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Igor Kurchatov and the Russian Fusion Program
The 110-th anniversary of Academician Igor Kurchatov was celebrated a year ago. Kurchatov belongs to the
pleiad of greatest Russian scientists. His research and managerial activity determined further development of
Nuclear Energy and Controlled Fusion both in Russia and in the world.

In 1951 Kurchatov recognized the fundamental significance of high temperature plasma research performed by
Igor Tamm and Andrei Sakharov and suggested the Government of USSR to use fusion neutrons for Pu239
and U233 breeding from U238 and Th232 as well as tritium breeding from Li6. His historic letter initiated
plasma research in devices with straight magnetic field, mirror machines and in toroidal magnetic
configurations with plasma current, later named ‘tokamaks’. Kurchatov clearly understood that building a
magnetic fusion reactor was impossible without a deep knowledge of high temperature plasma physics. He
appointed Academician Lev Artsimovich as the leader of the national fusion program and Academician
Mikhail Leontovich as the leader of theoretical research.

A national Fusion Program for the period from 2014 to 2030 has been formulated in Russia taking into account
the present status of fusion research, results of ITER design and construction activity, trends in development
of Nuclear Energy and prospects of Fusion Energy. The program includes two main directions of research and
development:
1. active participation in the ITER project and supporting it by theoretical research and experimental activity
on national facilities;
2. implementation of magnetic fusion achievements and innovative nuclear technologies for faster
development of global Atomic Energy via supplementing it by Fusion-Fission Hybrid Systems (FFHS) capable
of extending fissile recourses, improving safety, ecology and nonproliferation regime.

The R program for hybrid systems and enabling technologies will be realized with the following milestones:
1. Design and construction of the demonstration fusion neutron source DEMO-FNS on the basis of a
superconducting tokamak for tests of hybrid blankets and nuclear technologies by 2023;
2. Design and construction of the Pilot Hybrid Plant (PHP) by 2030.
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Fusion Research in Ioffe Institute
Mr. ASKINAZI, Leonid 1; GLOBUS-M TEAM, _ 2; FT-2 TEAM, _ 2; TUMAN-3M TEAM, _ 2; DIAGNOSTIC AND THEORY GROUPS, _ 2

1 Russian Federation
2 Ioffe Institute

Corresponding Author: leonid.askinazi@mail.ioffe.ru

Overview of activity of the Plasma Physics Division at the Ioffe Institute in support of fusion program is
presented. Experiments on LHCD (100kW, 2.5GHz) at the Globus-M tokamak (R=0.36m, a=0.24m, B_tor=0.4T,
I_pl=200kA) with poloidally oriented grill resulted in RF driven current of up to 40 kA, in agreement with the
theory predictions. At the FT-2 tokamak (R=0.56m, a=0.08m, B_tor=2.3T, I_pl=30kA) experiments with
traditional toroidally oriented grill revealed no dependence of LHCD density limit on H/D ratio in spite of 3
times different LH resonance densities. Microwave Doppler Reflectometry (DR) at the Globus-M, and DR and
Heavy Ion Beam Probe measurements at the tokamak TUMAN-3M (R=0.53m, a=0.24m, B_tor=1.0T,
I_pl=190kA) demonstrated GAM suppression at the L-H transition. Observations at the FT-2 using Doppler
Enhanced Scattering showed that GAM amplitude is anti-correlated both spatially and temporally with
electron thermal diffusivity. For the first time turbulence amplitude modulation at GAM frequency was found
both experimentally and in global gyrokinetic modeling. A model of L-H transition is proposed based on this
effect. The loss mechanisms of energetic ions’ (EI) were investigated in the NBI experiments on Globus-M and
TUMAN-3M: orbit losses, sawtooth triggered redistribution of EIs and Alfvenic mode excitation.
Non-conservation of adiabatic invariant of EI in small aspect ratio configuration was found numerically to
play a role in EI losses. Empirical scaling of 2.5 MeV DD neutron rate for the two devices shows strong
dependence on toroidal field (B_tor)^1.29 and plasma current (I_pl)^1.34; this justifies B_tor and I_pl increase
by a factor of 2.5 in proposed upgrade of Globus-M. Bursts of ~1MHz Alfvenic type oscillations correlating
with sawtooth crashes were observed in OH at the TUMAN-3M. Possibility of low threshold parametric
excitation of Bernstein and upper hybrid waves trapped in drift-wave eddies resulting in anomalous
absorption in ECRH experiments in toroidal plasmas was discovered theoretically. A novel method of radial
correlation Doppler reflectometry is shown to be capable of measuring the turbulence wave-number spectrum
in realistic 2D geometry. Progress in design and fabrication of three diagnostics for ITER developed in Ioffe
institute is reported: Neutral Particle Analysis, Divertor Thomson Scattering and Gamma Spectroscopy.
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The ITER Project Construction Status
Mr. MOTOJIMA, Osamu 1

1 ITER Organization

Corresponding Author: saroj.das@iter.org

The ITER Project has visibly made its transition to the construction phase in the two years since the last
Fusion Energy Conference in San Diego. By mid-February 2014 commitments to in-kind procurement are
approaching 89.6 percentage of the total credit value and 70.7 percentage (99 out of 140) in the number of
Procurement Arrangements. Construction is accelerating and the appearance of the site is changing on a daily
basis. Vigorous efforts are underway to mitigate some remaining organizational problems, including the
alignment of the ITER Organization (IO) and 7 Domestic Agencies (DAs), minimizing any possible delay
factor. The seven Parties are well committed to the construction of ITER. The ITER project has gone beyond
the turning point. This fact should be understood and shared. We only can go forward together.
The total progress being made is so enormous that it is impossible to do justice to everything in a single
presentation. Therefore, the buildings, the core tokamak and some of the balance of plant will be reported on
here. Most ancillary systems ranging from heating and current drive systems, diagnostics and fuelling systems
to remote handling and the hot cell facility are in an advanced state of design. Their status will have to be
reported at another time. The same is true of both the integration and assembly efforts.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

2 



Overview 1 / 234

Overview of the JET Results
Mr. ROMANELLI, Francesco 1

1 European Commission

Corresponding Author: duarte.borba@jet.efda.org

The European fusion programme is moving into the phase of implementation of its Roadmap. In this context,
the JET programme has focused on consolidation of ITER design choices and preparation for ITER operation,
with a specific emphasis given to the Bulk Tungsten Melt Experiment that has been crucial for the final
decision on the material choice for the day-one tungsten divertor in ITER. In the first JET campaigns with the
ITER-like Wall (ILW) fuel retention and material migration studies were a high priority. Now the focus of JET
experiments has shifted towards integrated scenario development with the goal of addressing issues such as
plasma-facing component (PFC) heat loads and W impurity accumulation in conjunction with high
performance. In particular, during the last year, the importance of the magnetic geometry in the divertor area,
strike point location and divertor pumping were established as key aspects for achieving good H-mode
confinement, in combination with avoiding tungsten accumulation using ICRH. Moreover, significant effort
was devoted to the use of impurity seeding to produce core-divertor compatible reference scenarios at good
confinement which are essential for ITER, as well as high radiative scenarios which are required for DEMO.
ITER-relevant conditions for steady-state operation have been achieved for over 7s at 2.5MA/2.7T and 21MW
input power with H98(y,2)=0.85 and low divertor target power loads and partial detachment between ELMs. In
parallel, post-mortem analyses of the PFCs retrieved from the first ILW campaigns have confirmed the
previously reported low fuel retention obtained by gas balance. These studies show that the reduced material
erosion and migration leads to reduced trapping of fuel in deposited Be layers which have less incorporated
fuel in comparison with Carbon layers. In addition, the pattern of deposition within the divertor has changed
significantly with the ILW in comparison with JET carbon wall campaigns due to the much-reduced level of
chemical erosion. Transport to remote areas is almost absent, with the only significant Be deposits (15µm)
found on the apron of the inner divertor.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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DIII-D Research to Address Key Challenges for ITER and Fusion Energy
Mr. BUTTERY, Richard J. 1

1 USA

Corresponding Author: buttery@fusion.gat.com

The DIII-D tokamak has addressed key challenges in preparation for ITER and the next generation of fusion
devices. The robustness of RMP-ELM suppression was demonstrated using as few of 5 of the usual 12 coils.
QH mode was extended to 80% Greenwald density fraction, establishing its viability for ITER. Disruption
mitigation led to relatively symmetric non-localized heat loads, while vertical displacement events were better
ameliorated by earlier mitigation. Real time ray tracing and spectral mode identification techniques enabled
more efficient tearing mode control. Promising candidates for steady state (SS) fusion were demonstrated,
with a fully non-inductive hybrid scenario, a sustained high l_i scenario for ITER’s SS goal, a high q_{min}
scenario with high β_N potential, and an 80% bootstrap scenario for EAST. Innovative boundary solutions
were implemented with good performance achieved using a radiative divertor in ITER baseline and SS
scenarios, and adapting snowflake divertor to the SS to further reduce heat flux. New divertor Thomson
scattering enabled real time dual detachment/core density control, and characterized detachment in 2-D.
Scrape off layer (SOL) profiles exhibited a critical gradient behavior consistent with ideal ballooning limits,
while increasing connection length broadened the SOL and lowered divertor heat flux, highlighting the
importance of cross-field transport. Low Z gas injection was found to help prevent erosion of high Z plasma
facing surfaces. Underpinning this, DIII-D continued to expand the scientific basis of fusion for projection and
optimization of future devices. Transport studies characterized turbulence in electron heated regimes to
constrain predictive models of burning plasmas, and showed how long wavelength turbulence rises, with
transitions from ITG to TEM increasing particle transport and density peaking. Fast ion transport due to
Alfvénic modes was found consistent with a critical gradient model, while 3-D fields led to losses even over a
single fast ion orbit. H-mode pedestal structure measurements highlighted the need for kinetic effects in full f
simulations, while optimization of the pedestal exploited a predicted valley of improved stability to raise
performance.

Work supported in part by the US DOE under DE-FC02-04ER54698, DE-FG02-89ER54297, and
DE-AC02-09CH11466.
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Progress with the ITER Project Activity in Russia
Mr. KRASILNIKOV, Anatoly 1

1 Russian Federation

Corresponding Author: a.krasilnikov@iterrf.ru

Russian obligations in the ITER project consist of the development, manufacture, installation and putting into
operation at the ITER site of 25 systems. At this stage Institution «Project center ITER» has signed with the
ITER Organization 18 procurement arrangements for manufacture and supply of the equipment for ITER.
Manufacture of the corresponding systems and development of other 7 systems is carrying out according the
schedule of ITER construction.
Nine unit lengths of Nb3Sn toroidal field conductor and nine unit lengths of NbTi poloidal field cables were
supplied to European Union in 2013-2014 according to schedule. “Vezuvi-11M” gyrotron was tested in bench
in NRC ”Kurchatov institute” where all required by ITER parameters (frequency - 170 GHz, power – 1 MW,
duration - 1000 sec and efficiency - 52%) were reached in combination. 12 European and 6 Japanese mockups
of divertor were tested in Efremov institute at thermal loads of 20 MW/m2. Technology of Russian Beryllium
manufacture for ITER first wall was developed in collaboration between Bochvar institute (technology
developer) and JSC “Bazalt” with participation of Efremov institute. It was proposed to install
gamma-spectrometer behind the NPA at the same line of sight as NPA. Such combination of NPA and
gamma-spectrometer will provide additional possibilities to increase accuracy of D/T ratio measurements and
fast ion behaviour studies. In collaboration with Institution “Project center ITER” the NPA complex was added
by diamond spectrometer of fast atoms that also will increase possibilities of fast ions studies. Results of
analysis demonstrate essential increase of high field side reflectometry by adding low field side antenna to
provide refractometry measurements. The prototypes of monocrystal Molybdenum mirror were manufactured
for hydrogen line and charge exchange recombination spectroscopy. The prototypes of U-235 and U-238
fission chambers and compact diamond neutron spectrometers were developed and tested. The prototypes of
spectrometers for CXRS are manufactured and tested.
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Recent ASDEX Upgrade Research in Support of ITER and DEMO
Mr. ZOHM, Hartmut 1

1 Germany

Corresponding Author: zohm@ipp.mpg.de

Research on ASDEX Upgrade is programmatically focused on resolving physics questions that are key to the
successful operation of ITER as well as informing design choices for a future DEMO reactor. From 2014 on, a
significant part of the ASDEX Upgrade programme is run under the EUROfusion MST programme.
Using the flexible set of in-vessel helical perturbation coils, penetration of 3-d fields into the plasma is studied
by analysing its impact on the edge plasma in L-mode discharges or examining the interaction with rotating
core MHD modes. ELM mitigation by 3-d fields at high collisionality allows access to very small, high
frequency ELMs at edge temperatures and pressure gradients higher than in the usual small ELM regime at
high density. This cannot be described by the usual peeling-ballooning model for ELM stability which, in
general, is shown to be inadequate to explain the whole variety of type I ELM observations.
The study of the impact of a full metal first wall on plasma operation and performance continues to be a
major research topic. Comparison with JET has confirmed many of our results. Characterisation of the ITER
Q=10 scenario (standard H-mode at q95 = 3 and betaN = 1.8) revealed that with full metal wall, confinement
quality is marginal for reaching H = 1. In this scenario, type I ELMs are large and first attempts using helical
fields or pellets showed limited success in mitigation. With higher betaN, confinement regularly exceeds H =
1. These findings suggest that the optimum operational point for ITER Q = 10 might be at higher q95 and
betaN, evolving towards the ‘improved H-mode’ regime under study in ASDEX Upgrade.
Concerning research for DEMO, a major emphasis is put on the exhaust problem. Record values of Psep/R
exceeding 7 MW/m (total power up to 23 MW) with simultaneous time averaged peak target power load < 5
MW/m2 have been demonstrated under partially detached conditions using feedback controlled N-seeding.
Complete detachment at high input power P > 10 MW was achieved and extensive modelling helps to clarify
the mechanisms behind the experimentally observed high density zone in the divertor plasma as well as the
stable X-point radiation. Using double feedback on N and Ar impurity seeding, a value of Prad,core/Ptot
approx. 70 % as will be needed for DEMO was demonstrated at very good plasma performance. Finally, we
will report on operational experience with two rings of tiles consisting of ferritic steel on the high field side
heat shield to analyse the implications of a possible use of bare EUROFER wall panels on DEMO and the use
of newly installed rings of solid W tiles in the outer divertor strike zones.
All these studies are accompanied by progress in the understanding of the underlying fusion plasma physics,
which is essential to obtain true predictive capability, and will be discussed in the contribution.
This project has received funding from the EURATOM research and training programme 2014-2018.
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Overview of Transport and MHD Stability Study and Impact of Magnetic
Field Topology in the Large Helical Device
Mr. IDA, Katsumi 1

1 Japan

Corresponding Author: ida@nifs.ac.jp

The progress of physics understanding and concurrent parameter extension since the last IAEA-FEC 2012 [1]
in the Large Helical Device is overviewed. Recently the plasma with high ion and electron temperature (Ti(0)
~ Te(0) ~ 6keV) is obtained by the combination of 1) a reduction of wall recycling and neutrals by Helium
ICRF discharges and 2) optimization of carbon pellet injection and on-axis ECH. The temperature regime
obtained is significantly extended. The stochastic magnetic field in the plasma core which causes flattening of
the temperature and the plasma flow can be eliminated by the control of the magnetic shear by NBCD and
ECCD and a high central ion temperature (Ti(0) ~ 8keV) discharge is achieved by overcoming the core
temperature flattening frequently observed in the plasma with an ion- ITB. After the formation of the ion-ITB,
the residual stress switches the sign from the counter- to the co-direction and results in a large toroidal flow in
the co-direction [2]. On the other hand, the radial convective velocity of the carbon impurity (Vc) also
changes sign from inward to outward and this reversal of convection causes the extremely hollow impurity
profile (called impurity hole). A stochastization of the magnetic field affects the MHD instability driven by a
pressure gradient. This is an interesting topic because the stochastization of the magnetic field is also a key
issue in the resonant magnetic perturbation (RMP) experiment for edge localized mode (ELM) suppression.
When the stochastization of the magnetic field is enhanced by a RMP, the pressure driven mode is suppressed
even without a change in the pressure gradient itself. In LHD, a low mode (n/m=1/1) magnetic island exists
near the plasma periphery and the width of the magnetic island can be controlled by the RMP. By injecting
hydrogen pellets into the O-point of the magnetic island, a significant peaked pressure profile inside the
magnetic island is produced for a relatively long time, which is similar to the phenomena of a “snake” in a
tokamak. Inside the LCFS, the stochastization causes the damping of flows, while it enhances the E×B flow
due to the electron loss to the wall along the magnetic field.

