suppression impact on divertor heat and particle
�uxes at ITER-like conditions
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A. Wingen9, J. Her�ndahl9, M. Becoulet10, G. Hujismans10,11

1Center for Energy Research, University of California San Diego, La Jolla, CA 92093,
USA
2General Atomics, PO Box 85608, San Diego, CA 92186-5608, USA
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RMP ELM suppression experiments at ITER-like conditions (shape, collisional-
ity, RMP spectrum) in DIII-D show little splitting of the heat �ux to the divertor
targets, despite robust splitting in the particle �ux. This lack of divertor heat
�ux splitting is a potentially important result for ITER because splitting of the di-
vertor heat �ux into multiple lobes displaced from the primary strike point could
complicate heat �ux handling during RMP ELM suppression in ITER and other
tokamaks with tight divertor ba�ing. In DIII-D, strike point splitting is routinely
observed in the divertor particle �ux during RMP operation. The observed splitting
is consistent with the toroidal mode number n of the perturbation, but the mea-
sured separation of the divertor particle �ux lobes exceeds predictions of a vacuum
(TRIP3D, MAFOT) or ideal plasma response (VMEC-XPAND) model by factors of
3-5. The large particle �ux lobe separations present a challenge for plasma response
modeling, because the predicted response using linear, resistive MHD simulations
is dominantly a screening response, which should reduce the divertor lobe splitting
below the vacuum model predictions. However, nonlinear resistive MHD simula-
tions (JOREK) of these discharges predict larger particle �ux lobe separation and
show good comparison with experimentally measured splitting.

Current ramps, which were limited in amplitude for a subset of RMP coils to
be consistent with force limits on the RMP coils in ITER, were used to modify the
divertor lobes. The particle �ux lobes changed during the RMP current ramps,
but the heat �ux pro�le was not a�ected, consistent with the lack of heat �ux lobe
structure. The lack of clear lobe structures in heat �ux is now understood to be due
to an increase in the volumetric C radiation in the inner divertor as the peak heat
�ux drops to < 2 MW/m2. Possible synergistic e�ects of impurity gas injection and
RMP current ramps were also examined using neon and argon gas injection into
the ELM suppressed phase. Both gases produced stable radiating mantles between
0.95 6 Ψ 6 1, a 60% radiated power fraction, and signi�cantly reduced heat �ux
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to both strike points while ELM suppression was maintained. These results show
that RMP ELM suppression in ITER-like conditions is compatible with an impurity
radiation-enhanced boundary.

This work is supported by the US Department of Energy under DE-FG02- 07ER54917,
DE-FG02-05ER54809, DE-FC02-04ER54698, DE-SC0012706, DEAC52- 07NA27344,
DE-NA0003525, and DE-AC04-94AL85000.

3-D characteristic of disruptions in tokamaks

L. Zeng

Institute of Plasma Physics, Chinese Academy of Sciences, 230031 Hefei, China

Disruptions, which is a rapid loss of the plasma energy and current, can impose
signi�cant thermal and electromagnetic loads on the tokamak structure. Runaway
electrons are expected to be generated due to the rapid loss of the plasma current
and an uncontrolled loss of highly energetic electron beam to the plasma facing
components might lead to serious damages. These consequences of disruptions re-
quire careful design of tokamak components to ensure that they reach the projected
lifetime. Disruptions are intrinsically of 3D characteristic because the instabilities
causing disruptions are non-symmetric. The consequences of disruptions, including
heat loads, electromagnetic loads and runaway electrons, can be 3D. For heat loads
and runaway electrons, the localization leads to higher local heating. Electromag-
netic loads can impose global tilting forces on the vacuum vessel and also localized
forces which might damage the components within the vessel.

A disruption mitigation system has presently been invoked to mitigate the dam-
aging e�ects of disruptions. Massive amounts of noble gases are rapidly injected
to the plasma, which radiates the plasma energy and spreads it more uniformly,
therefore lowering the peak heat loads. A rapid loss of the plasma current caused
by the injected gas lowers the electromagnetic loads, but this might also increase
risk of runaway electron generation. Since the gas is injected from a limited number
of locations there are still issues of 3D localization of heat loads, which has to be
considered in the design of the disruption mitigation system.

Work supported by the National Magnetic Con�nement Fusion Science Program of China
under Contract No. 2017YFE0301205, the National Natural Science Foundation of China
under Contract No. 11775267, and Youth Innovation Promotion Association of Chinese
Academy of Sciences under Contract No. 2017480.
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Interaction between runaway electrons and resonant mag-
netic perturbation during disruptions on J-TEXT tokamak

Z. Y. Chen, Z. F. Lin, D. W. Huang, R. H. Tong, W. Yan, Y. H. Ding, Y. Liang
and J-TEXT Team

International Joint Research Laboratory of Magnetic Con�nement Fusion and Plasma
Physics, State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
School of Electrical and Electronic Engineering, Huazhong University of Science and Tech-
nology, Wuhan, 430074, China

High-energy runaway electrons generated during the plasma disruption could
result serious damage to plasma-facing components. The next generation fusion
machines, like ITER and DEMO, will need a reliable method for controlling or sup-
pressing runaway electrons. Previous experimental results show that the massive
gas injection can't provide enough impurities to achieve robust runaway suppres-
sion due to low gas mixture e�ciency and extreme high Rosenbluth density for
runaway avoidance.The transport of runaway electrons is a�ected by the magnetic
perturbation. Robust runaway suppression has been reached on J-TEXT with mode
penetration or mode locking by the application of resonant magnetic perturbation
(RMP) with m/n=2/1 before the thermal quench. The strong stochastics in the
whole plasma cross section expel out the runaway seed and results in runaway free
disruptions on J-TEXT. This provides alternative runaway suppression during dis-
ruptions for large scale tokamak. It is found that hydrogen supersonic molecular
beam injection has the capacity to eliminate RE current by provoking magnetic
perturbations which increase RE losses rapidly.
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3D Linear Stability Studies for Tokamaks and Stellarators

E. Strumberger, and S. Günter

Max Planck Institute for Plasma Physics Boltzmannstr. 2, 85748 Garching, Germany

Three-dimensional stability studies for stellarator and tokamak equilibria play
an important role for the analysis and interpretation of experimental results, and
the design of new fusion devices. The axisymmetry of tokamak con�gurations may,
for example, be broken, by the �elds of additional magnetic perturbation coils which
are applied to mitigate or even to suppress Edge Localized Modes (ELMs).

The linear stability CASTOR3D code [1] is a very �exible and versatilely ap-
plicable numerical tool to investigate 3D equilibria. The code solves an extended
eigenvalue problem composed of the linearized MHD equations, and equations de-
scribing the vacuum and external conducting structures therein, e.g. ideal and/or
resistive walls. The latter equations are derived from a vacuum energy functional
of the surface (plasma surface, wall structures) and coil currents using the thin wall
approximation [2]. Depending on their complexity, the conducting structures are
either discretized by a spectral method, or by triangular �nite elements where the
resistivity in each triangle may be di�erent. The linearized MHD equations describe
several physical e�ects, such as, plasma resistivity, plasma �ow, and parallel viscosity.