[1] O.Kaneko, et. al., Nucl. Fusion 53 (2013) 104015.
[2] K.Ida, et. al., Phys. Rev. Lett. 111 (2013) 055001.
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Overview of MAST Results
Mr. CHAPMAN, Ian 1

1 UK

Corresponding Author: ian.chapman@ccfe.ac.uk

MAST addresses key issues for ITER and DEMO. Mitigation of ELMs with resonant magnetic perturbations
(RMPs) with n=2,3,4,6 has been demonstrated: at higher and lower collisionality; for the first ELM; during the
current ramp-up; when a sub-set of in-vessel coils fail; and with rotating n=3 RMPs. n=4,6 fields cause less
braking whilst the power to access H-mode is less with n=4 than n=3,6. Refuelling with gas or pellets gives
plasmas with mitigated ELMs and reduced peak heat flux whilst less than 10% drop in stored energy. The 3d
structure of the post-pellet plasmoid has been imaged, with increased fluctuations during pellet ablation. A
synergy exists between pellet-fuelling and RMPs, since mitigated ELMs remove fewer particles. JOREK and
CAS3D stability codes show that 3d deformations influence peeling-ballooning stability. ELM precursors
strikingly observed with Doppler-backscattering (DBS) and beam emission spectroscopy (BES) are consistent
with gyrokinetic simulations of micro-tearing modes (MTMs) in the pedestal. Global gyrokinetic runs show
kinetic ballooning modes mediate the pedestal width, whilst nonlinear simulations suggest that MTMs carry
significant electron heat flux. A scan in beta at the L-H transition shows that pedestal height scales strongly
with core pressure. The observed tilt of low-k turbulent vortices increases with flow shear, due to a decrease
in poloidal wave number. Fast ion redistribution by fast particle modes depends on density, and access to a
quiescent domain with ‘classical’ fast ion transport is found above a critical density. Highly efficient electron
Bernstein wave (EBW) current drive (1A/W) has been achieved in solenoid-free start-up. A new proton
detector has characterised escaping fusion products. Langmuir probes and a high-speed camera suggest
filaments play a role in particle transport in the private flux region whilst coherence imaging has measured
scrape-off layer (SOL) flows. BOUT++ simulations show that fluxes due to filaments are strongly dependent
on resistivity and magnetic geometry of the SOL, with higher radial fluxes at higher resistivity. MAST
Upgrade is due to operate in 2015 to support ITER preparation and importantly to operate with a Super-X
divertor to test extended leg concepts for particle and power exhaust. This work was part-funded by the
RCUK Energy Programme and the EU Horizon 2020 programme
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Alcator C-Mod: Research in Support of ITER and Steps Beyond
Mr. MARMAR, Earl 1; TEAM, Alcator C-Mod 2

1 USA
2 Mass. Inst. of Technology

Corresponding Author: marmar@psfc.mit.edu

Alcator C-Mod studies high-field, high-performance diverted plasmas in support of ITER and steps beyond,
focussing on RF and microwave tools for heating and current drive, with all metal high-Z plasma-facing
components. Stability analysis of pedestals in the I-mode regime finds that pressures are well below the
peeling-ballooning limit, as well as expected kinetic ballooning mode thresholds, likely explaining the
generally observed lack of ELMs. Experiments using a new field-aligned ICRF antenna, which is rotated to
align with the total local magnetic field, show dramatic reductions high-Z metallic impurity generation, and
reduced core contanimation. This antenna also shows improvement in load-tolerance, particularly through
edge transients. Implementation of novel “mirror-probe” electronics has enabled simultaneous measurements
of Te, ne and phi with 1 micro-s time response using a single probe tip. Studies with this setup connected to a
fast-scanning probe have revealed important properties of the Quasi-Coherent-Mode (QCM) which regulates
edge particle transport in EDA H-mode. An Accelerator-based In-situ Material Surveillance diagnostic has
been deployed, and the first between-shot measurements of surface evolution on areas of the inner-wall and
above the divertor strike point have been made. Boron surface evolution and deuterium retention have been
successfully tracked through a series of tokamak and wall-conditioning experiments. We have observed strong
suppression of boundary turbulence and significant E improvement by injecting LH power into high-density
H-modes, with H-factor increases up to 30%. An advanced lower hybrid RF (LHRF) actuator component has
been implemented in the Integrated Plasma Simulator, and used to simulate modification of sawteeth via
LHCD. Gyrokinetic simulations of TEM turbulence find a factor of two nonlinear upshift of the TEM critical
density gradient, in close quantitative agreement with experiments. Upgrades which are ready for
construction and operation in 2015 include: an actively heated (900 K) advanced tungsten DEMO-like outer
divertor; an off-midplane LH launcher to test theories of improved penetration, absorption and current drive
at high density, combined with LH source power upgrades to 4MW; and a second magnetic field-aligned ICRF
antenna.

Work supported by US Department of Energy
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Contribution to Fusion Research from IAEA Coordinated Research
Projects and Joint Experiments
Prof. GRYAZNEVICH, Mikhail 1; Prof. VAN OOST, Guido 2; Dr. STÖCKEL, Jan 3; Prof. KUTEEV, Boris 4; Dr. KAMENDJE, Richard 5

1 Tokamak Energy Ltd; 6Technical University of Denmark, DTU Risø, Roskilde, Denmark; Imperial College, London, UK
2 Dep. of Applied Physics, Ghent Univ., Belgium
3 Institute of Plasma Physics, Association EURATOM/IPP.CR, Czech Rep.
4 National Research Centre “Kurchatov Institute”, Moscow, Russia
5 IAEA NAPC Physics Section, Vienna, Austria

Corresponding Author: mgryaz@gmail.com

IAEA Coordinated Research Projects (CRP) on “Utilisation of a Network of Small Magnetic Confinement
Fusion Devices for Mainstream Fusion Research” and “Conceptual development of steady-state compact
fusion neutron sources” continue to contribute to the mainstream Fusion Research. These CRPs join
participants from 18 IAEA member states, who perform experiments and present results of individual and
coordinated research and results of IAEA Joint Experiments (JE) at Research Coordinating Meetings,
International Conferences and in publications. These activities also create platform for building long term
relationships between scientists from developing and developed countries in fusion science and technology.
The objective of the CRP “Conceptual development of steady-state compact fusion neutron sources” (CFNS) is
to support the research on the development of steady-state compact fusion neutron sources for scientific,
technological and nuclear energy applications. This research provides concepts and conceptual designs for low
and high power CFNS; determines operational domains with optimized plasma performance and aimed on the
development of a scientific and technological basis and comprehensive safety analysis for the proposed CFNS.
The objective of the CRP “Utilization of a Network of Small Magnetic Confinement Fusion Devices for
Mainstream Fusion Research” is to streamline results of studies on small fusion devices to mainstream fusion
research by establishing a network of cooperation enabling coordinated investigations relevant to physics,
diagnostics and technology issues of next fusion devices such as ITER and DEMO. 6 IAEA JEs have been
carried out. In the recent JEs, studies have been extended from characterization of plasma turbulence and
correlation between the occurrence of transport barriers, improved confinement with electrostatic turbulence,
to characterization of the plasma pedestal in ohmic and NB heated H-mode discharges, NBI-induced Alfven
Eigenmodes, studies of microwave emission, relation between halo currents and Ip 3D asymmetries during
disruptions, evaluation of parallel electron power flux density using Langmuir and Ball-pen probes, RF
pre-ionisation and investigation of the use of high-temperature superconductors in tokamak magnets.
Outputs of these activities will be overviewed and results of the recent JEs will be presented in detail.
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Overview of DEMO Activities of IFERC Project in BA Activities
Mr. NAKAJIMA, Noriyoshi 1

1 Japan

Corresponding Author: noriyoshi.nakajima@iferc.org

In order to complement ITER and contribute to an early realization of the DEMO reactor, International Fusion
Energy Research Centre (IFERC) implements DEMO Design and Research and Development activities. The
design basis for DEMO and the sensitivity to underlying physics and technology assumptions has been
reviewed through a 3-year collaboration. At this point, the plasma major radius and net electricity have been
found to vary in a range of 8-9 m and 0.3-0.5 GWe, respectively. The tentative target is to set the start points
of DEMO1 (pulsed) and DEMO2 (steady state) with low fusion power (≤ 2 GW) for compatibility with
divertor power handling. So far, DEMO1 with a major radius (R_p) of 9 m, net electricity (P_e,net) of 0.5 GWe
and pulse length of about 2 hours, and DEMO2 with R_p ~ 8 m and P_e,net = 0.3-0.5 GWe have been
proposed. Comparative studies on the remote maintenance methods are on going, and the modeling and event
selection for the safety analysis of upper bounding sequences is in progress. Research and Development of
common components for DEMO blanket have been performed in 5 task areas; 1) a long-term exposure test of
organic compounds into tritium water for up to 2 years have been carried by JA without serious effects, and
analysis of JET tile will be implemented under EU/JA collaboration in 2014, 2) the impact of heat treatment
conditions on RAFM (Reduced Martensite Ferric Material) [F84H] steel properties and assessment of
irradiation correlation are examined by JA, and the fabrication technology of RAFM [Eurofer] has been
studied by EU, 3) using rotating electrode method apparatus, a series of trial tests for pebbles of beryllide for
advanced neutron multiplier is carried out by JA to optimize the fabrication conditions, and EU proceeds with
the fabrication of Be-Ti rods by hot extrusion of milled material in steel jackets and the characterization of the
beryllides, 4) fabrication and the test of advanced tritium breeder pebbles, such as Li_2TiO_3 with excess Li
are implemented by JA, and EU proceeds with production and characterization of Lithium orthosilicate
pebbles with secondary phase of 20, 25 and 30 mol% lithium metaltitanate, and 5) EU/JA collaboration
activities have progressed in the studies of characterization of electrical resistivity, He and H permeability and
radiation damage effects of SiC_f/SiC composites progress.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

11 



Overview Posters - Board OV/P-03 / 349

Review of Globus-M Spherical Tokamak Results
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1 Russian Federation
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4 Saint Petersburg State Polytechnical University
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6 Joint-Stock Company "INTEHMASH"
7 Ioffe Physical-Technical Institute of the Russian Academy of Sciences
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10 Max-Planck Institute for Plasma Physics
11 Ioffe Fusion Technologies Ltd
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Corresponding Author: vasily.gusev@mail.ioffe.ru

First experiments on noninductive current drive (CD) using lower hybrid waves at 2.45 GHz are described.
Waves were launched by a 10 waveguide grill with 120° phase shift between neighboring waveguides. The
experimental conditions for a poloidal slowing-down scheme are described. The CD efficiency is found to be
somewhat less than for standard tokamak lower hybrid CD. Geodesic acoustic modes (GAM) have been
discovered in Globus-M with the help of two Doppler reflectometers. GAMs are localized 2-3 cm inside the
separatrix. The GAM frequency agrees with theory whereas the density oscillations is found to have mainly
an n=0, m=0 spatial structure. Fast particle confinement during neutral beam injection has been studied and
numerically simulated. Alfven instabilities excited by fast particles were detected by a toroidal Mirnov probe
array. Their excitation conditions are discussed and the dynamics of fast ion losses induced by Alfven
eigenmodes is presented. Unlike for conventional tokamaks, no isotopic effect on confinement has been
observed in ohmic discharges comparing similar D and H plasmas. Plasma transport was modelled self
consistently from the magnetic axis to the material wall. SOL parameters are compared with experimental
results.
For plasma-wall interaction studies a specific divertor target consisting of an a-priory damaged tungsten tiles
was prepared. The damage was induced by an electron beam or by a plasma gun jet. The damage factor was
equivalent to the damage produced by 100 -1000 ELM events in ITER. The first results show a strongly
nonuniform temperature field formation on the damaged targets after plasma disruptions. A preliminary
explanation is that the initial damage gives rise to a layer with low thermal conductivity right under the
surface. We will finish explaining specific engineering design issues of the next step - Globus-M2 (1 T, 500
MA) and describe the status of component manufacture.
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Overview of the Recent Research on the J-TEXT Tokamak
Mr. ZHUANG, Ge 1; Prof. GENTLE, Kenneth 2; Dr. CHEN, Zhongyong 3; Prof. HU, Xiwei 3; Dr. WANG, Zhijiang 3; Dr. YANG, Zhoujun 3;

Dr. CHEN, Zhipeng 3; Prof. DIAMOND, Patrick 4; Dr. CHEN, Jie 5; Dr. RAO, Bo 3; Dr. WANG, Lu 3; Dr. ZHAO, Kaijun 3; Dr. HAN,

Sanghee 4; Dr. SHI, Yuejiang 4; Dr. DING, Yonghua 3

1 Huazhong University of Science and Technology
2 Institute for Fusion Studies, University of Texas at Austin, Austin, 78712, USA
3 Huazhong University of Science and Technology, China
4 WCI Center for Fusion Theory, NFRI, Korea
5 Huazhong university of Science and Technology, China

Corresponding Author: ge.zhuang@mail.hust.edu.cn

The experimental research over last two years on the J-TEXT tokamak is summarized, the most significant
results including observation of core magnetic and density perturbations associated with sawtooth events and
tearing instabilities by a high-performance polarimeter-interferometer (POLARIS), investigation of a rotating
helical magnetic field perturbation on tearing modes, studies of resonant magnetic perturbations (RMP) on
non-local transport, plasma flows and fluctuations.
The POLARIS system has time response up to 1 μs, phase resolution < 0.1o and spatial resolution ~3 cm.
Temporal evolution of the safety factor profile, current density profile and electron density profile are
obtained during sawtooth crash events and tearing instabilities as well as disruptions. The effects of RMPs in
Ohmic plasmas are directly observed by polarimeter for the first time. Particle transport due to the sawtooth
crashes is analyzed. Recovery between crashes implies an inward pinch velocity extending to the center.
The J-TEXT RMP system can generate a rotating helical field perturbation with a rotation frequency up to 10
kHz, and dominant resonant modes of m/n = 2/1, 3/1 or 1/1. It is found that tearing modes can be easily locked
and then rotate together with a rotating RMP. During the mode locking and unlocking, instead of amplifying
the island, the RMP can suppress the island width. Further numerical studies extend the understanding of the
experimental observations.
The effects of RMPs on plasma flows and fluctuations are studied. Both toroidal rotation velocity and radial
electric field increase with RMP coil current when the RMP current is no more than 5kA. When the RMP
current reaches 6kA, the toroidal velocity profile becomes flatten. Both LFZF and GAM are also damped by
strong RMPs.
The effects of RMPs on non-local transport in J-TEXT have been studied by using horizontal SMBI and a static
RMP. At relatively low density, nonlocal phenomena are easily achieved with SMBI injection, while the
rotation response to the SMBI injection is reversed for strong RMPs. SMBI without an RMP makes a change of
toroidal rotation in the counter-current direction.
We discovered a turbulent acceleration term for parallel rotation which has different physics from the residual
stress, and is thus a new candidate mechanism for the origin of spontaneous rotation.
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Overview of HL-2A Recent Experiments
Since the last IAEA FEC, experiments on HL-2A tokamak have been dedicated to address the physics on L-H
transition, energetic-particles (EPs) and shear Alfvén waves (SAWs), ELM mitigation, disruption mitigation,
edge impurity transport and other MHD related activities. In particular, significant progresses have been made
in the following areas: (i) For the first time in experiments, it was found that the phase between normalized
radial electric field and the envelope of density fluctuations reverses during the intermediate phase (I-phase)
in comparison to the usual predator-prey regime as the plasma approaches H-mode during the L-I-H
confinement transition; (ii) The frequency up- and down-sweeping reverse shear Alfvén eigenmodes (RSAEs)
were observed in NBI plasmas with qmin~1. By using kinetic AE code (KAEC) simulation, it has been
confirmed that the down-sweeping modes are kinetic RSAEs, and the up-sweeping modes are RSAEs that
exist in the ideal or kinetic MHD limit; (iii) The transition and interaction among low-frequency MHD modes
have been observed during NBI, which suggests profound interaction existing among fishbone mode, long-live
mode (LLM) and tearing mode (TM); (iv) With SMBI a runaway electron plateau was observed at a rather low
toroidal magnetic field. In addition, progresses have also been made in the analysis of the loss of
energetic-ions, the ELM mitigation induced by supersonic molecular beam injection (SMBI), and the onset of
neoclassical tearing mode (NTM) during nonlocal effect with SMBI, etc. All these experiments benefited from
several newly installed diagnostics, such as Motional Stark Effect (MSE), Charge Exchange Recombination
Spectroscopy (CXRS) and a scintillator-based lost fast-ion probe (SLIP), and the upgrade of ECRH heating
power to 5 MW.
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Overview of Gyrokinetic Studies on Electromagnetic Turbulence
Prof. TERRY, Paul 1