In quasi-axisymmetric con�gurations the rotational transform is partly produced
by coil currents, while the magnetic �eld strength is approximately independent
from the toroidal Boozer coordinate. That is, these con�gurations have common
properties with tokamaks and stellarators. We investigate the e�ects of plasma �ow
(in direction of the quasi-symmetry), parallel viscosity, and resistive wall structures
on the growth rates of ideal external kink modes for such a quasi-axisymmetric
con�guration, and compare the results with those obtained for an axisymmetric ap-
proximation of this equilibrium. We will show that in the 3D case the modes are
locked for small rotational frequencies, and start to oscillate for frequencies larger
than individual threshold frequencies of the modes. Furthermore, coupled tearing
modes are studied for a 3D ASDEX Upgrade-type con�guration including e�ects
of toroidal �ow and viscosity, and Wendelstein 7-X-type equilibria. There is ex-
perimental evidence that instabilities occur in Electron-Cyclotron Current Drive
(ECCD) discharges in W7-X [3].

[1] E. Strumberger and S. Günter, Nuclear Fusion 57, 016032 (2017)

[2] P. Merkel and E. Strumberger (2015) http://arxiv.org/abs/1508.04911

[3] R.C. Wolf et al., Nuclear Fusion 57, 102020 (2017)
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Linear and non-linear analytical and numerical calculations
of edge harmonic oscillations in ELM-free H mode plasmas

J. P. Graves1, D. Brunetti2, A. Kleiner1, G. Bustos Ramirez1, W. A. Cooper1, E. Neto1,

C. Wahlberg3

1École Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-
1015 Lausanne, Switzerland
2Istituto di Fisica del Plasma `P. Caldirola' CNR, Milano, Italy
3Department of Physics and Astronomy, P.O. Box 516, Uppsala University, SE-751 20,
Sweden

An area of crucial importance for successful plasma scenarios in tokamaks is the
development of ELM-free H-modes. A future reactor will probably be intolerable
to regular ELMs, even small deliberately paced ELMs. The high performance QH-
mode regime [1] is a particular advance because it is ELM free. The bootstrap
current at the pressure pedestal forms an extended region of low magnetic shear,
which causes a susceptibility to non-resonant ideal �uctuations due to the weakened
restoring force associated with magnetic �eld line bending. These so called edge har-
monic oscillations (EHOs) saturate in amplitude, creating therefore new equilibria
in the reference frame of the slowly rotating mode. It has recently been shown [2]
that the perturbations are non-resonant pressure driven infernal modes, where the
plasma displacement of the upper sideband of the nearly resonant mode forms the
observed plasma edge corrugation, and the magnetic �eld associated with the upper
sideband extends into the vacuum. The so called external-infernal mode vanishes if
a perfectly conducting wall is placed on the plasma edge. The linear analytic model
of external infernal modes can also be extended to show that while EHOs can be ex-
cited, high n modes associated with ELMs are stabilised by consideration of plasma
�ows and �nite Larmor radius e�ects [3]. Nevertheless, the non-linear saturated
amplitude of the EHOs is clearly an important feature that cannot be established
with a linear model. It has recently been shown [4] that the 3D free boundary code
VMEC recovers the saturated amplitude of external kink modes with traditional
monotonic q-pro�les [5]. Further advances [6] show that these current driven exter-
nal kink modes can be eliminated with a suitable choice of the q-pro�le, and that
the VMEC free boundary code can establish [6, 7] the non-linear extension of the
external-infernal modes identi�ed in Refs. [2]. The conditions (pressure gradient
and q-pro�le) for obtaining the EHOs, and the detailed mode structure, are shown
to agree across linear analytic theory, the KINX ideal MHD code, and the free
boundary 3D VMEC code. The work presented here will show how analytic the-
ory can isolate the physical mechanisms for excitation of EHOs, can guide e�cient
multi-dimensional numerical simulations, and can hopefully help experimentalists
establish robust ELM-free H modes in ITER and DEMO.
[1] C. M. Green�eld et al., Phys. Rev. Lett. 86, 4544 (2001)

[2] D. Brunetti, et al., Nucl. Fusion 58, 014002 (2018)
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[3] D. Brunetti, et al. subm. Phys. Rev. Lett. 2018 "Excitation mechanism of low-n edge har-

monic oscillations in ELM-free high performance tokamak plasmas"

[4] A. Kleiner, et al., Nucl. Fusion 58, 074001 (2018)

[5] H.G. Eriksson and C. Wahlberg C.Plasma Phys. Control. Fusion 39 943 (1997)

[6] A. Kleiner, et al., subm. Plasma Phys. Control. Fusion (2018) "Non-linearly saturated current

and pressure driven external kink modes as free boundary 3D equilibrium states in quiescent H

mode plasmas"

[7] W. A. Cooper et al., Phys. Plasmas 23, 040701 (2016)

Physics studies with the ICRH system for the Wendelstein
7-X stellarator
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The operational phase 2 (OP2) of the superconducting stellarator Wendelstein
7-X (W7-X) at the Max-Planck-Institute in Greifswald is being prepared, allowing
plasma pulses of up to 30 minutes with max. 10 MW 140 GHz ECRH as main heating
system. An important aim of this optimised stellarator is to demonstrate fast ion
con�nement at volume averaged beta values up to 5% [1], corresponding to plasma
densities above 1020 m−3. To study the con�nement of alpha particles under those
conditions in a future helias reactor, energetic ions with energies in the range 100
keV are required in the core of W7-X [2]. Such a population can be created using
Ion Cyclotron Resonance Heating (ICRH) using various heating schemes, including
the newly demonstrated 3-ion heating scenario [3, 4].

The ICRH system under construction for W7-X aims at delivering up to 1.5 MW
RF power at 25 − 38 MHz in pulses of up to 10 s [5]. The shape of this 3D-shaped
antenna is carefully matched to the 3D shape of the Last Closed Magnetic Surface
(LCMS) of the standard magnetic �eld con�guration on W7-X [6], resulting in a
variable curvature in toroidal and poloidal direction. Two RF generators will feed
the antenna, allowing for a large �exibility in strap phasings, e.g. (0, π

2
), and in-

creased power coupled to the plasma. Plasma wall conditioning studies are included
in the future physics programme. The paper will describe the antenna set-up, the
possibilities it o�ers for heating, fast particle generation and wall conditioning stud-
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ies, the need for fast particle and edge diagnostics, and the various options it o�ers
for fusion material studies under real stellarator plasma conditions.

[1] H.S.Bosch et al., Nucl. Fusion 53, 126001 (2013)

[2] M.Drevlak et al., Nucl. Fusion 54, 073002 (2014)

[3] Ye.O.Kazakov et al., Nature Physics 13, 973-978 (2017)

[4] J.Faustin et al., Plasma Phys. Control. Fusion 59 (2017) 084001

[5] J.Ongena et al., Phys. Plasmas 21, 061514 (2013)

[6] J.Geiger et al., Plasma Phys. Control. Fusion 57 (2015) 014004
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The edge turbulence transport during the ELM mitigation
and suppression with n=1 resonant magnetic perturbation
on EAST

S. C. Liu1,2, N. Yan1, H. Zhang1, J. Li1, L. Wang1, W. Feng1, Y.M. Wangv, T. Zhang1, Y.

Liang1,2, Y. Sun1, S. Gu1, M. Jia1,2, N. Chu1, G.H. Hu1, G.S. Xu1, H.Q. Wang1, J.B. Liu1,

X. Gao1 and EAST Team

1Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, People's Re-
public of China
2Forschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung � Plasma-
physik, Partner of the Trilateral Euregio Cluster (TEC), 52425 Jülich, Germany

The edge localized mode (ELM) has been mitigated and suppressed by the n=1
resonant magnetic perturbation in EAST tokamak. The edge SOL turbulence struc-
ture is measured by the reciprocating probes, and the radial turbulent transport is
calculated by the four-tip Langmuir probes. During the ELM mitigation and sup-
pression, the background turbulence is enhanced signi�cantly and leads to a large
amount of outward turbulent particle �ux. Simultaneously, the ion saturation cur-
rent at divertor plates increases obviously during the ELM control phase, which is
consistent with the enhanced edge particle transport in the outer midplane. In con-
sequence, a new channel for particle exhaust primarily induced by the broadband
turbulence during the ELM mitigation and suppression is formed.
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Spectroscopic characterization of boronizations in Wendel-
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The second experimental campaign in divertor con�guration employing uncooled
graphite plasma-facing components had been successfully conducted at Wendelstein
7-X. A key achievement was the plasma operation at high core densities exceeding
1020 m−3 due to the reduced radiation-induced density limit. Such a reduction was
achieved due to the application of boronizations � the in-situ plasma-chemical depo-
sition of an amorphous boron containing hydrogen �lm during helium glow discharge
with 10% B2H6 [1]. The most important impact of the boronization was the strong
decrease in low-Z impurities: oxygen and carbon.

The reduction of the impurity sources owing to the boronizations was studied
using a set of spectroscopy systems installed on Wendelstein 7-X and observing pri-
marily the graphite divertor. This includes in particular an overview spectrometer
system [2] and a part of an endoscopic detection system [3] which allowed to measure
emission spectra in a wide range from 300 nm to 1100 nm. Such a wide wavelength
span allowed the simultaneous observation of hydrogen recycling �uxes (Balmer
lines), boron, carbon, and oxygen impurity �uxes by recording the line emission of
neutral and low ionization stages such as CII, BII. To assess the homogeneity of
the observations and the screening of impurities, complementary systems located
at di�erent toroidal positions and observing the edge and core plasmas and higher
ionization stages were used.

A substantial reduction of the local oxygen and carbon particle and line emissions
by a factor of 10 and 3 correspondingly was recorded after the �rst boronization by
comparing reference discharges. Simultaneously, newly arisen boron line emissions
were observed. In OP1.2b of Wendelstein 7-X, in total three boronizations were ap-
plied leading to a substantial reduction of the O levels in the edge and core plasma.
Between two boronizations intensity of oxygen increased by a factor of 4 but has
never reached the pre-boronization values. Carbon level increased and boron level
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decreased (by a factor of 4) between the boronizations due to erosion. This behavior
has been investigated after operation in di�erent magnetic con�gurations of Wen-
delstein 7-X and touching di�erent areas of the divertor.

[1] J. Winter, Journal of Nuclear Materials 162-164 (1989) 713-723

[2] Y. Wei, AIP Advances 8 (2018) 085011

[3] O. Neubauer, 30th Symposium on Fusion Technology (SOFT), Giardini Naxos, Italy
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Chemical sputtering via the formation and desorption of hydrocarbon molecules
and physical sputtering by hydrogen and impurities are the main erosion mechanisms
on the carbon plasma-facing components (PFCs) of fusion devices [1]. The chemical
erosion is enhanced by the residual oxygen via forming carbon oxide molecules even
at lower temperature [2]. In order to study the chemical erosion, hydrocarbon in-
jection experiments have been widely performed in many fusion devices [3-6]. The
carbon chemical erosion is quanti�ed by the spectroscopic measurement of hydro-
carbon break-up products CH and C2. The discrimination of chemical sputtering
from physical sputtering is accomplished by quantitatively relating the fraction of
C]I in�ux expected from dissociation of hydrocarbon to the measured CH and C2

in�uxes. In W7-X, ten test divertor units (TDU) made of graphite, two in each pe-
riod of the �vefold symmetric device, have been installed. The magnetic footprints
on divertor plates are strongly depend on the basic magnetic con�gurations which
mainly include stand (ιa = m/n = 5/5), low/high iota (ιa = m/n = 5/6, 5/4), low/high
mirror (ιa = m/n = 5/5), and inward/outward shifted (ιa = m/n = 5/5) divertor con-
�gurations.

In OP1.2b, CH4 injection through the thermal He-beam diagnostic installed on di-
vertor plates was performed. The CH Gerö and C2 swan band from hydrocarbon
break-up products was applied to determine the in-situ hydrocarbon �uxes and
quantify the chemical erosion. The chemical erosion on divertor targets in di�erent
magnetic con�gurations were compared. The enhanced chemical erosion from oxy-
gen was quanti�ed as well.

[1] G. Federici, et al., Nucl. Fusion 41 (2001) 1967-2137.

[2] J. Roth, et al., Nucl. Fusion Suppl 138 (1991) 63-78.

[3] S. Brezinsek, et al., J. Nucl. Mat. 363-365 (2007) 1119-1128.

[4] M. Zarrabian, et al., Physica Scripta. T91 (2001) 43-47.

[5] S. Brezinsek, et al., J. Nucl. Mat. 337-339 (2005) 1058-1063.

[6] R. C. Isler, et al., Phys. Plasmas 8 (2001) 4470-4482.
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A fast sweep frequency modulated continuous wave (FMCW) re�ectometer is
designed for the electron density pro�le measurement at the ICRF antenna in Wen-
delstein 7-X (W7-X). This system covers the E andW frequency bands (67.2−110GHz)
in the right-hand X-mode polarization, which corresponds to a cut-o� density range
of ne ne 6 6 × 1019m−3 for the central magnetic �eld B0 = 2.5 T. The Ka-band waveg-
uides (WR-28) are equipped in the vacuum, which length is 3.5 m per path. Due to
a low space availability and minimization of the losses, the waveguides are banded
with certain angles. Two pyramidal horns are placed between the rods of the ICRF's
Faraday shield and the frame. The horns with an elongated H-plane are manufac-
tured for a su�cient directivity and gain. In the re�ectometer electronic, a layout for
a fast frequency sweep in the heterodyne measurement is assembled. This scheme is
similar to the other pro�le re�ectometers presented on EAST[1] and Tore Supra[2]
tokamaks. The re�ectometer electronic is integrated into an individual metal box,
which will be placed on the upper layer of the ICRF antenna sliding carrier.

This re�ectometer is under calibration in the laboratory. Both the electronic
and the transmission line are required to be fully tested before the installation to
the ICRF system. According to the schedule, this re�ectometer diagnostic will be
operated in the OP 2 campaign of W7-X for the edge density pro�le measurements
in front of the ICRF antenna. The underlying physics with respect to, e.g., wave
particle coupling, SOL density behaviors, turbulent transport will be conducted.