1 University of Wisconsin-Madison

Recent results on electromagnetic turbulence from gyrokinetic studies in different magnetic configurations are
overviewed, showing the characteristics of electromagnetic turbulence and
transport in situations where it is both expected and unexpected, and showing how it is affected by
equilibrium magnetic field scale lengths. Ballooning parity ion temperature gradient (ITG) turbulence is found
to produce magnetic stochasticity and electron thermal transport through nonlinear excitation of linearly
stable tearing parity modes. The process is governed by nonlinear three-wave coupling between the ITG
mode, the zonal flow, and the damped tearing parity mode. A significant electron thermal flux scales as beta
squared, consistent with magnetic flutter. Above a critical beta known as the nonzonal transition, the
magnetic fluctuations disable zonal flows by allowing electron streaming that effectively shorts zonal
potential between flux surfaces. This leads to a regime of very high transport levels. A consideration of the
residual flow in the presence of magnetic flutter confirms the disabling effect on zonal flows. Tearing parity
microtearing modes become unstable in the magnetic geometry of spherical tokamaks and the RFP. They yield
a growth rate in NSTX that requires finite collisionality, large beta, and is favored by increasing magnetic
shear and decreasing safety factor. In the RFP, a new branch of microtearing with finite growth rate at
vanishing collisionality is shown from analytic theory to require the electron grad-B/curvature drift
resonance. However, when experimental MST RFP discharges are modeled gyrokinetically, the turbulence is
remarkably electrostatic, showing trapped electron mode turbulence, large zonal flows, and a large Dimits
shift. Analysis of the effect of the RFP’s shorter equilibrium magnetic field scale lengths shows that it
increases the gradient thresholds for instability of trapped electron modes, ITG and microtearing. The stronger
magnetic shear increases the beta threshold for kinetic ballooning mode (KBM) instability. This in turn
increases the thresholds for magnetic activity, including the nonzonal transition.
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Transport, Stability and Plasma Control Studies in the TJ-II Stellarator
Recent improvements in TJ-II plasma diagnostics and operation have led to a better understanding of
transport, stability and plasma control in fusion plasmas. Impurity transport: Observations of asymmetries in
impurity parallel flows in TJ-II ion-root plasmas have been interpreted as an indication of the compressible
variation of the impurity flow field and hence of in-surface impurity density asymmetries. In addition,
first-time observations of electrostatic potential variations within the same magnetic flux surfaces are
presented which are reproduced by neoclassical Montecarlo calculations. The dependence of impurity
confinement time has been also studied as a function of charge and mass. Momentum transport and isotope
physics: TJ-II has provided evidence that three-dimensional magnetic structures convey significant impact on
plasma confinement and L-H transitions. Recent observations on the temporal ordering of the limit cycle
oscillations at the L-I-H transition show the leading role of the plasma turbulence. Comparative studies in
tokamaks and stellarators have provided direct experimental evidence of the importance of multi-scale physics
for unravelling the physics of the isotope effect on transport. Power exhaust physics: Novel solutions for
plasma facing components based on the use of liquid metals like Li and alloys have been developed on TJ-II.
The TJ-II programme on liquid metals addresses fundamental issues like the self-screening effect of liquid
lithium driven by evaporation to protect plasma-facing components against heat loads and tritium inventory
control, using Li-liquid limiters (LLL) recently installed. Plasma stability studies: Experiments with magnetic
well scan on TJ-II suggest that stability calculations, as those presently used in the optimization criteria of
stellarators, might miss some stabilization mechanisms. Fast particle control: The TJ-II results show that, upon
moderate off-axis ECH power application, the continuous character of the Alfvén eigenmode (AEs) changes
significantly and starts displaying frequency chirping. This result shows that ECH can be a tool for AE control
that, if confirmed, could become ITER and reactor-relevant.
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Overview of KSTAR Results in 2013 Campaign
Dr. YOON, Si-Woo 1

1 National Fusion Research Institute

Since the initial long-pulse H-mode operation in 2012, the H-mode has been sustained longer and the
operational regime of plasma parameters has been significantly extended in KSTAR tokamak. The progress in
long-pulse operation is mainly due both to the increased NBI heating power of PNBI ~ 3.5 MW and the
advance in the shaping control which is not trivial with slow superconducting coils. In 2013 campaign, the
duration of H-mode phase has been extended up to 25 sec with 0.5 MA of plasma current and 3 MW of PNBI
and, in the coming campaign as main operational goal, it is expected to be extended up to more than 30 sec
using 5 MW of PNBI. In addition, in 2014 campaign, the long-pulse operation will be in accordance with ITER
requirement, i.e., in ITER similar shape, low safety factor and normalized beta (~2.0).
ELM suppression is discovered in wide range of coil configuration and the suppression window in the safety
factor q95 has extended from 6.5 to 3.9 depending on the configuration, i.e., q95~6.5 for n=1, q95~5.0 for the
mixed n=1 & n=2, and q95~4.0 for n=2 indicating the strong impact of resonant component on ELM
suppression. Significant progress has been on the investigation of the underlying mechanism on RMP
suppression using measurements of pedestal fluctuations and modeling of plasma response especially for n=1
case where field penetration is global and full response modeling is required including the sielding effect of
toroidal rotation.
Since the initial 2 segment measurements in 2012, detailed evaluation of error field (EF) has been performed
by 4 segment compass scan by measuring maximum current in middle internal coils for each quadrant. In
agreement with the previous measurements, the measured level of intrinsic error field is at order of 10-5 at the
magnetic axis, which is an order of magnitude lower than other tokamaks. Strong focus is on the extended
identification of detailed pattern of n=1 error field utilizing the full poloidal sets of internal coils and its
impact on the operational boundary is investigated especially for q95 range below three where effect of error
field is critical due to the locked mode and MHD activities.
Including above topics, the presentation will address the recent results on rotation & transport physics, newly
installed diagnostics, MHD activities and the future plan.
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3D Effects of Edge Magnetic Field Configuration on Divertor/SOL
Transport and Optimization Possibilities for a Future Reactor
Dr. KOBAYASHI, Masahiro 1

1 NIFS

This paper overviews recent progress on the experimental identification and physics interpretation of 3D
effects of magnetic field geometry/topology on divertor transport in helical devices and tolamaks with RMP.
The 3D effects are elucidated as a consequence of competition between transports parallel (//) and
perpendicular to magnetic field, in open field lines cut by divertor plates or in magnetic islands. The
competition process has strong impacts on divertor functions, density regime, impurity screening, and
detachment stability. Based on experiments and numerical simulations, key parameters (indicated with [ ]
below) governing the transport process are discussed suggesting demanding issues to be addressed for divertor
optimization in future reactors.
The divertor density regime, which is known for strong up- and down-stream coupling, high-recycling regime
in 2D axi-symmetric configurations, is affected by the 3D configuration. In W7-AS, LHD, TEXTOR-DED and
HSX, the dependency is weakened. This is due to enhanced loss of //-momentum or of //-conduction energy.
The dependency is functions of magnetic geometry parameters, [field line connection length], [poloidal wave
length of RMP] and [Br/Bt].
Impurity screening is observed in Tore Supra, LHD, TEXTOR-DED with edge stochastization, and in
W7-AS/X, TJ-II with island divertor. The enhanced outward particle flux due to [Br] provides the screening
via friction force exerted on impurity. It is also found that suppression of ion thermal force, in the case of
small [Br/Bt]~1.e-4, is responsible for the screening. The systematic study in TEXTOR-DED and LHD has
shown that [a thicker stochastic region] provides better screening effects.
In W7-AS and LHD, the larger [edge island width] leads to detachment stabilization. This is due to capturing
of radiation with the islands and to the decoupling of edge and core plasmas in terms of core fueling of
plasma/impurity. In TEXTOR-DED, [rotating RMP] fields result in density limit extension, avoiding MARFE
onset. This is caused by spreading of recycling region, preventing edge cooling localization by recycling
neutral/impurity.
Systematic understandings of the 3D effects of edge magnetic field based on the key parameters shown above
will offer new perspectives on divertor optimization for future reactors, which are not available in 2D
axi-symmetric configuration.
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Fast Ignition Realization EXperiment (FIREX) and Prospect to Inertial
Fusion Energy in Japan
Prof. AZECHI, Hiroshi 1

1 Institute of Laser Engineering, Osaka University

Fast ignition has high potential to ignite a fusion fuel with only about one tenth of laser energy necessary for
the central ignition. One of the most advanced fast ignition programs is the Fast Ignition Realization
Experiment (FIREX). The goal of its first phase is to demonstrate ignition temperature of 5 keV, followed by
the second phase to demonstrate ignition-and-burn. Relativistic fast electrons as the energy carrier, however,
unfavorably diverge at high laser intensities necessary for significant heating. This difficulty is overcome by
kilo-Tesla magnetic field collimating fast electrons towards a compressed fuel. Such super-strong field has
been created with a capacitor-coil target driven by a high power laser, and subsequent collimation has also
been demonstrated, suggesting that one can achieve ignition temperature at the laser energy available in
FIREX. Repetitive creation of fast ignition plasmas has been demonstrated together with the technology
development of high-efficient rep lasers and pellet injection, tracking, and beam steering.
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Fusion Research in Ioffe Institute
Dr. ASKINAZI, Leonid 1

1 Ioffe Institute

Overview of activity of the Plasma Physics Division at the Ioffe Institute in support of fusion program is
presented. Experiments on LHCD (100kW, 2.5GHz) at the Globus-M tokamak (R=0.36m, a=0.24m, B_tor=0.4T,
I_pl=200kA) with poloidally oriented grill resulted in RF driven current of up to 40 kA, in agreement with the
theory predictions. At the FT-2 tokamak (R=0.56m, a=0.08m, B_tor=2.3T, I_pl=30kA) experiments with
traditional toroidally oriented grill revealed no dependence of LHCD density limit on H/D ratio in spite of 3
times different LH resonance densities. Microwave Doppler Reflectometry (DR) at the Globus-M, and DR and
Heavy Ion Beam Probe measurements at the tokamak TUMAN-3M (R=0.53m, a=0.24m, B_tor=1.0T,
I_pl=190kA) demonstrated GAM suppression at the L-H transition. Observations at the FT-2 using Doppler
Enhanced Scattering showed that GAM amplitude is anti-correlated both spatially and temporally with
electron thermal diffusivity. For the first time turbulence amplitude modulation at GAM frequency was found
both experimentally and in global gyrokinetic modeling. A model of L-H transition is proposed based on this
effect. The loss mechanisms of energetic ions’ (EI) were investigated in the NBI experiments on Globus-M and
TUMAN-3M: orbit losses, sawtooth triggered redistribution of EIs and Alfvenic mode excitation.
Non-conservation of adiabatic invariant of EI in small aspect ratio configuration was found numerically to
play a role in EI losses. Empirical scaling of 2.5 MeV DD neutron rate for the two devices shows strong
dependence on toroidal field (B_tor)^1.29 and plasma current (I_pl)^1.34; this justifies B_tor and I_pl increase
by a factor of 2.5 in proposed upgrade of Globus-M. Bursts of ~1MHz Alfvenic type oscillations correlating
with sawtooth crashes were observed in OH at the TUMAN-3M. Possibility of low threshold parametric
excitation of Bernstein and upper hybrid waves trapped in drift-wave eddies resulting in anomalous
absorption in ECRH experiments in toroidal plasmas was discovered theoretically. A novel method of radial
correlation Doppler reflectometry is shown to be capable of measuring the turbulence wave-number spectrum
in realistic 2D geometry. Progress in design and fabrication of three diagnostics for ITER developed in Ioffe
institute is reported: Neutral Particle Analysis, Divertor Thomson Scattering and Gamma Spectroscopy.
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Overview of the FTU Results
Dr. PUCELLA, Gianluca 1

1 ENEA

Since the 2012 IAEA-FEC Conference, FTU operations have been largely devoted to runaway electrons (RE)
generation and control, to the exploitation of the 140 GHz EC system and to liquid metal limiter elements.
Experiments on RE have shown that the measured threshold electric field is larger than predicted by
collisional theory and can be justified considering synchrotron radiation losses. A new RE control algorithm
was developed and tested in presence of a RE current plateau, allowing to minimize the interactions with
plasma-facing components and safely shut down the discharges. The experimental sessions with 140 GHz EC
system have been mainly devoted to experiments on real time control of MHD instabilities using the new EC
launcher with fast steering capability. Experiments with EC power modulation have confirmed the possibility
to lock the sawtooth period to the EC period, with EC injection inside the q=1 surface, while experiments with
central EC injection have shown the onset of 3/2 and 2/1 modes. EC assisted breakdown experiments have
been focussed on ITER start-up issues, exploring the polarization conversion at reflection from inner wall and
the capability to assure plasma start-up even in presence of a large stray magnetic field. A new actively
Cooled Lithium Limiter (CLL) has been installed and tested. The CLL was inserted close to the last closed
magnetic surface, without any damage to the limiter surface, and first elongated FTU plasmas with EC
additional heating were obtained with the new CLL. Reciprocating Langmuir probes were used to measure the
heat flux e-folding length in the scrape-off layer, with the plasma kept to lay on the internal limiter to
resemble the ITER start-up phase. Density peaking and controlled MHD activity driven by Neon injection
were investigated at different plasma parameters, and a full real-time algorithm for disruption prediction,
based on MHD activity signals from Mirnov coils, was developed exploiting a large database of disruptions.
New diagnostics were successfully installed and tested, as a gamma camera for RE studies and a diamond
probe to detect Cherenkov radiation produced by fast electrons. Laser Induced Breakdown Spectroscopy
measurements were performed under vacuum, so demonstrating the possibility to provide useful information
on the fuel retention in present and future tokamaks, such as ITER.
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First Experiments in SST-1
Dr. PRADHAN, Subrata 1

1 Institute for Plasma Research, Bhat, Gandhinagar 382428, Gujarat, India

Steady State Superconducting Tokamak (SST-1) has been commissioned after the successful experimental and
engineering validations of its critical sub-systems. During the `engineering validation phase’ of SST-1; the
cryostat was demonstrated to be leak tight to superconducting magnets system operations in all operational
scenarios, the 80 K thermal shield was demonstrated to be uniformly cooled without regions of `thermal run
away and hot spots’, the superconducting Toroidal Field (TF) magnets were demonstrated to be cooled to their
nominal operational conditions and charged up to 1.5 T of field at the major radius, the assembled SST-1
machine shell was demonstrated to be a graded, stress-strain optimized and distributed thermo-mechanical
device and the integrated vacuum vessel was demonstrated to be UHV compatible etc. Subsequently, `field
error components’ in SST-1 were measured to be acceptable towards plasma discharges. A successful
break-down in SST-1 was obtained in SST-1 in June 2013 assisted with electron cyclotron pre-ionization in
second harmonic mode, thus marking the `First Plasma’ in SST-1 and arrival of SST-1 into the league of
contemporary steady state devices as well.
Subsequent to the first plasma, both physical experiments and boosting of engineering parameters in SST-1
have begun. A successful plasma start-up with E ~ 0.4 V/m, plasma current in excess of 50 kA for 100 ms
assisted with ECH pre-ionization in second harmonic at a field of 0.75 T have been achieved. Lengthening the
plasma pulse duration with LHCD, plasma current boosting up with ECH assisted pre-ionization in
fundamental mode at 1.5 T apart from advance plasma physics experiments are presently being attempted in
SST-1. In parallel, SST-1 has demonstrated in unique fashion pure cold gas cooling based nominal operations
of its vapour cooled TF current leads up to 4650 A corresponding to 1.5 T of field in the plasma major radius.
SST-1 has also achieved the distinction of being the only superconducting Tokamak in the world where the
cable-in-conduit-conductor (CICC) based TF magnets are operated with helium cooling in Two-Phase mode
during the plasma discharges up to 2.0 T of field at the plasma major radius.
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Advance of H-Mode Physics for Long-Pulse Operation on EAST
Dr. WAN, Baonian 1

1 Institute of Plasma Physics, Chinese Academy of Sciences

Since the last IAEA-FEC, significant progress has been made on EAST on both physics and technology fronts
towards the long-pulse operation of high-confinement plasma regimes. EAST has been upgraded with more
than 25 MW of CW heating & current drive power, along with 70 diagnostics, two internal cryopumps, an
ITER-like W monoblock top divertor and resonant magnetic perturbation coils, which will enable EAST to
investigate long-pulse H-mode operation with dominant electron heating and low torque input, which will be
facing challenges on some of critical issues on ITER. New information has been obtained on the physics of
L-H transition. Remarkable efforts have been made in mitigating type-I ELMs in a stationary state H-mode
plasma with multi-pulses of supersonic molecular beam injection (SMBI), LHCD, lithium granule and
deuterium pellet injection, as well as RMPs, thus potentially offering a valuable means of heat-flux control for
next-step long-pulse fusion devices. Long-pulse H-mode discharges with H(98,y2) ~1 have been obtained
either with ELM mitigation or in a small ELMy regime accompanied by a new electrostatic edge coherent
mode, which appears in the steep-gradient pedestal region and plays a dominant role in driving heat and
particles outwards. High peak heat load on the divertor due to type I ELMs, is reduced either by SMBI or
LHCD. We find that ELM mitigation with SMBI is due to enhanced particle transport in the pedestal,
correlated with large-scale turbulence and strongly anti-correlated with small-scale turbulence, while LHCD
induces edge plasma ergodization, broadening the heat deposition footprint. Challenges and progresses on
plasma control, effective H, plasma-wall interactions under long-pulse, high-heat flux and high-Z metal wall
conditions will also be presented.
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Overview of Transport and MHD Stability Study and Impact of Magnetic
Field Topology in the Large Helical Device
Dr. IDA, Katsumi 1

1 National Institute for Fusion Science

The progress of physics understanding and concurrent parameter extension since the last IAEA-FEC 2012 [1]
in the Large Helical Device is overviewed. Recently the plasma with high ion and electron temperature (Ti(0)
~ Te(0) ~ 6keV) is obtained by the combination of 1) a reduction of wall recycling and neutrals by Helium
ICRF discharges and 2) optimization of carbon pellet injection and on-axis ECH. The temperature regime
obtained is significantly extended. The stochastic magnetic field in the plasma core which causes flattening of
the temperature and the plasma flow can be eliminated by the control of the magnetic shear by NBCD and
ECCD and a high central ion temperature (Ti(0) ~ 8keV) discharge is achieved by overcoming the core
temperature flattening frequently observed in the plasma with an ion- ITB. After the formation of the ion-ITB,
the residual stress switches the sign from the counter- to the co-direction and results in a large toroidal flow in
the co-direction [2]. On the other hand, the radial convective velocity of the carbon impurity (Vc) also
changes sign from inward to outward and this reversal of convection causes the extremely hollow impurity
profile (called impurity hole). A stochastization of the magnetic field affects the MHD instability driven by a
pressure gradient. This is an interesting topic because the stochastization of the magnetic field is also a key
issue in the resonant magnetic perturbation (RMP) experiment for edge localized mode (ELM) suppression.
When the stochastization of the magnetic field is enhanced by a RMP, the pressure driven mode is suppressed
even without a change in the pressure gradient itself. In LHD, a low mode (n/m=1/1) magnetic island exists
near the plasma periphery and the width of the magnetic island can be controlled by the RMP. By injecting
hydrogen pellets into the O-point of the magnetic island, a significant peaked pressure profile inside the
magnetic island is produced for a relatively long time, which is similar to the phenomena of a “snake” in a
tokamak. Inside the LCFS, the stochastization causes the damping of flows, while it enhances the E×B flow
due to the electron loss to the wall along the magnetic field.

[1] O.Kaneko, et. al., Nucl. Fusion 53 (2013) 104015.
[2] K.Ida, et. al., Phys. Rev. Lett. 111 (2013) 055001.
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Recent ASDEX Upgrade Research in Support of ITER and DEMO
Prof. ZOHM, Hartmut 1

1 Max-Planck-Institut für Plasmaphysik

Research on ASDEX Upgrade is programmatically focused on resolving physics questions that are key to the
successful operation of ITER as well as informing design choices for a future DEMO reactor. From 2014 on, a
significant part of the ASDEX Upgrade programme is run under the EUROfusion MST programme.
Using the flexible set of in-vessel helical perturbation coils, penetration of 3-d fields into the plasma is studied
by analysing its impact on the edge plasma in L-mode discharges or examining the interaction with rotating
core MHD modes. ELM mitigation by 3-d fields at high collisionality allows access to very small, high
frequency ELMs at edge temperatures and pressure gradients higher than in the usual small ELM regime at
high density. This cannot be described by the usual peeling-ballooning model for ELM stability which, in
general, is shown to be inadequate to explain the whole variety of type I ELM observations.
The study of the impact of a full metal first wall on plasma operation and performance continues to be a
major research topic. Comparison with JET has confirmed many of our results. Characterisation of the ITER
Q=10 scenario (standard H-mode at q95 = 3 and betaN = 1.8) revealed that with full metal wall, confinement
quality is marginal for reaching H = 1. In this scenario, type I ELMs are large and first attempts using helical
fields or pellets showed limited success in mitigation. With higher betaN, confinement regularly exceeds H =
1. These findings suggest that the optimum operational point for ITER Q = 10 might be at higher q95 and
betaN, evolving towards the ‘improved H-mode’ regime under study in ASDEX Upgrade.
Concerning research for DEMO, a major emphasis is put on the exhaust problem. Record values of Psep/R
exceeding 7 MW/m (total power up to 23 MW) with simultaneous time averaged peak target power load < 5
MW/m2 have been demonstrated under partially detached conditions using feedback controlled N-seeding.
Complete detachment at high input power P > 10 MW was achieved and extensive modelling helps to clarify
the mechanisms behind the experimentally observed high density zone in the divertor plasma as well as the
stable X-point radiation. Using double feedback on N and Ar impurity seeding, a value of Prad,core/Ptot
approx. 70 % as will be needed for DEMO was demonstrated at very good plasma performance. Finally, we
will report on operational experience with two rings of tiles consisting of ferritic steel on the high field side
heat shield to analyse the implications of a possible use of bare EUROFER wall panels on DEMO and the use
of newly installed rings of solid W tiles in the outer divertor strike zones.
All these studies are accompanied by progress in the understanding of the underlying fusion plasma physics,
which is essential to obtain true predictive capability, and will be discussed in the contribution.
This project has received funding from the EURATOM research and training programme 2014-2018.
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Status of JT-60SA Project
BARABASCHI, pietro 1

1 f4e

In 2009, after a complex start-up phase due to the necessity to carry out a re-baselining effort to fit in the
original budget while aiming to retain the machine mission, performance, and experimental flexibility,
detailed design of the project was begun. In 2012, with the majority of time-critical industrial contracts in
place, it was possible to establish a credible time plan, and now the project is progressing towards the first
plasma in March 2019. After focussed R and qualification tests, the procurement of the major components and
plant are now well underway. In the meantime the disassembly of the JT-60U machine has been completed in
2012.The assembly of JT-60SA started in January 2013 with the installation of the cryostat base, the first item
delivered from Europe, and continued in February 2014 with the installation of the three lower
superconducting equilibrium field coils. Winding of the TF coils winding packs started in July 2013 in EU. A
cold test facility for the TF coils has been installed at the CEA Centre in Saclay. The first TF coil will start tests
in 2015. The manufacture of the EF4, EF5 and EF6 coils has been completed. All Vacuum Vessel sectors will be
completed by April 2014 and their assembly will soon commence. The manufacturing of the cryostat vessel
body has now begun, with final delivery planned in 2017. Contracts for all Magnet Power Supplies are placed,
fabrication ongoing with the one for the Quench Protection System completed and their installation to
commence in 2014. On-site installation of the cryogenic system will be completed in 2015, and it will be
operational late in 2016. The dual frequency 110 and 138 GHz gyrotron has made significant progress towards
allowing EC heating (ECH) and current drive (ECCD) under a wide range of plasma parameters. Oscillations
of 1 MW for 10 s were successful at both frequencies in a world first for a dual-frequency gyrotron by
optimizing electron pitch factor using a triode electron gun. On the N-NB system, the pulse duration and the
current density of the negative ion source have been successfully improved from 30 s at 80 A/m2 in the
previous operation to 100 s at 120-130 A/m2. The paper will give an overview of the present status of the
engineering design, manufacturing and assembly of the JT-60SA machine.
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Overview of Recent Physics Results from NSTX
Dr. KAYE, Stanley 1

1 Princeton Plasma Physics Laboratory, Princeton University, Princeton NJ, 08543 USA

NSTX is currently being upgraded to operate at twice the toroidal field and plasma current (up to 1 T and 2
MA), with a second, more tangentially aimed neutral beam for current and rotation control, allowing for pulse
lengths up to 5 s. Recent NSTX physics analyses have addressed topics that will allow NSTX-U to achieve the
research goals critical to a Fusion Nuclear Science Facility. These goals include accessing low collisionality
and high beta, producing stable, 100% non-inductive operation and assessing Plasma Material Interface (PMI)
solutions to handle the high heat loads expected in the next-step devices. Including rotation and kinetic
resonances, which depend on collisionality, is necessary for predicting experimental stability thresholds of fast
growing Ideal Wall and Resistive Wall Modes. Non-linear gyrokinetic simulations have been performed to
study transport of heat, particles and momentum in the core plasma, and its dependence on collisionality and
profile shapes. These studies include coupling between low- and high-k turbulence, the effect of rotation and
non-local transport. PMI studies have focused on the effect of ELMs and 3D fields on plasma detachment and
heat flux handling. DEGAS-2 has been used to study the dependence of gas penetration on SOL temperatures
and densities for the MGI system being implemented on the Upgrade. Studies of lithium evaporation on
graphite surfaces indicate that lithium increases oxygen surface concentrations on graphite, and
deuterium-oxygen affinity, which increases deuterium pumping and reduces recycling. Source studies showed
that the low lithium level observed in the core of lithium-coated wall NSTX plasmas was due to both high
retention of lithium in the divertor as well as large neoclassical diffusivity. Noninductive operation and
current profile control in NSTX-U will be facilitated by Coaxial Helicity Injection as well as RF and NB
heating. CHI studies using NIMROD indicate that the reconnection process is consistent with the 2D
Sweet-Parker theory. Full wave AORSA simulations show that RF power losses in the SOL increase
significantly for both NSTX and NSTX-U when the launched waves propagate in the SOL. TAE avalanches
can affect NB driven current through energy loss and redistribution of fast ions. Upgrade construction is
moving on schedule with first operation of NSTX-U planned for Autumn 2014.
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DIII-D Research to Address Key Challenges for ITER and Fusion Energy
Dr. BUTTERY, Richard J. 1

1 General Atomics

The DIII-D tokamak has addressed key challenges in preparation for ITER and the next generation of fusion
devices. The robustness of RMP-ELM suppression was demonstrated using as few of 5 of the usual 12 coils.
QH mode was extended to 80% Greenwald density fraction, establishing its viability for ITER. Disruption
mitigation led to relatively symmetric non-localized heat loads, while vertical displacement events were better
ameliorated by earlier mitigation. Real time ray tracing and spectral mode identification techniques enabled
more efficient tearing mode control. Promising candidates for steady state (SS) fusion were demonstrated,
with a fully non-inductive hybrid scenario, a sustained high l_i scenario for ITER’s SS goal, a high q_{min}
scenario with high β_N potential, and an 80% bootstrap scenario for EAST. Innovative boundary solutions
were implemented with good performance achieved using a radiative divertor in ITER baseline and SS
scenarios, and adapting snowflake divertor to the SS to further reduce heat flux. New divertor Thomson
scattering enabled real time dual detachment/core density control, and characterized detachment in 2-D.
Scrape off layer (SOL) profiles exhibited a critical gradient behavior consistent with ideal ballooning limits,
while increasing connection length broadened the SOL and lowered divertor heat flux, highlighting the
importance of cross-field transport. Low Z gas injection was found to help prevent erosion of high Z plasma
facing surfaces. Underpinning this, DIII-D continued to expand the scientific basis of fusion for projection and
optimization of future devices. Transport studies characterized turbulence in electron heated regimes to
constrain predictive models of burning plasmas, and showed how long wavelength turbulence rises, with
transitions from ITG to TEM increasing particle transport and density peaking. Fast ion transport due to
Alfvénic modes was found consistent with a critical gradient model, while 3-D fields led to losses even over a
single fast ion orbit. H-mode pedestal structure measurements highlighted the need for kinetic effects in full f
simulations, while optimization of the pedestal exploited a predicted valley of improved stability to raise
performance.

Work supported in part by the US DOE under DE-FC02-04ER54698, DE-FG02-89ER54297, and
DE-AC02-09CH11466.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

25 



Overview Posters - Board OV/4-2 / 772

The Science Program of the TCV Tokamak: Exploring Fusion Reactor and
Power Plant Concepts
Dr. CODA, Stefano 1

1 CRPP-EPFL

TCV is acquiring a new 1 MW neutral beam and 2 MW additional third-harmonic ECRH to expand its
operational range. Its existing shaping and ECRH launching versatility was amply exploited in an eclectic 2013
campaign. A new high-confinement mode (IN-mode) was found with an edge barrier in density but not in
temperature. Density limits close to the Greenwald value were reached – at reduced confinement - by
sawtooth regularization with ECRH. The edge gradients were found to be regime-dependent and to govern the
scaling of confinement with current. A new theory predicting a toroidal rotation component at the plasma
edge, driven by inhomogeneous transport and geodesic curvature, was tested with promising results. The L-H
threshold power was measured to be 15-20% higher in both H and He than D, to increase with the length of
the outer separatrix, and to be independent of the current ramp rate. Core turbulence was found to decrease
from positive to negative edge triangularity deep into the core, consistent with global confinement increase.
The geodesic-acoustic mode was studied with multiple diagnostics, and its axisymmetry was confirmed by a
full toroidal mapping of its magnetic component. The heat flux profile decay length and heat load profile on
the wall were documented as functions of plasma shape in limited plasmas. In the snowflake (SF) divertor
configuration we have documented the heat flux profiles on all four strike points. SF simulations with the 3D
EMC3-Eirene code, including the physics of the secondary separatrix, underestimate the flux to the secondary
strike points, possibly resulting from steady-state ExB drifts. With neon injection, radiation in a SF was 15%
higher than in a conventional divertor. The novel triple-X and X-divertor configurations were achieved
transiently in TCV. A new sub-ms real-time equilibrium reconstruction code was used in ECRH control of
NTMs and in a prototype shape controller. The detection of visible light from the plasma boundary was also
successfully used in a position-control algorithm. A new bang-bang controller improved stability against
vertical displacements. The RAPTOR real-time transport simulator was applied to current density profile
control experiments with ECCD. Shot-by-shot internal inductance optimization was demonstrated by iterative
learning control of the current reference trace.
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Overview of the JET Results
The European fusion programme is moving into the phase of implementation of its Roadmap. In this context,
the JET programme has focused on consolidation of ITER design choices and preparation for ITER operation,
with a specific emphasis given to the Bulk Tungsten Melt Experiment that has been crucial for the final
decision on the material choice for the day-one tungsten divertor in ITER. In the first JET campaigns with the
ITER-like Wall (ILW) fuel retention and material migration studies were a high priority. Now the focus of JET
experiments has shifted towards integrated scenario development with the goal of addressing issues such as
plasma-facing component (PFC) heat loads and W impurity accumulation in conjunction with high
performance. In particular, during the last year, the importance of the magnetic geometry in the divertor area,
strike point location and divertor pumping were established as key aspects for achieving good H-mode
confinement, in combination with avoiding tungsten accumulation using ICRH. Moreover, significant effort
was devoted to the use of impurity seeding to produce core-divertor compatible reference scenarios at good
confinement which are essential for ITER, as well as high radiative scenarios which are required for DEMO.
ITER-relevant conditions for steady-state operation have been achieved for over 7s at 2.5MA/2.7T and 21MW
input power with H98(y,2)=0.85 and low divertor target power loads and partial detachment between ELMs. In
parallel, post-mortem analyses of the PFCs retrieved from the first ILW campaigns have confirmed the
previously reported low fuel retention obtained by gas balance. These studies show that the reduced material
erosion and migration leads to reduced trapping of fuel in deposited Be layers which have less incorporated
fuel in comparison with Carbon layers. In addition, the pattern of deposition within the divertor has changed
significantly with the ILW in comparison with JET carbon wall campaigns due to the much-reduced level of
chemical erosion. Transport to remote areas is almost absent, with the only significant Be deposits (15µm)
found on the apron of the inner divertor.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Overview of MAST Results
Dr. CHAPMAN, Ian 1

1 CCFE Fusion Association

n=2,3,4,6 has been demonstrated: at higher and lower collisionality; for the first ELM; during the current
ramp-up; when a sub-set of in-vessel coils fail; and with rotating n=3 RMPs. n=4,6 fields cause less braking
whilst the power to access H-mode is less with n=4 than n=3,6. Refuelling with gas or pellets gives plasmas
with mitigated ELMs and reduced peak heat flux whilst less than 10% drop in stored energy. The 3d structure
of the post-pellet plasmoid has been imaged, with increased fluctuations during pellet ablation. A synergy
exists between pellet-fuelling and RMPs, since mitigated ELMs remove fewer particles. JOREK and CAS3D
stability codes show that 3d deformations influence peeling-ballooning stability. ELM precursors strikingly
observed with Doppler-backscattering (DBS) and beam emission spectroscopy (BES) are consistent with
gyrokinetic simulations of micro-tearing modes (MTMs) in the pedestal. Global gyrokinetic runs show kinetic
ballooning modes mediate the pedestal width, whilst nonlinear simulations suggest that MTMs carry
significant electron heat flux. A scan in beta at the L-H transition shows that pedestal height scales strongly
with core pressure. The observed tilt of low-k turbulent vortices increases with flow shear, due to a decrease
in poloidal wave number. Fast ion redistribution by fast particle modes depends on density, and access to a
quiescent domain with ‘classical’ fast ion transport is found above a critical density. Highly efficient electron
Bernstein wave (EBW) current drive (1A/W) has been achieved in solenoid-free start-up. A new proton
detector has characterised escaping fusion products. Langmuir probes and a high-speed camera suggest
filaments play a role in particle transport in the private flux region whilst coherence imaging has measured
scrape-off layer (SOL) flows. BOUT++ simulations show that fluxes due to filaments are strongly dependent
on resistivity and magnetic geometry of the SOL, with higher radial fluxes at higher resistivity. MAST
Upgrade is due to operate in 2015 to support ITER preparation and importantly to operate with a Super-X
divertor to test extended leg concepts for particle and power exhaust. This work was part-funded by the
RCUK Energy Programme and the EU Horizon 2020 programme.
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Alcator C-Mod: Research in Support of ITER and Steps Beyond
Dr. MARMAR, Earl 1

1 Mass. Inst. of Technology

Alcator C-Mod studies high-field, high-performance diverted plasmas in support of ITER and steps beyond,
focussing on RF and microwave tools for heating and current drive, with all metal high-Z plasma-facing
components. Stability analysis of pedestals in the I-mode regime finds that pressures are well below the
peeling-ballooning limit, as well as expected kinetic ballooning mode thresholds, likely explaining the
generally observed lack of ELMs. Experiments using a new field-aligned ICRF antenna, which is rotated to
align with the total local magnetic field, show dramatic reductions high-Z metallic impurity generation, and
reduced core contanimation. This antenna also shows improvement in load-tolerance, particularly through
edge transients. Implementation of novel “mirror-probe” electronics has enabled simultaneous measurements
of Te, ne and phi with 1 micro-s time response using a single probe tip. Studies with this setup connected to a
fast-scanning probe have revealed important properties of the Quasi-Coherent-Mode (QCM) which regulates
edge particle transport in EDA H-mode. An Accelerator-based In-situ Material Surveillance diagnostic has
been deployed, and the first between-shot measurements of surface evolution on areas of the inner-wall and
above the divertor strike point have been made. Boron surface evolution and deuterium retention have been
successfully tracked through a series of tokamak and wall-conditioning experiments. We have observed strong
suppression of boundary turbulence and significant E improvement by injecting LH power into high-density
H-modes, with H-factor increases up to 30%. An advanced lower hybrid RF (LHRF) actuator component has
been implemented in the Integrated Plasma Simulator, and used to simulate modification of sawteeth via
LHCD. Gyrokinetic simulations of TEM turbulence find a factor of two nonlinear upshift of the TEM critical
density gradient, in close quantitative agreement with experiments. Upgrades which are ready for
construction and operation in 2015 include: an actively heated (900 K) advanced tungsten DEMO-like outer
divertor; an off-midplane LH launcher to test theories of improved penetration, absorption and current drive
at high density, combined with LH source power upgrades to 4MW; and a second magnetic field-aligned ICRF
antenna.