[1] Y M Wang, et al., Fusion Eng. Design 88 (2013) 2950-2955

[2] R Sabot, et al., Nuclear Fusion 35 (2006) S685
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Understanding the impact of magnetic con�guration on the ion temperature (Ti)
pro�le at the plasma boundary is critical for avoiding damage of the plasma-facing
components in the high beta steady-state operation on Wendelstein 7-X (W7-X).
Here, the Ti pro�le at the plasma boundary has been successfully measured on W7-X
during the last experimental campaign OP1.2b by a retarding �eld analyzer (RFA)
probe, which was previously commissioned at EAST[1]. The RFA probe head was
mounted on the front-end of a multi-purpose manipulate [2] located at the outer mid-
plane of W7-X. The experimental observations show that the ion temperature pro�le
location is ≈ 5 cm radially inward when the magnetic con�guration changed from the
standard con�guration (EIM+252) to the high iota con�guration (FTM+252). In
the EIM+252 con�guration, an ion temperature shoulder has been observed near
the location where a sudden change of the �eld line connection length appears in
the scrape-o�-larger (SOL) region, while no shoulder was observed for plasma with
the FTM+252 con�guration, and the gradient of Ti increases due to narrower island
width.

Furthermore, the edge ion temperature pro�le has been studied by slightly vary-
ing the edge island size by turning the control coil current Icc, ECRH heating power
PECRH and plasma density in the EIM+252 con�guration. The results show that
the ion temperature measured at the edge shoulder region (Tis) decreased when the
island width was expanded. For a �xed control coil setting, Tis increases gradually
with the increase of the ECRH heating power. A decrease of Ti was also observed
when the central line-integrated electron density, nel , increases from 7 × 1019m−2 to
9 × 1019m−2.

Nitrogen seeding from the upper horizontal divertor port M51 was performed
on W7-X, a signi�cant reduction and �attening in the edge ion temperature pro�le
has been observed. In addition, the edge ion-to-electron temperature ratio has been
obtained. Here, the electron temperature is measured by a combined probe[3]. The
calculated is close to 1 in the far SOL region and then increases to ≈ 3 as the probe
moved into the shoulder region. These observations could help to guide the control
of upstream ion temperature in the future W7-X steady-state experiments.
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Experiments with HFS-generated error �elds (EF) have recently been performed
on the COMPASS tokamak, exploiting its external magnetic perturbation coils with
the unique poloidal coverage of the vessel including HFS. The inboard-generated EF
are of crucial importance for the strategy of the EF correction at ITER, given that a
considerable error �eld might occur e.g. due to the tilt of the central solenoid, and
that the impact of these EF might be qualitatively di�erent from the impact of EF
generated on LFS, which was the only one studied in past experiments. Simulations
of the ideal MHD code IPEC have shown that generally in low beta plasmas the
coupling of HFS EF to individual rational surfaces (e.g. 2/1, 3/1, 4/1) does not
happen with the same toroidal phase, unlike for LFS EF [1], thus complicating the
compensation of HFS EF by LFS error �eld correction scheme.

In this work we document the complications associated with the presence of
uncompensated HFS EF (e.g. due to CS tilt) during the L-H transition as observed
on the COMPASS tokamak. Speci�cally, the prevention of the L-H transition in low
beta plasmas and possible H-L back-transition in higher beta plasmas are demon-
strated. We report that the observed detrimental e�ects may be alleviated by using
an appropriate correction �eld from LFS, preventing the H-L back-transitions and
reducing the occurrence of disruptions during L-H transition by up to 75% (depend-
ing on the con�guration of the correction �eld). Modelling by IPEC implies that
the bene�cial e�ect of the applied correction �eld is mostly due to the compensation
of the 2/1 core resonant component.

[1] J.-K. Park, N. Logan, C.Paz-Soldan, T. Markovic, H. Wang, Y. Liu et al., MDC-19 Report:

Assessment of Error Field Correction Criteria for ITER, ITPA MHD MDC-19, April 29, 2017.
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One of the great challenges for the steady state operation in tokamak plasma is
the error �eld problem. Error �eld can induce locked mode and result in major
disruption has been recognized since 30 years ago. According to the theory extrapo-
lation, the tolerance of error �eld is smaller for a larger device. Therefore, error �eld
has long been a concern in many famous tokamaks. However, theoretical analysis
seldom gives satis�ed answers for the error �eld scaling experiments.

To better understand the error �eld problem, series of error �eld penetration
experiments using n=1 and n=2 RMP have been carried out in EAST [1,2,4,5]. To
understand the spectrum e�ects, the MARS-F code is employed [1,2]. As one of
the essential issues in error �eld study, density scaling on �eld penetration is also
a signi�cant concern. A similar density scaling has been observed using di�erent
n=1 RMP spectrum [1]. One of the most uncertainties in determining the density
scaling is the density dependence of momentum dissipation time, which signi�cantly
in�uences the �nal scaling [3]. The density dependence of momentum dissipation
time is estimated from energy con�nement time measured in the experiment. It is
almost independent of plasma density. This means that the usually used assumption
of Neo-Alcator linear scaling is not applicable here. The obtained theoretical scaling
on the basis of experiment momentum dissipation time successfully explained the
observed experimental scaling [1].

Moreover, the very recent results on toroidal �eld scaling of n=1 RMP mode
penetration and n=2 RMP mode penetration accompanied by the linear response
analysis are also given. Furthermore, are given. In addition, some other new ob-
servations on n=2 error �eld penetration, e.g. �eld penetration scaling, excitation
of n=2 TAE mode by barely trapped energetic electrons accelerated by force recon-
nected island etc., are also presented [6].

[1] Hui-Hui Wang, et al, �Density scaling on n=1 error �eld penetration in ohmically heated

discharges in EAST�, Nucl. Fusion 58, 056024(2018)

[2] Hui-Hui Wang, et al, �Observation of spectrum e�ect on the measurement of intrinsic error

�eld on EAST�, Nucl. Fusion 56, 066011(2016)

[3] WANGHuihui, et al,�On the Transition Regime of Nonlinear Error Field Penetration in Toroidal

Plasmas�. Plasma Science and Technology 17, 539(2015)

[4] M. J. Lanctot, et al, �Impact of toroidal and poloidal mode spectra on the control of non-
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EAST�, Plasma Phys. Control. Fusion 60, 055004 (2018)
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Variability of Magnetic Con�guration Properties in Wendel-
stein 7-X

J. Geiger

Max-Planck-Institut für Plasmaphysik, Greifswald, Germany

The stellarator experiment Wendelstein 7-X (5 �eld periods, major radius of 5.5 m
and minor radius of 0.5 m), which went into operation in December 2015, has been
optimized with respect to various properties, whose improvement is mandatory for
stellarator fusion reactors: MHD-equilibrium and - stability, low neoclassical trans-
port in the long-mean-free-path regime as well as low bootstrap current and good
fast particle con�nement. The optimized theoretical con�guration is realized by a
coil system of 50 non-planar coils (5 coil types with independent power supplies)
and 20 planar coils (2 coil types), allowing for a considerable �exibility in tailoring
magnetic con�gurations. Since one aim of the operation of Wendelstein 7-X is to
show quasi-steady-state operation at fusionrelevant plasma parameters, the device
has been equipped with superconducting coils and with an island divertor for power
and particle exhaust, which relies on the presence of a low order rational island chain
at the proper radial location between the divertor structures and the main plasma.