Work supported by US Department of Energy
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The ITER Project Construction Status

The ITER Project has visibly made its transition to the construction phase in the two years since the last
Fusion Energy Conference in San Diego. By mid-February 2014 commitments to in-kind procurement are
approaching 89.6 percentage of the total credit value and 70.7 percentage (99 out of 140) in the number of
Procurement Arrangements. Construction is accelerating and the appearance of the site is changing on a daily
basis. Vigorous efforts are underway to mitigate some remaining organizational problems, including the
alignment of the ITER Organization (IO) and 7 Domestic Agencies (DAs), minimizing any possible delay
factor. The seven Parties are well committed to the construction of ITER. The ITER project has gone beyond
the turning point. This fact should be understood and shared. We only can go forward together.
The total progress being made is so enormous that it is impossible to do justice to everything in a single
presentation. Therefore, the buildings, the core tokamak and some of the balance of plant will be reported on
here. Most ancillary systems ranging from heating and current drive systems, diagnostics and fuelling systems
to remote handling and the hot cell facility are in an advanced state of design. Their status will have to be
reported at another time. The same is true of both the integration and assembly efforts.
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Overview of Results from the MST Reversed Field Pinch Experiment
Prof. SARFF, John 1

1 University of Wisconsin-Madison

This overview of results from the MST reversed field pinch program summarizes physics important for the
advancement of the RFP as well as for improved understanding of toroidal magnetic confinement in general.
Topics include energetic particle effects, 3D helical equilibria, beta and density limit studies, microturbulence,
ion heating, and magnetic self-organization physics. With neutral beam injection, several bursty energetic
particle (EP) modes are observed. The profiles of the magnetic and density fluctuations associated with these
EP-modes are measured using an FIR interferometer-polarimeter. Equilibrium reconstructions of the
quasi-single-helicity 3D helical state are provided by the V3FIT code that now incorporates several of MST’s
advanced diagnostics. A predator-prey theoretical model based on sheared flow and/or magnetic field has
been developed that captures key QSH dynamics. Upgraded pellet injection permits study of density and beta
limits over MST’s full range of operation, and an MST-record line-average density of 0.9E20 / m^3 (n/n_G
=1.4) has been obtained. Plasma beta exhibits saturation at beta_tot ≤ 20% for a wide range of density, 0.2 <
n/n_G < 1.6. Gyrokinetic simulations (GENE) based on experimental toroidal equilibrium reconstructions
predict unstable trapped electron modes. Nonlinear simulations show that the “Dimits shift” is large and
persists at finite beta. Experimentally, small-scale density fluctuations are detected in improved confinement
plasmas. Impurity ion temperature measurements reveal a charge-to-mass-ratio dependence in the rapid
heating that occurs during a sawtooth crash. Also, a toroidal asymmetry in the ion temperature is measured,
correlated with 3D magnetic structure associated with tearing modes. Magnetic self-organization studies
include measurements and modeling of the dynamo emf in standard RFP operation as well as with an applied
ac inductive electric field to investigate the dynamics of oscillating field current drive (OFCD). Extended
MHD computation for standard RFP conditions using NIMROD predicts dynamical coupling of current and
plasma flow relaxation. The dynamo emf has also been measured when OFCD is applied, strengthening the
understanding of and possibility for steady-state current sustainment using inductive current drive.
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Overview of the RFX-Mod Contribution to the International Fusion
Science Program
Dr. PUIATTI, Maria Ester 1

1 Consorzio RFX

The RFX-mod device can be operated both as a Reversed Field Pinch (RFP), where advanced regimes featuring
helical shape develop, and as a Tokamak. Due to its flexibility, RFX-mod is contributing to the solution of key
issues in the roadmap to ITER and DEMO, including 3D nonlinear MHD modeling, MHD instability control,
internal transport barriers, edge transport and turbulence, isotopic effect, high density limit.
In RFP configuration, in the last two years advancements in the understanding of the self-organized helical
states, featuring strong electron transport barriers, have been achieved; the role of microtearing modes in
driving the residual transport at the barrier has been investigated experimentally and by gyrokinetic
simulations. First experiments with deuterium as filling gas showed increased temperature and confinement
time. New results on fast ion confinement and on the isotope effect on edge transport and turbulence are
reported. RFX-mod contributed to the general issue of the high density limit physics, showing that in the RFP
the limit is related to a toroidal particle accumulation due to the onset of a convective cell. The experimental
program was accompanied by substantial progress in the theoretical activity: 3D nonlinear visco-resistive
MHD and non-local transport modelling have been advanced; resistive wall and fast particle modes have been
studied by a toroidal MHD kinetic hybrid stability code.
In Tokamak configuration, q(a) regimes down to q(a)=1.2 have been pionereed, with (2,1) Tearing Mode (TM)
mitigated and (2,1) RWM stabilized: the control of such modes can be obtained both by poloidal and radial
sensors with proper control algorithm. Progress has been made in the avoidance of disruptions due to the
locking of the (2,1) TM. External 3D fields have been applied to study a variety of physical issues: effect of
magnetic perturbations on sawthooth control, plasma flow, runaway electron decorrelation. Probes combining
electrostatic and magnetic measurements have been inserted to characterize turbulence and flow pattern at
the edge.
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Progress with the ITER Project Activity in Russia
Dr. KRASILNIKOV, anatoli 1

1 Director Institution @Project center ITER"

Russian obligations in the ITER project consist of the development, manufacture, installation and putting into
operation at the ITER site of 25 systems. At this stage Institution «Project center ITER» has signed with the
ITER Organization 18 procurement arrangements for manufacture and supply of the equipment for ITER.
Manufacture of the corresponding systems and development of other 7 systems is carrying out according the
schedule of ITER construction.
Nine unit lengths of Nb3Sn toroidal field conductor and nine unit lengths of NbTi poloidal field cables were
supplied to European Union in 2013-2014 according to schedule. “Vezuvi-11M” gyrotron was tested in bench
in NRC ”Kurchatov institute” where all required by ITER parameters (frequency - 170 GHz, power – 1 MW,
duration - 1000 sec and efficiency - 52%) were reached in combination. 12 European and 6 Japanese mockups
of divertor were tested in Efremov institute at thermal loads of 20 MW/m2. Technology of Russian Beryllium
manufacture for ITER first wall was developed in collaboration between Bochvar institute (technology
developer) and JSC “Bazalt” with participation of Efremov institute. It was proposed to install
gamma-spectrometer behind the NPA at the same line of sight as NPA. Such combination of NPA and
gamma-spectrometer will provide additional possibilities to increase accuracy of D/T ratio measurements and
fast ion behaviour studies. In collaboration with Institution “Project center ITER” the NPA complex was added
by diamond spectrometer of fast atoms that also will increase possibilities of fast ions studies. Results of
analysis demonstrate essential increase of high field side reflectometry by adding low field side antenna to
provide refractometry measurements. The prototypes of monocrystal Molybdenum mirror were manufactured
for hydrogen line and charge exchange recombination spectroscopy. The prototypes of U-235 and U-238
fission chambers and compact diamond neutron spectrometers were developed and tested. The prototypes of
spectrometers for CXRS are manufactured and tested.

ITER Technology / 437

Development of Tungsten Monoblock Technology for ITER Full-Tungsten
Divertor in Japan
Mr. SEKI, Yohji 1; Dr. EZATO, Koichiro 1; Dr. SUZUKI, Satoshi 1; Mr. YOKOYAMA, Kenji 1; Mr. MOHRI, Kensuke 1; Dr. HIRAI, Takeshi 2;

Mr. ESCOURBIAC, Frederic 2; Mr. KUZNETSOV, Vladimir 3

1 Japan Atomic Energy Agency
2 ITER Organization
3 NIIEFA

Corresponding Author: seki.yohji@jaea.go.jp

Through R for a plasma facing unit (PFU) of a full-tungsten (W) ITER divertor, Japan Atomic Energy Agency
(JAEA) succeeded in demonstrating the durability of the W divertor which endured a repetitive heat load of 20
MW per sqare meter without macroscopic cracks of all W armors. At the beginning of this activity, the
bonding technology armor to heat sink was one of the most important key issues in a manufacturing process.
JAEA improved the bonding process of the W divertor mock-ups. At first the bonding between the W armor
and the copper interlayer (Cu) is performed by using several technologies, such as "Direct casting of Cu" or
"Diffusion bonding" or "HIP bonding". Then the brazing between the Cu and the cooling pipe is done. Then
the rejection rate due to those bonding processes has been significantly been reduced. As a performance test
for the bonding and a heat removal capability, the high heat flux testing was carried out for 6 small-scale
mock-ups for the R of the full-W ITER divertor. Moreover, a W part of 4 full-scale prototype PFUs were also
tested. In the tests, all of the W monoblocks endured the repetitive heat load of 10 MW per sqare meter for
5,000 cycles and 20 MW per sqare meter for 1,000 cycles without the macroscopic crack, which strongly
encourages the realization of the full-W divertor target from the start of the operation in ITER. This paper
presents the latest R activities on the full-W ITER divertor in JAEA.
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Surface Heat Loads on Tungsten Monoblocks in the ITER Divertor
Mr. GUNN, James Paul 1; Dr. CARPENTIER-CHOUCHANA, Sophie 2; WEI, Zhao 3; Dr. DEJARNAC, Renauc 4; Dr. ESCOURBIAC,

Frederic 5; Dr. HIRAI, Takeshi 5; Dr. KOCAN, Martin 5; Dr. KOMAROV, Victor 5; KOMM, Michael 4; Dr. KUKUSHKIN, Andre 5; PITTS,

Richard 5

1 CEA Cadarache
2 EIRL S. Carpentier-Chouchana
3 Southwest Institute of Physics
4 Institute of Plasma Physics
5 ITER Organization

Corresponding Author: jamie.gunn@cea.fr

ITER will begin operation with a full W divertor consisting of solid W monoblocks (MB) bonded to CuCrZr
water-carrying cooling tubes. We seek to predict heat flux distributions on MBs comparing three models:
optical calculations, ion orbit calculations, and PIC. The consequences of five design aspects are analyzed in
terms of available models: (1) Divertor target tilting to shadow leading edges at inter-cassette gaps leads to
increased local power flux and total power to wetted MBs, as well as to reduced margin against surface
melting during fast transients, due to the increased B-field angle (the total power to each target is the same,
but it is distributed among fewer MBs). (2) Within a single tilted target, chamfering foreseen to protect leading
edges of the MBs against misalignments also leads to increased local power flux due to the increased B-field
angle, but that is exactly compensated by a reduction of the wetted area, thus the total power to individual
MBs is conserved. ANSYS thermal simulations predict additional heating of MB trailing edges due to
non-uniform heat flux deposition. (3) Relative misalignments between plasma-facing units (PFU) play a
critical role in the total power incident on a single MB. A MB on a PFU that is radially misaligned by 0.3 mm
on a tilted target (see 1) will collect a total convected plasma power that is 50% higher than a perfectly aligned
MB on an untilted target. If that power were spread uniformly over the top surface of the MB, it would be
equivalent to a power flux that is 50% higher than the specified limits. There is no shaping solution that can
remedy this problem. (4) Due to their large Larmor radii, ions released from the pedestal during ELMs can
strike magnetically shadowed poloidal edges. The fraction of ELM parallel power flux that penetrates into
gaps is independent of ion temperature over the range 0.5keV<T_i,<5keV. According to the ion orbit model,
energetic ELMs can cause leading edge melting. (5) Unintuitive focusing of power onto the edges of toroidal
gaps due to finite Larmor radius and sheath electric fields causes overheating. According to the ion orbit
model, this can cause toroidal edge temperatures to attain the W recrystallization range for steady state loads,
and melting of toroidal edges for both slow and fast transient loads.
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A heat-treated Nb3Sn cable-in-conduit conductor (CICC) must be inserted into a groove of a radial plate (RP),
which is designed to maintain the mechanical and electrical reliability of the insulation of ITER Toroidal Field
(TF) coil during its 20 years’ operation. The difference between heat-treated conductor length and RP groove
length must be controlled with accuracy of +/-0.05%. JAEA developed high accuracy winding system and
procedure with the order of +/-0.01% in wound conductor length and performed full-scale winding trials. The
target tolerance of +/-0.01% was achieved. In addition, very complicate procedure of RP insertion between
upper and lower windings (pancakes), which consist of unit length conductor, is also qualified by using
full-scale dummy conductor winding and trial insertion of wound dummy conductor into RP groove was
performed, too. Furthermore, proto double-pancake (DP) was successfully heat-treated. These results justify
validity of optimized manufacturing plan and allow us to start TF coil winding pack (WP) manufacture.
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A

After completing the qualification tests of the ITER cable-in-conduit conductors (CICC), the series
manufacture tests are running in the SULTAN test facility in Villigen, Switzerland, with target completion
date in 2015. The key test for the conductor samples is the current sharing temperature, Tcs, at the nominal
operating field and current, i.e. the maximum temperature at which the conductors operate before developing
an electric field of 10 µV/m. All the TF samples fulfilled the ITER requirement of Tcs ≥ 5.8 K after 1000 load
cycles. The Tcs results have a broad scattering among the suppliers, from 5.8 K up to 6.6 K.
The assembly of the Nb3Sn based CICC samples (for TF and CS coils) is carried out at CRPP. The NbTi CICC
samples (for PF, CC and bus bars) are assembled at the suppliers, with a U-bend replacing the bottom joint.
The poor performance of some Main Busbar (MB) conductor samples, caused by poor sample assembly,
triggered the effort to assemble a MB sample at CRPP with solder filled terminations and a bottom joint. The
superior test results of the MB-CRPP sample, closely matching the performance assessment carried out using
3-D field distribution and n-index behaviour was a successful achievement of the last year of operation.
According to the Procurement Arrangement for the ITER coils, the winding companies must qualify the joint
and termination manufacture by SULTAN samples. The first joint sample tested in SULTAN was a TF joint
from EU, followed by a Correction Coil (CC) joint sample from China. Other joint samples are being
assembled in USA (Central Solenoid), in Russia (PF1) and in China (PF6).
All the ITER coils use the “twin box” design for joints, except the Central Solenoid. At the first test in
SULTAN of a twin-box TF joint sample in 2013, an unexpected resistance increase was observed after an
accidental dump of the SULTAN field, causing a large field transient parallel to the joint contact surface, with
large eddy currents and electromagnetic loads at the pressure-contact between strand bundle and copper plate
of the twin box. The resistance requirement for the TF joint was still fulfilled after the dump. The impact of
transient field on resistance and stability was investigated at an additional test campaign of the TF joint
sample, with intentional dumps of the SULTAN field.

B
Russian Federation is the initiator and active participant in development and building of International
Thermonuclear Experimental Reactor – ITER. The major element of ITER is its huge superconducting magnet.
Special superconducting cables and conductors had to be developed to satisfy very strict demands for such
conductors. A lot of Research and Development (R) works have been performed in Russia to create our own
production of superconductors, cables and conductors. Russian Scientific R Cable Institute (known by Russian
abbreviation as VNIIKP) has been participating in ITER project since 1993 both at the early stage of R and at
the following stage of Engineering Design Activity (EDA). Tests of several short samples at Sultan test facility
were crowned by successful testing of Toroidal Field (TF) and Poloidal Field (PF) insert coils performed in
Japan in 2001 and 2008 correspondingly. After many R works bow VNIIKP is actively implementing the final
production and delivery stage of cables and conductors. By 2009 the new and modern technological complex
has been accomplished to produce PF cables for both the Russian Federation (RF) and European parts and TF
conductors for RF part. The complex includes several productions such as chemical technology line, cabling
facility and jacketing line. In this review we present a short history of VNIIKP participation in ITER and our
current achievements, including some R results. The technology used and our production line are described in
some details.
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ITER is incorporating two types of In-Vessel Coils (IVCs): ELM Coils to mitigate Edge Localized Modes and VS
Coils to provide Vertical Stabilization of the plasma. Strong coupling with the plasma is required in order that
the ELM and VS Coils can meet their performance requirements. Accordingly, the IVCs are mounted on the
Vacuum Vessel (VV) inner wall, in close proximity to the plasma, just behind the Blanket Shield Modules
(BSM). Fitting the coil systems in between the BSM and the VV leads to difficult integration with diagnostics
and cooling water manifolds. This location results in a radiation and temperature environment that is severe
necessitating new solutions for material selection, as well as challenging thermo-mechanical analyses and
design solutions. Due to high radiation environment, mineral insulated copper conductors enclosed in a steel
conduit have been selected.
The project is being led and managed by the ITER Organization in close collaboration with the Chinese
Academy of Sciences (ASIPP) in Hefei, China, and with the Princeton Plasma Physics Laboratory (PPPL) in
Princeton NJ, USA. Prototype manufacturing has been completed by ASIPP. The aim was to develop suitable
manufacturing procedures and techniques necessary to fabricate the ELM and VS Coils, and to qualify
electrical and mechanical test procedures to meet the acceptance criteria. An extensive set of analyses to
evaluate the effects of the high temperatures and electromagnetic loads on the In-Vessel Coils has been carried
out at PPPL. The design of the IVCs has been finalized, and it takes into account the results from the prototype
manufacturing.
The procurement of the IVCs and their conductors will be done via direct call-for-tenders from the ITER
Organization and preparation has already started.
It is expected that the first call-for-tender will be launched in mid-2014 and the contract signed in early 2015.

This paper will give an overview of the detailed design and prototype manufacturing, procurement and
schedule for the In-Vessel Coils.
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A
ITER is a large experimental tokamak device being built to demonstrate the feasibility of fusion power. The
main scope of this paper is to report the status of the design and manufacturing activities of two major ITER
components, the ITER Vacuum Vessel (VV) and the Cryostat. Both components will provide the necessary
high-vacuum required in the case of the VV for plasma operation and confinement and to allow for cooldown
of the superconducting magnets to cryogenic temperature (Cryostat).
The design of the two systems has been developed by the ITER Organization (IO) with the support of many R
activities carried out by the Parties and is almost complete. Procurement Arrangements (PAs) with four
Domestic Agencies (DAs) have been signed to develop the manufacturing design and manufacture the
components of these systems. Some detailed design on specific components still needs to be completed.
Manufacturing contracts have been placed in 2010-2012 with many preparation and qualification activities.
The production of the full-scale VV sectors and cryostat sections has started in the four DAs with the
procurement of base materials and manufacture of mock-ups or full-scale components. Realistic
manufacturing schedules are being consolidated and the presently expected completion dates will also be
reported in this paper.

B
The ITER Vacuum Vessel (VV) is a torus shaped double wall structure and consists of nine sectors and several
ports. Main functions of the VV are to provide high vacuum for plasma operation and to protect radioactive
contamination as the first safety barrier. Korea Domestic Agency (KODA) has responsibility for procuring of
two sectors including the first sector which will be delivered before others. KODA contracted with Hyundai
Heavy Industries Co., LTD (HHI) to product the VV sectors and major ports.
The design and fabrication of the VV as nuclear equipment shall be complied with the RCC-MR code and
regulations of nuclear pressure equipment in France (ESPN). The manufacturing design has been developed to
fabricate the main vessel and port structures in accordance with the design requirements. All manufacturing
sequences including welding methods are also established to meet the demanding tolerance and inspection
requirement. The manufacturing design of Korean sectors has special design concepts to minimize welding
distortion such as self-sustaining support ribs and cup-and-cone type segment joints. Several mock-ups have
been constructed to verify and develop the manufacturing design and procedures. Qualifications for welding,
forming and NDE have been conducted to verify related procedures according to the requirement.
For fabrication of the VV sectors and ports, 3,000 tons of plates and forgings had been produced by European
steel companies and delivered to HHI. Four poloidal segments (PS) for the first sector are being fabricated
simultaneously in HHI factory. All inner shells were cut, bended and machined for welding. Welding and
NDE of inner shells for PS2 and PS4 are finished. To reduce schedule delay machining of forging blocks are
on-going in parallel. Some of machined blocks are welded on the inner shell by TIG and electron beam
welding.
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Fast ignition has high potential to ignite a fusion fuel with only about one tenth of laser energy necessary for
the central ignition. One of the most advanced fast ignition programs is the Fast Ignition Realization
Experiment (FIREX). The goal of its first phase is to demonstrate ignition temperature of 5 keV, followed by
the second phase to demonstrate ignition-and-burn. Relativistic fast electrons as the energy carrier, however,
unfavorably diverge at high laser intensities necessary for significant heating. This difficulty is overcome by
kilo-Tesla magnetic field collimating fast electrons towards a compressed fuel. Such super-strong field has
been created with a capacitor-coil target driven by a high power laser, and subsequent collimation has also
been demonstrated, suggesting that one can achieve ignition temperature at the laser energy available in
FIREX. Repetitive creation of fast ignition plasmas has been demonstrated together with the technology
development of high-efficient rep lasers and pellet injection, tracking, and beam steering.
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In 2009, after a complex start-up phase due to the necessity to carry out a re-baselining effort to fit in the
original budget while aiming to retain the machine mission, performance, and experimental flexibility,
detailed design of the project was begun. In 2012, with the majority of time-critical industrial contracts in
place, it was possible to establish a credible time plan, and now the project is progressing towards the first
plasma in March 2019. After focussed R and qualification tests, the procurement of the major components and
plant are now well underway. In the meantime the disassembly of the JT-60U machine has been completed in
2012.The assembly of JT-60SA started in January 2013 with the installation of the cryostat base, the first item
delivered from Europe, and continued in February 2014 with the installation of the three lower
superconducting equilibrium field coils. Winding of the TF coils winding packs started in July 2013 in EU. A
cold test facility for the TF coils has been installed at the CEA Centre in Saclay. The first TF coil will start tests
in 2015. The manufacture of the EF4, EF5 and EF6 coils has been completed. All Vacuum Vessel sectors will be
completed by April 2014 and their assembly will soon commence. The manufacturing of the cryostat vessel
body has now begun, with final delivery planned in 2017. Contracts for all Magnet Power Supplies are placed,
fabrication ongoing with the one for the Quench Protection System completed and their installation to
commence in 2014. On-site installation of the cryogenic system will be completed in 2015, and it will be
operational late in 2016. The dual frequency 110 and 138 GHz gyrotron has made significant progress towards
allowing EC heating (ECH) and current drive (ECCD) under a wide range of plasma parameters. Oscillations
of 1 MW for 10 s were successful at both frequencies in a world first for a dual-frequency gyrotron by
optimizing electron pitch factor using a triode electron gun. On the N-NB system, the pulse duration and the
current density of the negative ion source have been successfully improved from 30 s at 80 A/m2 in the
previous operation to 100 s at 120-130 A/m2. The paper will give an overview of the present status of the
engineering design, manufacturing and assembly of the JT-60SA machine.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

39 



Overview 3 / 104

Advance of H-Mode Physics for Long-Pulse Operation on EAST
Mr. WAN, Baonian 1; Prof. LI, Jiangang 2; Prof. GUO, Houyang 2; Prof. LIANG, Yunfeng 3; Dr. XU, Guosheng 2; Prof. GONG, Xianzu 4;

Mr. GAROFALO, A. M. 5

1 China
2 Institute of Plasma Physics, Chinese Academy of Sciences
3 Forschungszentrum Jülich GmbH, Germany
4 Insititute of Plasma Physics, Chinese Academy Sciences
5 General Atomics

Corresponding Author: bnwan@ipp.ac.cn

Since the last IAEA-FEC, significant progress has been made on EAST on both physics and technology fronts
towards the long-pulse operation of high-confinement plasma regimes. EAST has been upgraded with more
than 25 MW of CW heating & current drive power, along with 70 diagnostics, two internal cryopumps, an
ITER-like W monoblock top divertor and resonant magnetic perturbation coils, which will enable EAST to
investigate long-pulse H-mode operation with dominant electron heating and low torque input, which will be
facing challenges on some of critical issues on ITER. New information has been obtained on the physics of
L-H transition. Remarkable efforts have been made in mitigating type-I ELMs in a stationary state H-mode
plasma with multi-pulses of supersonic molecular beam injection (SMBI), LHCD, lithium granule and
deuterium pellet injection, as well as RMPs, thus potentially offering a valuable means of heat-flux control for
next-step long-pulse fusion devices. Long-pulse H-mode discharges with H(98,y2) ~1 have been obtained
either with ELM mitigation or in a small ELMy regime accompanied by a new electrostatic edge coherent
mode, which appears in the steep-gradient pedestal region and plays a dominant role in driving heat and
particles outwards. High peak heat load on the divertor due to type I ELMs, is reduced either by SMBI or
LHCD. We find that ELM mitigation with SMBI is due to enhanced particle transport in the pedestal,
correlated with large-scale turbulence and strongly anti-correlated with small-scale turbulence, while LHCD
induces edge plasma ergodization, broadening the heat deposition footprint. Challenges and progresses on
plasma control, effective H, plasma-wall interactions under long-pulse, high-heat flux and high-Z metal wall
conditions will also be presented.
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Since the initial long-pulse H-mode operation in 2012, the H-mode has been sustained longer and the
operational regime of plasma parameters has been significantly extended in KSTAR tokamak. The progress in
long-pulse operation is mainly due both to the increased NBI heating power of PNBI ~ 3.5 MW and the
advance in the shaping control which is not trivial with slow superconducting coils. In 2013 campaign, the
duration of H-mode phase has been extended up to 25 sec with 0.5 MA of plasma current and 3 MW of PNBI
and, in the coming campaign as main operational goal, it is expected to be extended up to more than 30 sec
using 5 MW of PNBI. In addition, in 2014 campaign, the long-pulse operation will be in accordance with ITER
requirement, i.e., in ITER similar shape, low safety factor and normalized beta (~2.0).
ELM suppression is discovered in wide range of coil configuration and the suppression window in the safety
factor q95 has extended from 6.5 to 3.9 depending on the configuration, i.e., q95~6.5 for n=1, q95~5.0 for the
mixed n=1 & n=2, and q95~4.0 for n=2 indicating the strong impact of resonant component on ELM
suppression. Significant progress has been on the investigation of the underlying mechanism on RMP
suppression using measurements of pedestal fluctuations and modeling of plasma response especially for n=1
case where field penetration is global and full response modeling is required including the sielding effect of
toroidal rotation.
Since the initial 2 segment measurements in 2012, detailed evaluation of error field (EF) has been performed
by 4 segment compass scan by measuring maximum current in middle internal coils for each quadrant. In
agreement with the previous measurements, the measured level of intrinsic error field is at order of 10-5 at the
magnetic axis, which is an order of magnitude lower than other tokamaks. Strong focus is on the extended
identification of detailed pattern of n=1 error field utilizing the full poloidal sets of internal coils and its
impact on the operational boundary is investigated especially for q95 range below three where effect of error
field is critical due to the locked mode and MHD activities.
Including above topics, the presentation will address the recent results on rotation & transport physics, newly
installed diagnostics, MHD activities and the future plan.
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28 GHz Electron Cyclotron Current Drive (ECCD) effect was clearly observed in Ohmically heated plasmas
with feedback regulation of center solenoid coil current in 2nd harmonic inboard off-axis heating scenario. In
non-inductive current drive experiments only by the 28 GHz injection, 54 kA plasma current was sustained for
0.9 s. Higher plasma current of 66 kA was non-inductively obtained by slow ramp-up of vertical field using
the 28 GHz ECH/ECCD. Non-inductive high-density/ current plasma start-up, which is a key issue for fusion
reactor design has been demonstrated using 2nd harmonic ECH/ECCD. Density jump across 8.2 GHz cutoff
density was observed in superposed 28 GHz / 8.2 GHz injections. The 50 kA plasmas were sustained by the 8.2
GHz injection into the 28 GHz target plasma if the stable plasma shaping was obtained.
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Magnetic reconnection allows highly-conducting plasma to change its magnetic topology in nuclear fusion
plasmas, such as sawtooth crash, internal reconnection event, and so on. Recent theoretical and numerical
works revealed that the presence of guide field (GF) greatly changes the collisionless reconnection in a
qualitative way. One of the essential changes is that electrons are efficiently accelerated near the X-point to
achieve high kinetic energy. Those fast electrons then cause secondary modification on reconnection
structure, sometimes involving excitation of waves by electron beam instability. In this paper, we report some
evidences of accelerated electrons in the UTST device, which provides well-controlled reconnection condition
with toroidal GF 20 times higher than the reconnection field.
During the non-steady reconnection process in the UTST, a sharp ring-shape emission was found near the
X-point. Toroidally accelerated electrons by reconnection electric field are supposed to ionize singly charged
carbon impurities in the middle phase of reconnection. The SXR from the X-point region was observed
simultaneously with the reconnection electric field. Generation of electron high energy tail up to 300 eV was
confirmed by comparison of SXR signals through various filters. The SXR emission showed almost linear
increasing trend with the toroidal GF when it exceeds the threshold value of GF ~ 0.12 T, suggesting that the
number of accelerated electrons is determined by the duration of electrons remaining near the X-point. As a
consequence, highly-efficient electron acceleration takes place in the magnetic reconnection with high GF
even though the released magnetic energy was not very large. In contrast, the ion flow acceleration was
observed only in the cases with reconnection electric field higher than 100 V/m. Thus, in the high GF case, the
released magnetic energy is mainly converted to the kinetic energy of bulk ions, which then is converted to
thermal energy; however, some electrons are effectively accelerated by the reconnection electric field to form
a high energy tail. The accelerated fast electrons could excite low frequency modes near the reconnection
region, which may cause bad influences on confinement property of tokamak plasmas.
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Development of commercially attractive project of a tokamak based fusion neutron source, intended for the
progress in fusion power reactor and fission technology, requires the possibility of plasma facing elements
(PFE) to steady-state operation under extremely high power loads.
Cooling of tokamak boundary plasma owing to radiation of none fully stripped lithium ions is considered as a
promising way for PFE protection. It may be effectively realized when the main part of lithium ions are
involved in the closed circuit of migration between plasma and PFE surface. Such power exhaust process may
be implemented with the use of in-vessel lithium device based on lithium capillary-pore system (CPS) as
plasma-facing material. CPS ensures the PFE self-regeneration during steady-state operation, provides the
returning of collected and condensed lithium to emitting zone that prevents lithium accumulation outside the
plasma interaction area.
Several types of limiters based on lithium CPS with different ratio of emitting/collecting area and collectors
for T-11M tokamak have been developed, created and tested with the aim of experimental substantiation for
the concept of lithium closed circulation loop, investigation of lithium behavior in tokamak plasma and
estimation of lithium CPS stability under high power flux.
Design and main experimental test results are presented and discussed for horizontal, vertical, longitudinal
lithium limiters and also for devices of lithium collection and extraction from the tokamak chamber -
ring-type collector, cryogenic target.

Poster 1 / 665

Developing and Validating Predictive Models for Fast Ion Relaxation in
Burning Plasmas
Dr. GORELENKOV, Nikolai 1; Prof. HEIDBRINK, William W. 2; Mr. LESTZ, Jeff 1; Dr. PODESTA, Mario 1; Dr. VAN ZEELAND, Michael 3;

Dr. WHITE, Roscoe 1

1 PPPL
2 USA
3 General Atomics

Corresponding Author: ngorelen@pppl.gov

The performance of the burning plasmas is limited by the confinement of superalfvenic fusion products, alpha
particles, resonating with the Alfvénic eigenmodes (AEs). Two techniques are developed to evaluate the AE
induced fast ion relaxation. Both rely on linear instability theory and are confirmed by experiments. The first
is the reduced quasilinear technique or critical gradient model (CGM) where marginally unstable (or critical)
gradient of fast ion pressure is due to unstable AEs. It allows the reconstruction of fast ion pressure profile and
computed their losses. The second technique is called hybrid that is also based on NOVA-K linear stability
computations of TAE (or RSAE) mode structures and growth rates. AE amplitudes are computed from the
nonlinear theory perturbatively and used in the numerical runs. With the help of the guiding center code
ORBIT the hybrid model relaxes the fast particle profiles. We apply these models for NSTX and DIII-D
plasmas with the neutral beam injections for validations. Both methods are relatively fast ways to predict the
fast ion profiles in burning plasmas and can be used for predictive modeling prior to building experimental
devices such as ITER.
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During operation on the tokamak T-11M it was achieved almost complete (up to 80%) closing of lithium
circulation circuit between the edge of hot (106K) plasma and the chamber wall. Lithium, emitted by the
vertical capillary Li limiter during operations of T-11M has been collected by the cryogenic target and
removed outside the tokamak vacuum chamber without disturbing of tokamak operation cycle, what is a key
requirement for use of lithium in a steady state tokamak-reactor. In T-11M it was tested a new functional
model of the prototype of closed lithium circuit for the protection of chamber wall by a simultaneous using of
the vertical lithium limiter T-11M as an emitter of lithium and new longitudinal lithium limiter as its
collector. Such technological scheme can be suggested for the steady state fusion neutron source (FNS) on the
tokamak basis.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

44 



Poster 1 / 144

Self Organization of High Beta_p Plasma Equilibrium with an Inboard
Poloidal Null Sustained by Fully Non-Inductive Current Drive in QUEST
Mr. MISHRA, kishore 1; ZUSHI, Hideki 2; Dr. IDEI, Hiroshi 3; Dr. HASEGAWA, Makoto 4; Dr. ONCHI, Takumi 4

1 Kyushu University
2 Riam Kyushu University
3 Research Institute for Applied Mechanics, Kyushu University
4 RIAM, Kyushu University