This contribution describes the properties of the magnetic con�gurations of Wen-
delstein 7-X with respect to variations in the coil currents, with special attention on
the optimization goals. Furthermore, the in�uence of the plasma parameters on the
con�guration properties is discussed, which includes the e�ect of plasma currents
on island divertor operation.
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The Wendelstein 7-X (W7-X) experiment has just concluded operation of its sec-
ond divertor campaign. In this contribution, we present measurements of the edge
magnetic �eld pro�le using the multi-purpose manipulator [1][2] and the combined
probe [3]. These measurements are performed to provide validation for MHD equi-
librium models that will be used to investigate high-beta scenarios for the planned
high-performance campaign with a cooled divertor.

Measurements with this probe were performed during various experiments (with
varying conditions such as magnetic con�guration, ECRH power, electron density
and plasma beta), including long-running discharges of up to 100 s duration. The
plasma-induced changes in the magnetic �eld are being correlated to plasma beta
and toroidal current measurements.

For this campaign, the combined probe was upgraded with a chopper-stabilized
analog hardware integrator, working in tandem with raw coil signal acquisition. This
hardware integrator provides a signal with (compared to post-acquisition software
integration) reduced low-frequency noise. Preliminary results indicate that the sen-
sitivity is su�cient to detect magnetic �eld changes even at lower beta, but the full
characterization of the system is still in progress.

[1] D. Nicolai, A multi-purpose manipulator system for w7-x as user facility for plasma edge investi-

gation, Fusion Engineering and Design 123 (2017) 200 960-964. doi:https://doi.org/10.1016/j.fusengdes.2017.03.013

[2] G. Satheeswaran, A PCS7-based control and safety system for operation of the W7-X multi-

purpose manipulator, Fusion Engineering and Design 123 (2017) 200 699-702. doi:https://doi.org/10.1016/j.fusengdes.2017.05.125

[3] P. Drews, Measurement of the plasma edge pro�les using the combined probe on W7-X, Nu-

clear Fusion 57 (2017) 126020. doi:https://doi.org/ 10.1088/1741-4326/aa8385
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The success of edge localized mode (ELM) suppression by resonant magnetic
perturbations (RMPs) provides a promising method to eliminate the large transient
power �ux to the plasma facing components (PFCs). The edge stochastic region
induced by RMPs has been con�rmed from experiments that it can a�ects the edge
plasma transport and the power load distribution on divertor targets [1].

To better understand the physical mechanism behind, a �eld line di�usion model
is implemented in the 3D magnetic topology code TOP2D [2] for the prediction
of the divertor power load distribution. It assumes a simpli�ed SOL model with
the free-streaming parallel heat convection and with anomalous cross-�eld di�usion
transport. The di�usion model is achieved by simulating a random walk process with
the Monte-Carlo method to determine the distributions of the collision frequency
and radial displacement. The modeling results in EAST show that the di�usion pro-
cess increases the connection length and penetration depth of �eld lines connected
to divertor targets. The shapes of strike point splitting on targets are not much
changed but the power deposition ratio between the original and additional strike
points changes with di�erent di�usion coe�cients. Both the increased di�usion co-
e�cient and amplifying e�ects of plasma responses can increase the portions of total
input power that deposit on the targets connected to the second separatrix.

This simpli�ed model can make a rough estimation of the power distribution
on the PFCs and largely reduce the computation time and resource as compared
to the calculation by EMC3-EIRENE code [3, 4], especially for the calculation with
large amount of cases for power load predictions. More detailed physical analyses
should be dealt with by a more comprehensive and self-consistent model like the
code mentioned above.

[1] Evans T. E. et al 2015, Plasma Phys. Control. Fusion 57 123001

[2] Jia M. et al 2016, Plasma Phys. Control. Fusion 58 055010

[3] Feng Y. et al 1999, J. Nucl. Mater. 812 266-9

[4] Reiter D. et al 2005, Fusion Sci. Technol. 47 172�86
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Experiments of rotating �eld penetration have been carried out in J-TEXT re-
cently. By applying the rotating resonant magnetic perturbation (RMP) with a
dominating mode numer m/n=2/1, a rotating 2/1 tearing mode is forced to form
and locked in frame of the RMP. Compared with the penetration of static RMP,
the rotating RMP penetration is of great bene�ts for the observation and measure-
ment of the �eld penetration process. Weak magnetic perturbations of the plasma
response have been observed at the 2/1 screen stage, which have a 90 degree phase
di�erence with the RMP. This phase di�erence turn to 0 after a rotating mode has
been excited. From the space distribution of the magnetic responce, a 3/1 mode
structure was found in the 2/1 screening stage and the ealry 2/1 penetration stage.
That might indicate the 3/1 mode play a role in the 2/1 �eld penetration. The in-
�uence of rotating RMP penetration on the plasma parameters are also investigated
comparing the statci RMP penetration [1].

In addition, the rotating RMPs with di�erent frequencies were applied for vary-
ing slip frequencies in the experiments. Here, the slip frequency is the frequency
di�erence between the RMP and the electron �ow of the plasma. The RMPs have
a maximum frequency at 5 kHz, while the frequency of the intrinsic 2/1 mode is
around 7 kHz. The experimental results show that the �eld penetration threshold
will increase with the increase of the edge edge safety factor and decrease with the
increasing frequency of the RMP at the co-MHD direction. These results are in
agreement with theory and the experimental results at TEXTOR, which varied the
slip frequency via neutral beam injectors [2].

[1]N. Wang et al., 2014 Nucl. Fusion 54 064014

[2] H. R. Koslowski et al., 2006 Nucl. Fusion 46 L1-L5
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Recently, dedicated experiments have been carried out on J-TEXT tokamak for
investigating edge plasma responses to the externally applied resonant magnetic
perturbation (RMP) �eld with four di�erent toroidal phases under 2/1 and 3/1
modes, by using the Langmuir probe and laser collective scattering diagnostics. Un-
der the dynamic 2/1 RMP penetrating, the excited 2/1 rotating island has strong
modulation e�ects on plasma density (ne), temperature (Te), �oating potential (Vf),
micro�uctuation and perpendicular �ux. The most interesting phenomenon is that,
the Vf shows positive variation outside of the O-point of the island, and negative
variation outside of the X-point. This experimental result has been con�rmed by
the simulation result of the EXFC code, which found that the island has stron e�ects
on the ITG micro-instability and results in positive potential perturbation outside
of the O-point and inside of the X-point. Additionally, the laser collective scatter-
ing spectrum shows that the Trapped Electron Mode (TEM) located inside the 2/1
resonant surface enhances obviously after the 2/1 island appears.