Corresponding Author: mishra@triam.kyushu-u.ac.jp

There is a considerable interest in operating tokamak at high value of beta_p , but maximum attainable beta_p
is limited by a equilibrium limit with appearance of a null point at the inboard side. Such configuration is
realized transiently earlier by Electron Cyclotron Waves, but in QUEST such equilibrium is stably produced in
steady state and its equilibrium properties are investigated. In QUEST, successful production of high beta_p
plasma (beta_p > 1) and its long pulse sustainment by fully non-inductive (NI) current drive with the help of a
modest power (< 100 kW) ECW is demonstrated. High beta_p plasma is formed by confining energetic
electrons produced by multiple resonant EC interaction in a high magnetic mirror configuration and high
Bz/Bt > 0.1. We found that (i) high beta_p plasma is naturally self organized to form a stable natural Inboard
Poloidal field Null (IPN) equilibrium, (ii) a critical beta_p, which defines the transition boundary from Inboard
Limiter (IL) to IPN equilibrium and (iii) a new feature of plasma self organization to enhance its negative
triangular shape to sustain high beta_p. With high beta_p formation, plasma naturally self organizes itself to
reduce the elongation as first observed in TFTR, which is also observed in the present case. However, we
found a new self organization feature, where plasma shape adjusts itself to becomes more negatively
triangular. This new feature overcompensates the diminution of beta_p due to the reduction in elongation. A
simple analytic solution of Grad-Shafranov equation is applied to investigate such aspect. The model supports
this facet which, predicts higher beta_p at larger negative triangularity. The boundary flux surfaces generated
through the model agree well with the measurements. The model is also in agreement with the critical beta_p
for IL to IPN transition, which is very well matched with the measurements. This result shows a relatively
simple method to produce and sustain high beta_p plasma close to the equilibrium limit in a stable
configuration exploiting its self organization property.
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The experimental comparison of the m=2 mode and plasma rotation velocities at the q=2 magnetic surface in a
range of the mode amplitudes is presented in this paper. The phase velocity of the mode rotation is measured
with a set of poloidal magnetic field sensors located at the inner side of the vacuum vessel wall. The plasma
rotation velocity at the q=2 magnetic surface in the direction of the mode phase velocity is measured with the
heavy ion beam diagnostics. In the presence of a static RMP the rotation is irregular that appears as cyclical
variations of the mode and plasma instantaneous velocities. The period of these variations is equal to the
period of the mode oscillations. In each period the velocities depend on the angular shift between the mode
and RMP. A non-monotonic dependence of the mode rotation irregularity on the mode amplitude is observed.
The rotation irregularity increases in both cases of sufficiently big and small amplitudes. In the case of big
mode amplitude the rotation irregularity of the mode coincides with the rotation irregularity of the resonant
plasma layer. On the contrary, the observed rise of the mode rotation irregularity in the case of sufficiently
small mode amplitude is not followed by an increase of the rotation irregularity of the resonant plasma layer.
It means that a decoupling between the mode and plasma rotations is observed for small islands. The
experimental results are simulated with the TEAR code based on the two-fluid MHD approximation. The
effects of plasma resistivity, viscosity, RMP and the current induced in the resistive vacuum vessel are taken
into account. The calculated irregularities of the mode and plasma rotation depend on the mode amplitude
similar to the experimental data. For large islands, the rotation irregularity is attributed to variations of the
electromagnetic torque applied to the resonant layer. For small islands, the deviations of the mode rotation
velocity from the plasma velocity take place due to the effect of finite plasma resistivity.
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Instabilities with poloidal and toroidal mode numbers m/n=1/1 remain an important concern for fusion in
toroidal plasmas. Sawtooth crashes can periodically reduce the central plasma pressure and fusion rate or
trigger more dangerous instabilities. Recent experimental results[1-3] have identified new types of 1/1 modes
around and inside the q=1 magnetic surface. Nonlinear full MHD numerical simulations with M3D and their
analysis[1,2,4,5] demonstrate that these modes are dynamic and strongly influenced by toroidal and nonlinear
mode coupling, effects that have been ignored in most nonlinear theories. As in experiment, multiple 1/1
structures can appear simultaneously around and inside q=1. They include long-lived 1/1 helical density
concentrations or ``snakes'' and a variety of internal kink like modes. Background plasma toroidal rotation is
important; 1/1 modes tend to rotate coherently with the plasma. Some snakes, such as those due to heavy
impurity ions, can form around q=1 without a magnetic island. The states tend to minimize the free energy,
since the 1/1 helical temperature develops opposite sign to the helical density, reducing the non-axisymmetric
pressure. Snakes can coexist with and partially stabilize periodic sawtooth crashes inside q<1.
At low resistivity, the 1/1 resistive internal kink and sawtooth crash are shaped by terms in the momentum
balance that are higher order in inverse aspect ratio, even at small r_1/R_o=1/10. The narrow Sweet-arker-like
reconnection layer of reduced MHD rarely develops. Instead, a fast crash phase driven by toroidal
nonlinearity, enhanced by these terms, matches experimental crash times and the observed temperature
redistribution. The crash does not follow the Kadomtsev sawtooth model because the density is not tightly
tied to the magnetic field lines. The higher order terms and mode coupling can affect other instabilities, such
as m>1 magnetic islands and plasma edge instabilities.

Work supported by the US DOE Office of Fusion Energy Sciences and SciDAC programs.
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The transport of fast, suprathermal ions as generated by neutral beam injection (NBI) is an important topic in
fusion research. In unperturbed plasmas the fast-ion transport is expected to be neoclassical, i.e. dominated by
collisions, while an anomalous transport is observed in the presence of instabilities. This anomalous fast-ion
redistribution must be investigated in detail because it may limit the heating and current drive performance in
future fusion devices and could even damage the first wall.
At the ASDEX Upgrade tokamak, fast ions are generated by up to 8 different NBI sources and their
distribution function can be measured by a comprehensive set of diagnostics: A multi-view fast-ion D-alpha
(FIDA) spectroscopy diagnostic, neutral particle analyzers, neutron measurements and fast-ion loss detectors
(FILD) permit studies in velocity space and real space.
A reduction of the central fast-ion density of up to 50% has been measured in experiments with strong
sawtooth activity. Outside the q=1 surface, a corresponding increase is observed while the FILDs show no
significant fast-ion redistribution to unconfined orbits. Simulations that assume flux aligned transport can
explain the radial shape of this measured internal fast-ion redistribution well, but they underestimate its
magnitude which could be explained by ExB drifts.
Measurements during strong activity of reversed shear Alfvén eigenmodes (RSAE) show significant
differences to neoclassical predictions. The observed radial fast-ion profiles are strongly flattened and
broadened compared to the predictions. Non-linear simulations of the RSAE-induced fast-ion transport using
the HAGIS/LIGKA code will be compared with the experimental data.
In MHD-quiescent plasmas, a clear change of the radial fast-ion profiles is measured when replacing on-axis
NBI with off-axis NBI. Neoclassical predictions are in very good agreement with this observation while
simulations that assume an anomalous transport of 0.5m2/s do not fit the experimental data. This is, however,
in contradiction with previous off-axis NBI current drive experiments that related the absence of a measurable
fast-ion driven current to a turbulence-induced fast-ion redistribution. New off-axis NBI current drive
experiments are, hence, being conducted to resolve this contradiction and the results of this investigation will
be discussed.
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Plasma self-organization is the frontier research area in plasma physics and its understanding is extremely
important for the construction of innovative fusion configurations. Emergence, an outcome of
self-organization, implies the appearance of certain large scale structures, forms or patterns, formed from a
large number of simple interactions of smaller parts of the system. Motivated by these requirements, we have
developed a framework (mathematical and computational), which, at the same time, makes choice of the
optimal wavelet for analysis of data, enables optimal prediction of the dynamics, quantifies stages of
self-organization and removes the effects of noise, when required [1]. It also includes the role of scales in the
process. A spatiotemporal data of the gyrokinetic Vlasov simulation results for the ion temperature gradient
turbulence, where the standard and the inward-shifted configurations of the Large helical Device are
considered in this study. Although fluctuations of the electrostatic potential for zonal flows exhibit
spatiotemporal chaos in both configurations, we show that self-organization is different in the two cases.
Specifically, we show that complexity is more intense in the standard configuration, however the increase in
time of complexity is higher in the inward-shifted configuration implying faster relaxation. These results are
shown to be consistent with the results of the analysis of the spatiotemporal chaotic dynamics in the two
configurations. We illustrate how this method may be used to test various confinement configurations in
order to achieve the optimal self-organization under given circumstances. We also analyze the ion-saturation
current measurements of three different confinement regimes, namely the L-mode, the H-mode and the
dithering H-mode, in the scrape-off layer of several devices. We show how self-organization in each of the
regimes may be compared and also how changes in configuration may be predicted. Finally, we discuss the
versatility of the method and other potential uses in the realm of fusion plasmas.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

49 



Poster 1 / 438

Fast-Ion Response to Externally Applied 3D Magnetic Perturbations in
ASDEX Upgrade H-Mode Plasmas
Dr. GARCIA-MUNOZ, Manuel 1; Mr. AKASLAMPOLO, Simppa 2; Dr. HERRMANN, Albrecht 3; Dr. HOELZL, Matthias 3; Dr.

JIMENEZ-RAMOS, M. C. 4; Ms. LAZANYI, Nora 5; Dr. LIU, Yueqiang 6; Dr. NOCENTE, Massimo 7; Dr. PACE, David 8; Dr. SHINOHARA,

Kouji 9; Dr. SUTTROP, Wolfgang 10; Dr. VAN ZEELAND, Michael 8; Dr. AKERS, Rob 11; Dr. STRUMBERGER, Erika 3; Dr. WOLFRUM,

Elisabeth 3; Dr. DE MARNE, Pascal 3; Dr. DUNNE, Mike 3; Dr. FERRARO, Nathaniel M. 8; Dr. FIETZ, Sina 3; Mr. GALDON, Joaquin 12; Dr.

GARCIA-LOPEZ, Javier 12; Dr. GEIGER, Benedikt 3

1 University of Seville, Spain
2 Aalto University
3 IPP
4 Univeristy of Seville
5 BME
6 CCFE Culham Science Centre
7 University of Milano-Bicocca
8 General Atomics
9 JAEA
10 Max-Planck-Institut für Plasmaphysik
11 CCFE
12 University of Seville

Corresponding Author: manuel.garcia-munoz@ipp.mpg.de

The fast-ion response to externally applied 3D Magnetic Perturbations (MPs) has been investigated on ASDEX
Upgrade (AUG) in H-mode plasmas with a wide range of collisionalities / densities and MP spectra. MPs have
little effect on kinetic profiles, including fast-ions, in high collisionality plasmas with mitigated ELMs while a
strong plasma (including fast-ions) response is observed in H-mode regimes with low collisionality / density
and low q95.
Multiple, absolutely calibrated, fast-ion loss detectors (FILDs) located at different toroidal and poloidal
positions measure significant changes in escaping ion phase-space when MPs are applied. Fast-ion losses can
be up to an order of magnitude larger with MPs than the nominal NBI prompt losses measured without MPs.
The application of the 3D fields is followed by a rapid rise (within ms) of the associated fast-ion losses while
the measured fast-ion losses exhibit a slow decay, ~100 ms, down to the nominal NBI prompt loss level, after
the MP coils are switched off. The heat load associated to the MP induced fast-ion losses have been measured
with infrared cameras imaging the divertor as well as FILD and the surrounding first wall. The measured heat
load can be up to 6 times larger with MPs than without MPs. The impact the 3D fields have on the confined
fast-ions have been monitored by means of Fast-Ion D-Alpha (FIDA) spectroscopy. FIDA measures an
enhancement of the fast-ion content in plasma with a visible impact on the gradients of the fast-ion profiles
when RMPs are applied and density pump-out is observed. A strong fast-ion response is typically
accompanied by an apparent displacement of the outboard separatrix, 1-3 cm, as measured by Beam Emission
Spectroscopy (BES) that modifies significantly the NBI deposition profile. The accurate fast-ion measurements
presented here are used to test models of 3D fields using full orbit simulations. The perturbed equilibria are
calculated in vacuum, using the 3D free boundary VMEC / NEMEC code as well as including the plasma
response with the M3D-C1, MARS-F and JOREK codes.
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A flute mode is the most dangerous instability in an open system such as the GAMMA10 tandem mirror. So
how to stabilize the flute instability is an important problem. This paper studies the stabilizing effects of the
ExB shear flow on a flute instability in the Cartesian geometry by the particle simulation and in the
GAMMA10 magnetic field by the reduced MHD simulation. The particle simulation uses the (2 and 1/2)
dimensional electrostatic implicit code with 128x128 meshes. Ions (electrons) are distributed to have the step
functional density profile in x and the ions (electrons) flow in the y-direction with the ExB drift shear as an
initial condition. The gravitational acceleration force g is applied in the x-direction. It was found that the flute
mode was always unstable to the step functional density profile in x, where conducting boundary condition in
x and the periodic boundary condition in y were adopted. The shear flow can excite the Kelvin-Helmholtz
(K-H) instability which is stable in the uniform shear flow. A flute instability was transformed into a K-H
instability after linearly growing phase. Whether the system is unstable to a flute mode depends on whether
the excited K-H mode has an enough power of collapsing the system. It was newly found the suppression
condition of plasma collapse (or the stability condition of secondary instability) with discontinuous density
step under the uniform shear flow. The flute instability under the shear flow in GAMMA10 was investigated
by using the reduced MHD code. Here the centrifugal acceleration of ions resulting from a magnetic field line
curvature is included in the radial dependence of magnetic field line specific volume in the code. The shear
flow is inputted initially by the equilibrium dynamic plasma vorticity and the resultant electrostatic potential.
The reduced MHD simulation adopts the smooth radial pressure profile as an initial condition with uniform
azimuthal shear flow. It was found that the linear growth rate of a flute instability was decreased by the ExB
shear flow, so that the linear stability analysis was applicable in the smooth pressure radial profile. The
reduced MHD simulation found that the flute instability was stabilized by the ExB shear flow in the linear
phase. So it was newly determined the stability condition of the flute instability by the ExB uniform shear
flow in GAMMA10.
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The drift-wave turbulence responsible for anomalous transport of energy and particles in tokamak plasma is
widely studied nowadays both experimentally and in theory. An interesting and important prediction of the
numerical approach based on full-f gyrokinetic modeling is statistical inhomogeneity of
trapped-electron-mode turbulence typical for ohmic discharge. Though the radial variation of the mean
turbulence characteristics is well known to the experimental community the data on their poloidal
dependence are rare. In this paper we address the problem using radial correlation reflectometry (RCR)
technique utilizing simultaneous microwave plasma probing at different frequencies in the presence of a cut
off and based on correlation analysis of backscattering signals. Oblique plasma probing as a method to cope
with contribution of small angle scattering off long scale turbulence component have been justified recently. It
was proved that the radial correlation Doppler reflectometry (RCDR) version of the diagnostic provides a way
for determination of the turbulence radial wave number spectra and its detailed investigation.
Following this approach the RCDR scheme in the 50-75 GHz frequency range from high magnetic field side
have been assembled and detailed measurements in different poloidal octants were performed in FT-2 ohmic
hydrogen and deuterium discharges. The turbulence parameters were measured at variable incidence angle
(±10-30 degrees) corresponding to different turbulence poloidal wave numbers (6-16 cm-1) and frequency
changing from 50 kHz to 400 kHz. The cut-off layer minor radius was varied in the range from 3 to 6 cm. Both
frequency resolved and integrated RCDR CCFs were determined. The correlation length corresponding to the
frequency averaged CCF is smaller than that, obtained in the Doppler shift frequency thus leading to its
underestimation. A new antennae set from low field side and interferometer antennae are utilized for other
poloidal octants. As a result of measurements using these antennae the variation of radial correlation length
from 0.25 cm to 0.45 cm when moving from high-field side to low-field side of the torus was demonstrated in
agreement to the results of gyrokinetic modeling performed with ELMFIRE code. A well pronounced excess of
the turbulence correlation length in deuterium over its value in hydrogen discharges was shown.
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In the present paper the results of integrated modeling of Globus-M tokamak plasma with the help of recently
coupled core transport code ASTRA and edge transport code B2SOLPS are presented. In the modeling taken
into account are the neoclassical transport, auxiliary heating and current drive by the NBI, 2D drift fluxes,
currents and electric field in the edge plasma in a real geometry of magnetic flux surfaces and first wall
constructions of a spherical tokamak. It is demonstrated that the modeling results are in a satisfactory
agreement with laser and probe measurements and fast neutral particle analyzer and neutron analyzer signals
for various plasma current values both in ohmically heated and NBI-heated discharges. The dependence of the
scrape-off layer structure and the heat loads to the divertor targets on the plasma current and the discharge
power is investigated. It is found that the heat flux decay length agrees with a predictions of the scaling
[T.Eich et al., Phys.Rev.Lett., 107, 215001 (2011)] stemming from a large multi-machine experimental database.
Thus this scaling passed through the tests versus experimental data from a small spherical tokamak with small
magnetic field, plasma current and power, and the database is expanded correspondingly.
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Current drive by lower hybrid waves (LHCD) is the most effective method to keep the plasma current, but it is
feasible only at the plasma density not exceeding some density limit n_DL. In the present work the main
attention is paid to investigation of this effect on the FT-2 (R=0.55 m, a=0.08 m, B_T ≤ 3T, I_p=19÷40 kA, f_0 =
920МHz) tokamak. The dependence of LHCD efficiency on isotopic plasma content (hydrogen/deuterium) is
studied. On the FT-2 tokamak, where a large experience has been accumulated in the area of plasma – LH
wave interaction observation, the long-continued experimental run on LHCD efficiency study has been
realized. Characteristic features of such experiment are strong influence of the isotope plasma composition on
the LH resonance density nLН. For hydrogen plasma n_LН ~ 3.5 10^13 см^-3, whiles for deuterium n_LH ~
10^14см^-3. The suppression of the LHCD and beginning of the interaction of LH waves with ions is
controlled by the hydrogen/deuterium plasma density rise. In the hot hydrogen plasma (Te(r=0cm) ≈ 700eV)
the density limit n_DL of LHCD is approximately equal to the resonance value n_LH at which the interaction
of the LH wave with the electron component is replaced by direct absorption by plasma ions (nLH≈ nLC
=3.5•10^13 cm^-3 is the point of linear conversion). In the hot deuterium plasma one could expect an increase
of nDL because of a much higher value of n_LH ≥ n_LC ≈ 10^14 cm^-3. However it appeared that the
observed density limit for LHCD generation n_DL ≈ (3.5÷4)•10^13 cm^-3 is not determined by nLC. Role of
parametric instabilities in CD switch-off is considered in both cases. The cooling of the plasma column and
density rise could lead to a reduction of the threshold for the parametric decay of f0 and result in the earlier
suppression of LHCD. In both cases the LHCD was inversely proportional to the density, which corresponds
to the theoretical predictions. In order to analyze the experimentally observed effects the GRILL3D and FRTC
codes have been used. The important role of the synergetic effect caused by the interaction of different
spectral components of the excited RF waves was revealed. Next step of LHCD modeling is devoted to a
dynamic modeling of LHCD plasma shots at rather low plasma densities = 0.5 ÷ 2•10^13 cm^-3, when role of
runaway electrons is significant at the FT-2 conditions.
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In this paper, the quasilinear version of the current evolution equation in the presence of ETG turbulence in
the tokamak pedestal region is written down. It has been shown that the current drive has to fight the
conventional resistive dissipation mechanism as well as new dissipation mechanisms, such as a turbulence
driven hyper-resistivity coefficient associated with the ETG turbulence. It is likely that the ETG turbulence
tends to saturate at amplitudes much larger than what the mixing length theory would predict, primarily
because of nonlinear radial streamer like mechanisms, which encourage big radial steps across the magnetic
fields and give appropriate and reasonable magnitudes of the cross field transport due to this instability. We
have used these saturated ETG turbulence levels to estimate the magnitudes of the spontaneous source of
toroidal current injection as well as the anomalous hyper resistivity coefficient. These estimates of turbulence
driven current are compared with the background bootstrap current in the pedestal region. It is concluded that
significant modification of the equilibrium currents as well as current profiles may arise in the pedestal region
as a consequence of the turbulent injection of current in the basic pedestal plasma.
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Results of studying the abnormal microwave emission (ME) arising under ohmic heating (OH) of the
moderately dense plasma and generation of the low-hybrid current drive (LHCD) in the FT-2 tokamak are
presented. The ME appearance is due to the «fan» instability development and the substantial local magnetic
ripples existence. It was found that the ME arises continuously during OH in the frequency range (10 –
40)GHz and is accompanied by short, «gaint» flashes, which are greatly larger than the pedestal and have the
narrow frequency spectrum. The synchrotron emission (SE) growth and less intensive flashes appear also in
the range (57-75)GHz. As known they arise under the maser amplification of SE during interaction of AE with
harmonics of magnetic ripples in the electron cyclotron autoresonance. Owing to the non-linear
transformation of excited electron plasma waves into electromagnetic ones collective emission, CE, appears. It
becomes possible the maser amplification of both SE and CE . The less intensive ME flashes arise apparently
in the SE maser amplification only. The «gaint» flashes may be initiated under suitable conditions by
transition of the maser – amplifier into the self–excitation regime, when the short powerful flashes of
low-frequency coherent ME are generated. The plasma HF-pumping at the low-hybrid frequencies during the
quazistationary OH stage provides the effective LHCD. The first high fast electron heating from 300 eV up to
550 eV at Phf = 90 kW was registered in this regime together with the radiation losses growth due to the SE
intensity increase in the (53-156)GHz range. It was accompanied by short ME spikes of the maser nature
observed in the more narrow frequency range (53 ÷ 78)GHz. The such ones were observed earlier under the
plasma OH. It is possible this additional electron heating is due to the SE and spikes of ME absorbtion in the
black plasma layers.
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A new kind of energetic particle driven geodesic acoustic mode (EGAM), which has weak bulk plasma
temperature dependence of frequency, has been found in the Large Helical Device (LHD) experiments. In this
work, the new kind of EGAM is investigated with a hybrid simulation code for energetic particles and
magnetohydrodynamics (MHD). It is demonstrated that the new EGAM in the simulation results has weak
bulk plasma temperature dependence of frequency, which is in contrast to the traditional EGAM whose
frequency is proportional to the square root of bulk plasma temperature. Three conditions are found to be
important for the transition from the traditional EGAM to the new EGAM: 1) energetic particle pressure
substantially higher than the bulk plasma pressure, 2) charge exchange time (tau_cx) sufficiently shorter than
the slowing down time (tau_s) to create a bump-on-tail type distribution, and 3) bulk plasma density is low
enough.
The energetic-particle distribution function is characterized by the tau_s = 8 s and tau_cx < 1 s. The energetic
ion inertia term is added into the MHD momentum equation to simulate with energetic particle density
comparable to the bulk plasma density. In addition, a Gaussian-type pitch angle distribution is assumed for
the energetic ions. Linear growth properties of the new EGAM are investigated. It is found that the new
EGAM frequency increases as the central value of the Gaussian pitch angle distribution decreases, where
smaller pitch angle variable corresponds to higher parallel velocity and higher transit frequency. This
indicates that the frequency of new EGAM is significantly affected by the energetic particle transit frequency,
and the new EGAM is a kind of energetic particle mode (EPM) whose frequency is determined by the
energetic particles. Furthermore, the frequency depends on energetic particle beta value (beta_h) and tau_cx.
Growth rate of new EGAM increases as beta_h increases similarly with other energetic particle driven
instabilities, but the frequency increases as beta_h increases. For higher beta_h, the effect of energetic particles
is enhanced to make the frequency closer to the energetic-particle transit frequency. Moreover, shorter tau_cx
causes higher growth rate and frequency, because more particles exist in the high-energy region of phase
space.
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Tokamak Globus-M
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The development of quasi-stationary methods of non-inductive current drive in plasmas of spherical tokamaks
is extremely important for their using in thermonuclear devices. Specific properties of spherical tokamaks
provide the possibilities the current drive by the waves of intermediate frequency range slowed down in
poloidal direction. This approach, developed theoretically in the Ioffe Physical-technical institute and
described in [1], is used now in LHCD experiments on the low aspect ratio tokamak Globus-M (R=0.36 m,
a0=0.24 m, B0=0.4 T, Ip=0.2MA, elongation – 1.8, triangularity – (0.4-0.5), n0 = (3-5)•1019m-3, nb=1•1017m-3,
Te0=400-800 eV). The grill consists of 10 waveguides with inner cross-section 90x10mm. The waveguides are
oriented so that the electric RF fields on the fundamental waveguide mode TE10 were co-directed with
poloidal direction in the tokamak. Numerical simulation confirms the quite good efficiency of current drive.
The first experimental results are presented for input power level of 100 kW (2.45 GHz).The value of generated
current is estimated by the drop of loop voltage as 20-40 kA.