Under the static 3/1 RMP penetrating, the Langmuir probe could measure across
the excited static 3/1 island and identify the radial position of the island. Then,
the in�uences of the 3/1 island on edge plasma �ows, turbulence and �ux has been
investigated. It is found that the poloidal mean �ow near the island changes from
electron to ion diamagnetic direction after RMP penetration. The toroidal velocity
changes largely inside the X-point and contains near the O-point.The entire turbu-
lence is depressed near the O-point, while the low frequency turbulence (< 50 kHz)
enhances near the X-point. In addition, the Geodesic Acoustic Mode (GAM) is
depressed after the appearance of the 3/1 island. The variance of turbulence is ex-
plained by the change of poloidal �ow. This experimental analysis is continued and
more results will be presented on the conference.
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Experiments on EAST indicate that lower hybrid waves (LHWs) can profoundly
change magnetic topology by inducing helical current �laments �owing along mag-
netic �eld lines in the scrape-o� layer [1,2,3]. Recently, the redistribution of the di-
vertor �ux caused by the synergy of the supersonic-molecular-beam-injection (SMBI)
and LHW-induced magnetic perturbations has been observed on EAST with the
ITER-like tungsten divertor [4]. To reveal the physical mechanism behind, simula-
tions with good qualitatively agreements are performed by utilizing the �uid 3D edge
plasma Monte-Carlo code (EMC3) coupled to the kinetic neutral particle transport
code (EIRENE)[5,6]. The ions and electrons caused by the ionization of injected
neutral particles in the scrape-o� layer �ow along the magnetic �ux tube towards
of the divertor, thus directly increasing the heat and particle �ux on the split strike
lines. Combining this conclusion with the features of magnetic topology, actively
controlling of the divertor �ux can be realized by adjusting the SMBI position or
the phase of magnetic perturbations.

[1]Liang Y. et al 2013 Phys. Rev. Lett. 110 235002

[2] Rack M. et al 2014 Nucl. Fusion 54 064016

[3] Xu s. et al 2018 Nucl. Fusion 58 106008

[4] Li J. et al 2013 Nat. Phys. 9 817-821

[5] Feng Y. et al 1999 J. Nucl. Mater, 812 266-269

[6] Reiter D. et al 2005 Fusion Sci. Technol. 47 172-186
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Optimized map projections with minimal distortion

P. Denner
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In the 19th century, Gauÿ proved that the surface of a sphere cannot be un-
folded onto a �at plane without distortion, hence every map projection necessarily
introduces at least some distortion, and no �at map of the Earth can be perfect.
Later in the 19th century, Tissot presented his indicatrix as a means of providing
a visual representation of area and shape distortions in map projections [1]. In the
21st century, attempts have been made to quantify distortions in map projections
in order to produce rankings of least distorted projections. In [2], a ranking of map
projections according to the fraction of the area of each map in which measures of
distortion are below arbitrary threshold acceptable values is presented.

In [3], it is shown how area and shape distortions can be calculated from the
metric tensor of a map projection, while �exion and skewness distortions, which
are calculated from the �rst derivatives of the metric tensor, are introduced for the
�rst time. Accordingly, the Goldberg�Gott indicatrix is presented as an updated
version of the Tissot indicatrix and provides a visual representation of area, shape,
�exion and skewness distortions. Finally, a ranking of map projections according
to area, shape, distance, �exion, skewness and boundary distortions averaged over
the surface of the globe is presented. The least distorted map projection according
to this criterion is the Winkel Tripel projection, which has the unfortunate prop-
erty of not having an analytical inverse projection. In other words, although each
point on the map can be calculated analytically from given latitude and longitude
coordinates on the globe, the latitude and longitude coordinates on the globe can
only be calculated numerically from a given point on the map, and this numerical
calculation is complicated.

Although the sophisticated method of quantifying distortions in map projections
presented in [3] has been known for over a decade, no attempt has been made until
now to produce new map projections optimized to have minimal distortion. Here,
new map projections having less distortion than existing projections according to
the criterion in [3] are presented. Furthermore, these map projections are not only
analytical but also have an analytical inverse projection.

[1] N A Tissot, Mémoire sur la représentation des surfaces et les projections des cartes ge-

ographiques (1881)

[2] R Capek, Proceedings of the 20th International Cartographic Conference 5 3084�93 (2001)

[3] D M Goldberg, J R Gott, Cartographica 42 297�318 (2007)

39



The simulation of runaway current suppression by resonant
magnetic perturbation in the plasma disruption on J-TEXT
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Simulations of runaway current suppression by resonant magnetic perturbation
(RMP) in plasma disruption triggered by massive gas injection (MGI) on J-TEXT
were performed with the 3D MHD code NIMROD. It was found that di�erent
phases and amplitudes of RMP can signi�cantly a�ect the generation of runaway
current during the plasma disruption triggered by Ar MGI. A test particle model
was applied to trace the trajectory of the runaway electrons (REs). The simulation
results indicate that RE con�nement is a�ected drastically by the magnetic topol-
ogy structure or magnetic perturbation during the thermal quench (TQ) phase.
Furthermore, the dependence of the runaway con�nement on di�erent phases and
amplitudes of m/n=2/1 dominated RMP was investigated. It was found that both
di�erent phases and amplitudes of RMP result in di�erent values of the runaway
con�nement plateau during the current quench (CQ) phase. Di�erent phases of
RMP can result in di�erent ways of impurity spreading and eventually lead to a
discrepancy in the magnetic topology structure and magnetic perturbation ampli-
tude. Di�erent amplitudes of RMP can directly result in di�erent average levels of
magnetic perturbations to a�ect RE con�nement during the TQ.
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Minor disruptions triggered by supersonic molecular beam
injection in the J-TEXT tokamak
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Non-linear magnetohydrodynamic (MHD) simulations of the argon (Ar) super-
sonic molecular beam injections (SMBI), that triggered disruptions in the J-TEXT
tokamak, are performed with the 3D MHD code NIMROD and compared to exper-
imental data in detail. The SMBI simulations reproduce experimentally observed
phenomena such as the destabilization of MHD modes during the impurities cold
front prenetration phase, followed by the collapse of the q > 2 region and a sequence
of partial collapse in the core during minor disruptions. The mode coupling of
m/n=2/1,3/1 and the core instability drives for successive impurity and heat trans-
port events of the q 6 2 region.

The 2/1 mode plays a crucial role in the disruption. The growth of the core
instability is directly related to the magnetitude of the 2/1 mode. The interaction
between the core instability and 2/1 mode determines the degree of disruption. The
mechanism of minor disruption and major disruption are discussed.
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The high heat load on divertor target is one of the essential issues that must
be addressed for future fusion reactors. In tokamak, it is found in the heuristic
drift-based model [1] that power decay length λq is proportional to the connection
length L‖. In the scrape-o� layer (SOL) of a tokamak, L‖ is inversely proportional to
the poloidal magnetic �eld Bp. Many improvements of poloidal divertor were made
to reduce the heat load on target, e.g. �ux expansion and radiation divertor. An
alternative concept is using the island divertor (ID) con�guration, which proposed
in 1977 for tokamak [2]. It has been established successfully in tokamak, e.g. TEX-
TOR, and stellarators [3], such as W7-AS, LHD and W7-X. The ID con�guration not
only has a long L|| in the SOL, but also forms a three-dimensional stochastic layer
around the boundary magnetic island. It is bene�cial to increase the equivalent ra-
dial transport, and consequently reduce the peak heat load on the divertor target [4].

In the J-TEXT tokamak, the external resonant magnetic perturbation (RMP)
coils are employed to generate the boundary magnetic island. The magnetic �eld
line of this island is opened by divertor targets, so as to form the ID con�guration.
Previously, the m/n=3/1 island in the edge plasma has been formed successfully
in J-TEXT. However, it is found that the 2/1 locked mode could be easily excited
after the formation of a 3/1 locked island, especially at a low density and high RMP
amplitude. In order to avoid exciting 2/1 locked mode, we select the 4/1 island. For
an island divertor, a su�cient width of the boundary island is needed. But higher
m and stronger magnetic shear may increase the di�culty to form a large boundary
island. To form an island with critical width of approximately 2.5 cm, the applied
4/1 RMP �eld needs to exceed 8 G in the edge for the typical boundary plasma
parameters on J-TEXT.

Recently, numerical calculations have been carried out to calculate several param-
eters for the ID con�guration such as the perturbed magnetic �eld, its spectrum,
Poincare plot, connection length, striking point and so on. The ID con�guration
can be established by the boundary 4/1 island intersecting with proper divertor
targets.The detailed design and other researches will be presented in the conference.

[1] R.J. Goldston, Nucl. Fusion 52 (2012) 013009.
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Combined e�ects of stochastic magnetic �uctuations and
synchrotron radiation on the production of runaway electrons

Shucai Li, Lu Wang, Z. Y. Chen, D. W. Huang, Weixin Guo, R. H. Tong, F. T. Cui

Huazhong University of Science and Technology, Wuhan, China

The dynamics of relativistic runaway electrons are analyzed using the relativis-
tic Fokker-Planck equation including deceleration due to the synchrotron radiation
and radial di�usion loss caused by stochastic magnetic �uctuations (SMFs). SMFs
are treated as friction force in [1]. However, we think SMFs act as a �porter� in
con�guration space, but not directly a�ect the runaway electrons (REs) in momen-
tum space. Both critical electric �elds for sustainment of the existing REs and for
avalanche onset are enhanced, and the modi�ed avalanche growth rate is reduced
by the combined e�ects of SMFs and synchrotron radiation as compared to the case
with only synchrotron radiation [2].

[1] J. Martín-Solís et al., Phys. Plasmas 6, 3925 (1999).

[2] P. Aleynikov et al., Phys. Rev. Lett. 114, 155001 (2015).
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Modelling plasma boundary corrugation and tailoring toroidal
torque pro�les due to application of 3D �elds with ELM con-
trol in ITER
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Type-I edge localized modes (ELMs) can lead to a large amount of particles and
energy being released from the plasma into the plasma facing components, which is
potentially dangerous to the future tokamak devices, especially for ITER [1]. The
external magnetic perturbation (RMP) technique has been successfully established
as a relatively mature method for controlling type-I ELMs on several present-day
fusion devices [2-6]. Previous work [7-9] has shown that the normal displacement of
the plasma surface caused by RMP �elds and computed by MARS-F [10], can be
used as a reliable indicator to describe global features of the plasma response and
the resulting transport properties that a�ect the behavior of ELMs.

In this work, based on the 3D plasma surface boundary displacement produced
by the RMP �elds, we investigate the plasma response for �ve representative ITER
plasmas, designed for di�erent phases of the ITER exploration. It is found that,
the plasma response amplitude (normalized by the equilibrium plasma current) is
largely dictated by q95. The response depends on the pedestal rotation as well as
the applied toroidal spectrum.

Based on the computed plasma response, we also investigate the potential of
in�uencing the plasma �ow pro�les by RMP, by optimizing the radial distribution
of toroidal torques. Using the ITER scenario with 15 MA/5.3 T and fusion gain of
Q=10 as the case study, we �nd a strong coupling e�ect between the core and edge
torques, which is largely associated to the middle-row coil contribution. Utilizing the
two o�-middle rows of ELM control coils helps to decouple the core and edge torques.

[1] Loarte A et al 2007 Nucl. Fusion 47 S203

[2] Evans T E et al 2004 Phys. Rev. Lett. 92 235003

[3] Jeon Y M et al 2012 Phys. Rev. Lett. 109 035004

[4] Liang Y et al 2007 Phys. Rev. Lett. 98 265004

[5] Suttrop W et al 2011 Phys. Rev. Lett. 106 225004

[6] Kirk A et al 2011 Plasma Phys. Control. Fusion 53 065011

[7] Liu Y. Q. et al 2015 Nucl. Fusion 55 063027

[8] Li L. et al 2016 Nucl. Fusion 56 092008

[9] Li L. et al 2017 Plasma Phys. Control. Fusion 59 044005

[10] Liu Y. Q. et al 2000 Phys. Plasmas 7 3681
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The locked magnetic island in the core is one of the biggest threats to the toka-
mak plasma operation, since it can lead to major disruption. The threshold and
dynamic process of the locked island excitation, due to the penetration of resonant
magnetic perturbation (RMP), are investigated on J-TEXT by utilizing the �exible
RMP system, which can provide either a static or a high frequency (up to 6 kHz)
rotating RMP �eld. The threshold of the locked island, excited due to the penetra-
tion of static 2/1 RMP, was found to increase with the increase of electron density
(ne), but dramatically decreased once ne larger than a critical value. By modifying
the toroidal rotating (VΦ) using the biased electrode, the RMP penetration thresh-
old increased linearly with VΦ. The penetration of high frequency rotating RMP
(RRMP) �eld were observed with reduced edge safety factor qa < 2.8. The excita-
tion of this rotating island might be related to the kink mode with low initial slip
frequency (fs = fMHD − fRMP) and low qa, both of which in�uenced the threshold of
RRMP penetration signi�cantly.

The locked island in the edge, in contrast to the core locked island, can be helpful
for the control of edge instabilities and plasma wall interaction. The 3D boundary
due to the formation of static magnetic island was established in the edge via two
methods, (a) by the penetration of RMP with dominant 3/1 component at qa = 3;
(b) by forming the non-axisymmetric helical current (NAHC) in the SOL due to a
biased electrode. The SOL NAHC was con�rmed by the magnetic measurement and
they can produce MP �eld resonant with the edge rational surfaces. Experimental
evidences indicate the formation of edge island due to the NAHC.
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The iteratively solved Monte Carlo (MC) code EMC3-EIRENE [1] is frequently
used for plasma edge simulation in 3D applications. Currently, however, the numer-
ical accuracy is assessed in a very limited way. Typically, convergence is monitored
via the relative change of the simulation result over subsequent iterations. This
relative change is often considered to be a measure for the statistical error. It has
been demonstrated, however, that this is insu�cient as an error estimate since the
relative change can give a misleading indication and neglects deterministic error
contributions [2]. Deterministic errors arise from solving non-linear problems with
a �nite number of MC particles (�nite sampling bias), advancing �uid Monte Carlo
particles with a discrete time step (time integration error), and using discretized
variables in space (discretization error). These error contributions can be estimated
based on the error reduction rates by comparing solutions with a di�erent resolution.
To obtain reliable estimates, it is important to have a su�ciently low variance on
the solutions, which can be e�ciently obtained by using post-processing averaging.
This does not only enable accuracy analysis, but can also signi�cantly reduce the
required CPU time.

In this work, we analyze the numerical accuracy in an EMC3-EIRENE simu-
lation of an axisymmetric DIII-D divertor edge plasma. As a �rst step, we focus
on the estimation of the error contributions on a speci�c numerical grid, excluding
the discretization error. By varying the time step and the number of MC particles
per iteration, the expected error reduction rates are con�rmed and the magnitude
of the errors is estimated. Using parametrized expressions for the error and the
computational time, optimal numerical parameters can be determined to achieve
faster and/or more accurate results.

[1] Y. Feng, F. Sardei, J. Klissinger, Journal of Nuclear Materials, 266-269 (1999) 812-818

[2] K. Ghoos, G. Samaey, M. Baelmans, Contributions to Plasma Physics 58 (2018) 652-658
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During the discharge of the Experimental Advanced Superconducting Tokamak
(EAST), the divertor target plate (DTP) accumulates a large amount of heat and
su�ers irreversible damages, so building of a temperature measurement system and
analyzing the heat �ux distribution are crucial for guaranteeing the steady-state
operation. In this work, a temperature measurement method using a proposed non-
linear emissivity is developed to obtain more accurate heat �ux results. Firstly,
the infrared (IR) camera diagnostic system is calibrated with a standard blackbody
furnace using a multi-temperature method, which e�ectively eliminates the e�ect of
the IR system on the temperature measurements. Based on the theory that emis-
sivity changes with temperature, the nonlinear emissivity model is built to more
accurately determine the temperature rather than using a supposed constant emis-
sivity. With the measured surface temperature, the heat �ux can be calculated by
resolving heat transfer equations [1].

Previous experimental results from EAST have shown that the lower hybrid current
drive (LHCD) can induce a 3D magnetic topology change at the plasma boundary,
thus a�ect signi�cantly the divertor heat �ux distribution [2, 3]. In this paper, the
e�ects of LHCD on the heat �ux distribution will be discussed. The experimental
observation shows multiple peaks appearing in the heat �ux pro�le along the diver-
tor plate, which is considered to be due to the splitting of the strike line during the
application of LHCD.

[1] K. F. Gan et al., Rev Sci Instrum 84, 023505 (2013).

[2] Y. Liang et al., Phys Rev Lett 110, 235002 (2013).

[3] J. Li et al., Nature Physics 9, 817 (2013).
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This paper provides an investigation of the production/transport properties of
W impurity in the edge of EAST H-mode discharges with upper-single-null (USN)
con�gurations by using DIVIMP Monte-Carlo code. The background plasmas are
provided by SOLPS5.0 calculations. Firstly, to address the detailed dependence of
W impurity behaviors on plasma conditions in the SOL/divertor region of EAST,
two pre-ELM cases with divertor plasmas in high-recycling and partially-detached
regimes, respectively, are considered and compared. It is found that, due to the
competitions between the thermal and friction forces, in the high-recycling case,
large quantities of W impurities are transported to the upstream; while in the
partially-detached case, most of the W impurities are located near the inner and
outer divertors. Furthermore, the W core contamination in type-I ELMy H-mode
plasmas of EAST has been estimated by the DIVIMP-SOLPS5.0 simulations, with-
out the consideration of the release of W impurity from the core due to ELMs.
During the ELM, simulations exhibit the low-recycling regime of divertor plasma,
and high (several hundred eV) target plasma temperatures together with low SOL
collisionality (η∗sol ≈ 1 − 3), lead to an order of magnitude increase in the W core
contamination rate. However, in the ELM-recovering phase, with the decrease (in-
crease) of divertor plasma temperature (density), signi�cant increase of divertor
retention is obtained due to the remarkable increase of friction forces on W ions.
Besides, intra-ELM phase approximately contributes to more than 50% of the total
W core contamination per an ELM cycle. This work represents a step toward a
deeper understanding of the W impurity production/transport in EAST H-mode
discharges.
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A method for simply and extensively obtaining the thickness information of the
deposition layer is provided by employing an innovative concept of optical re�ection
coe�cient measurement by colour analyzer in LHD [1]. In the colorimetry, the wide
range of distribution of deposition layer was obtained. As a result of the analysis,
a deeper discussion of the quantitative fuel retention into the wall is possible. The
colorimetry of the plasma facing components in W7-X has been also performed af-
ter the experiment campaign with graphite divertor operation in Operation Phase
(OP) 1.2a and 1.2b. We will present the optical re�ection coe�cient measurement
between LHD and W7-X.

[1] G. Motojima et al., Nuclear Materials and Energy 12 (2017) 1219-1223.
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Wendelstein 7-X (W7-X) has recently �nished the second operational campaign
(OP 1.2), which featured an island divertor. The milestone achievements were a
central density in the order of 1020 m-3 and a pulse durations of up to 100 seconds
(in separate discharges).

Both the high performance plasma and the wide range of con�gurations and tun-
ing of the control coils made a study of con�guration e�ects and the in�uence of
the plasma on the magnetic topology possible. This was especially the case for the
�standard con�guration� where the 5/5 island remnant was observed with a varying
position and size. Due to the high performance and plasma beta the discharges also
experienced a dynamic current evolution, leading to toroidal currents exceeding 10
kA.

The multipurpose manipulator [1], in the mid plane of W7-X, was used together
with a variety of fast reciprocating probes [2] [3] to measure the electron temper-
ature, density, the radial electric �eld and local magnetic �eld in the edge region.
The remnant island can be identi�ed with the pro�les of, for example, the �oating
potential, the electron temperature and the electric �eld.

These modi�cations are documented by the use the �eld line tracing web service with
modi�ed con�gurations that show a strong shifting of the island remnant and the
connection length pro�les. The EMC3-EIRENE modelling [4] was used with addi-
tional data from diagnostics such as the divertor Langmuir probes and the Bolometry
to con�rm the measured pro�les.

[1] D. Nicolai, A multi-purpose manipulator system for W7-X as user facility for plasma edge inves-
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Wendelstein 7-X (W7-X) is a low-shear stellarator with 10 modular island di-
vertor units designed for particle and heat exhaust. For the island divertor concept
to work properly, the device is optimized for small internal currents, in particu-
lar, the bootstrap current (BSC) is minimized. Previous studies have predicted an
overload situation near the pumping gap of the divertor that occurs at full heating
power at about half-way of the evolution of the net toroidal current.[1]

The present numerical study, in the framework of neoclassical theory, and assuming
certain amount of anomalous transport, demonstrates that a self-consistent path
from low density and low heating power to high density and full heating power ex-
ists, on which the BSC remains constant as long as both quantities are varied in a
coordinated way. The values of density in the path for each power step proposed
are below empirical density limit of W7-X. [3]

For this study, the numerical tools used are the Variational Moments Equilibrium
Code (VMEC) and the EXTENDER-code to calculate the magneto-hydrodynamic
equilibrium �eld produced by the plasma and the external coils in the entire vac-
uum chamber. The plasma currents are calculated self-consistently by iterating
between various codes until changes are negligible, as follows: the BSC is based
on a VMEC-equilibrium calculation that serves as an input to calculate the trans-
port coe�cients with the Drift-Kinetic Equation Solver (DKES). These are used in
transport simulations [2] to predict the plasma pro�les, which then provide input for
the next equilibrium calculation with VMEC. Based on the sequence of equilibrium
�elds from these self-consistent scenarios, the compatibility of the thermal load to
the targets and other wall components is examined using the �eld line di�usion code.
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