[1] E.Z. GUSAKOV, V.V.DYACHENKO et al. PPCF, 52, (2010), 075018
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Progression from low (LR) to high recycling (HR) was observed in full non-inductive long duration discharges
up to 5 minutes on QUEST. Transitional repetitive behavior between LR and HR was induced by periodic gas
puffing and the period to recover to LR, tau_rec, was gradually prolonged. The period, tau_rec normalized by
gas rate has a linear relation to time-integrated H_alfa. As the prolongation of tau_rec was also induced by
higher gas rate even in the start-up phase, the value of tau_rec is an index of the amount of recycled
hydrogen. The experimental observation indicates hydrogen recycling rate is dominantly depending on
hydrogen fluence to the wall. To understand the dependence, deuterium storing capability of the specimen
exposed to QUEST plasmas during an experimental campaign was investigated by implantation of deuterium
molecule ions of 1keV and subsequent thermal desorption spectrum (TDS) as a post-mortem analysis. The
important desorption in the obtained TDSs appeared around 420 and 470K, and these peaks can be
reconstructed by a model including diffusion, recombination, trapping, and plasma induced desorption. The
model calculation was applied to the QUEST long duration discharges and shows that recycling ratio has a
clear dependence on fluence and the fluence in the QUEST long duration discharges is sufficient to make a
saturation in recycling ratio of unity. These results indicate that hydrogen recycling has the capability to
provide a clear effect on plasma in long duration discharges and the progression is driven by enhanced
hydrogen recycling with high fluence to the wall.
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Turbulent Electromagnetic Filaments in Toroidal Plasma Edge
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Filament or blob structures have been observed in all magnetic configurations with very similar features
despite the difference in the magnetic geometry: theory and experiments suggest they exhibit a radial
convective motion across the SOL, and the interest in blob dynamics is further motivated by their interaction
with first wall and divertor.
Despite their different generation mechanism, turbulent structures and Edge Localized Mode (ELM) filaments
share some common physical features, as the localization in the cross-field plane and the associated parallel
current, with a convective radial velocity component somehow related to their dimension.
The electromagnetic effects on filament structures deserve particular interest, among the others for the
implication they could have for ELM, related for instance to their dynamics in the transition region between
closed and open field lines or to the possibility, at high beta regimes, of causing line bending which could
enhance the interaction of blobs with the first wall.
Electromagnetic features of turbulent filaments, emerging from turbulent background, will be shown in four
different magnetic configurations: the stellarator TJ-II, the Reversed Field Pinch RFX-mod, a device that can
be operated also as a ohmic tokamak, and the Simple Magnetized Torus TORPEX. In all cases, direct
measurements of both field-aligned current density and vorticity were performed inside the filament. Despite
the great specific differences, the inter-machine comparison revealed a clear dependence of the filament
vorticity upon the local time-averaged ExB flow shear. Furthermore the wide range of local beta that was
explored through the four mentioned configurations allows concluding that this parameter plays a
fundamental role in the appearance of the electromagnetic features of filaments, suggesting an underlying
common physics.
The RFX-mod experiment versatility is exploited also from the point of view of the active control of the edge
magnetic topology focusing on the filament interaction with local magnetic island. High frequency
fluctuations, characterizing electrostatic and magnetic filament features, have been observed to be affected by
the island proximity. This observation hints at the challenging possibility of active control of filaments and
their related transport by modulating the local magnetic topology.
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Investigation of a Phenomenology of the Improved Confinement Regime
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Regimes of discharge of improved plasma confinement were found in the experiments with a vertical lithium
limiter on T-11M tokamak, which was manifested in spontaneous growth of the electron density up to the
limit Greenwald and above. Previously, such modes arising after chamber lithiization were observed in the
tokamak FTU. The analysis of data obtained in T-11M has showed that this regime of improved confinement
is differed from the ordinary mode (L-mode) by the sharp profile of the plasma density N_e(r), relatively high
values of N_e(0) in the center and ordinary density values N_e(a) in the edge of plasma, as if there is an
internal transport barrier in the center. Another visible difference of this mode from L-mode is a significant
increase of soft X-rays power from the center, while maintaining or even reducing Z_eff(0). In the central
region of plasma the lifetime of particles is increased by approximately twice. The energy lifetime is increased
by 30-40%. Major differences of the regime of improved confinement from remarkable limiter H-mode
observed in T-11M, for example, after boronization are peaking of the density profile, absence of active ELMs
and collection of impurities in the plasma center. An analogy of such regimes is carried out with previously
detected on the Alcator C-Mode I-mode.
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AUG became a full tungsten experiment in 2007. At this time all plasma facing components have been coated
with tungsten. To overcome the disadvantages of the coating - i.e. delamination of thick coatings, fast erosion
of thin coatings in particular in the high heat load regime – we started to prepare a new outer divertor with
solid tungsten at the outer strike line in 2010. The Div-III design was verified by extensive FEM calculations
and high heat load testing of the target and its clamping structure in the test facility GLADIS. The Div-III
concept was approved early in 2012 and the new divertor Div-III was installed in 2013.
The redesign of the outer divertor geometry was a chance to increase the pumping efficiency in the lower
divertor by increasing the gap between divertor and vessel. This increases the conductance between roof baffle
and cryo-pump that is located behind the outer divertor. We expect that this results in a lower collisionality in
the outer scrape-off layer and consequently in a better overlap between AUG, JET and ITER SOL parameters.
To keep the option for operation with high SOL densities, a by-pass valve was placed into the cryo-pump
allowing to operate AUG with full or 1/3 of the pumping speed.
Safe divertor operation and heat removal becomes more and more significant for future fusion devices. This
requires to develop ‘tools’ for divertor heat load control and to optimize divertor technology and geometry.
Whereas the heat load receiving capability of target concepts can be tested in high heat load test facilities such
as GLADIS in Garching, the target behaviour under plasma conditions has to be investigated in a fusion
experiment. Here, the new divertor manipulator, DIM-II, offers a bunch of possibilities. DIM-II allows to
retract a two target wide part of the divertor into a target exchange box without venting AUG. Different ‘front
ends’ can be installed and exposed to the plasma. At present, front ends for probe exposition, gas puffing,
electrical probes and actively cooled prototype targets are under construction.
The installation of solid tungsten, the control of the pumping speed and the flexibility for divertor
modifications on a weekly base is a unique feature of AUG and offers together with the extended set of
diagnostics the possibility to investigate dedicated questions for a future divertor design.
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The internal kink modes associated with sawtooth oscillations can produce a redistribution of the energetic
particles population, thus modifying the power deposition profile and increasing particle losses and wall
loading. We study the effect of internal kink modes on the confinement of alpha particles and neutral beam
ions by following the trajectories of a large number of particles in the total electric and magnetic fields, sum of
the equilibrium plus the perturbation. The equilibrium is a simple analytical solution of the Grad-Shafranov
equation with ITER like parameters and q_axis less than 1. To calculate the perturbed fields we use the
experimental information regarding the space and time dependence of the displacement eigenfunctions
corresponding to the modes condsidered and ideal MHD. A redistribution parameter is introduced to quantify
the displacement of the particles from their initial flux surface. The effect of the (1,1), (2,2) and (2,1) modes is
studied for different particle energies and mode frequency and amplitude. The results show that, for energies
below 1 MeV, the redistribution can have a strong dependence on the particle energy and mode frequency.
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Experiments on impurities removal with central ECR heating on T-10 were carried out with various plasma
parameters. CXRS and Zeff measurements show removal of carbon nuclei from plasma during central ECRH.
There is a complex of high-power gyrotrons for ECRH experiments on T-10. Spectroscopic diagnostics of T-10
allows to measure carbon concentration by CXRS diagnostics [1] and to measure effective ion charge (Zeff)
radial distribution from bremstrahlung intensity with subtraction of background molecular linear spectra.
Radial distribution of C+5 passive line intensity was measured simultaneously with CXRS measurements. This
linear radiation allows to estimate ionization flux from C+5 into C+6 ions for calculation of C+6 particle
confinement time τparticle:
Value of τparticle can be successfully defined only for impurities with relatively high Z (like carbon) due to
the ionization flux into the nuclei in toroidal and poloidal coordinates for carbon impurity is homogeneous in
T-10 conditions.
Carbon confinement time in OH regimes rises with increasing of line averaged electron density and
decreasing of plasma current. In ECR heated regimes with PECR=1 MW one observes sharp decrease of
carbon confinement time to a value τparticle≈23 ms, which is almost the same for various plasma parameters
within the error limits.
The most contrast fall of τparticle is observed at high plasma densities when one observes sharp decrease of
total carbon concentration during central ECRH, although carbon ionization flux in ECR regimes is about
twice higher than in OH plasma.

Work was carried out by "Rosatom" 13.05.2013 № H.4x.44.90.13.1101
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The auxiliary Heating and Current Drive systems of the T-15upgrade tokamak are presented. The NBI system
will consist of three hydrogen NB injectors 6 MW total power at pulse duration up to 30 s. The ECRH and CD
system will consist of 7 gyrotrons 6 MW total RF launched power at pulse duration up to 30 s. The LHH and
CD system will be able to launch 4 MW RF power with 30 s duration.
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A new approach to realize steady state tokamak operation SSTO has been demonstrated in QUEST with all
metal wall baked at 100°C. Using particle flux perturbations driven by particle source H2 and plasma-wall
interaction PWI the system functions of processes of retention and release into/from the wall are determined
both in time and frequency domains. The system function for the particle circulation has been determined by
perturbation technique and independent measurement of partial pressure and permeation flux. The temporal
evolution of system function, especially very low frequency component, must be controlled in order to sustain
the steady-state discharge.
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Owing to the active researches of intermediate regime which is known as limit cycle oscillation (LCO) regime,
it is important to investigate oscillations of velocity of zonal flows, plasma density and magnetic field
simultaneously. The geodesic acoustic mode (GAM) investigations using multi-diagnostic were carried out on
the spherical tokamak Globus-M (R = 0.36 m, a = 0.24 m, Ip = 150 kA, BT = 0.3 T). Variation of GAM intensity
showed features of LCO regime. The key implement for researches was a method of Doppler microwave
backscattering, or Doppler reflectometry (DR). The diagnostic consisted of two Doppler reflectometers, which
were apart in poloidal direction. Oscillations of plasma density at GAM frequencies were investigated using
electrostatic probes and detectors of Dα intensity emission, which were detected at different lines of sight.
Structure of magnetic field perturbation has been investigated using poloidal and toroidal Mirnov probe
arrays. Correlation analysis shown that the structure of ExB velocity oscillations had corresponded to n=0,
m=0. The main structure of density fluctuations at GAM frequency had n=0, m=0 mode numbers. Besides the
n=0, m=1 component is also presented. The mode structure for magnetic field disturbance was established. To
interpret an origin of plasma density global perturbation at GAM frequency plausible model was suggested.
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Both in the tokamak and the reversed-field pinch (RFP), new finds show that the high density limit, which
often disrupts tokamak discharges and slowly terminates RFP ones, is not governed by a unique, theoretically
well-determined physical phenomenon, but by a combination of complicated mechanisms involving two-fluid
effects, electrostatic plasma response to magnetic islands and plasma-wall interaction. In this paper we will
show that the description in terms of the unique "Greenwald density" nG = Ip/pi a^2 should be reinterpreted
in terms of edge critical density, and related to the amplitude of the equilibrium magnetic field, the resonance
of islands next to the edge, and input power. Recent results in FTU point out that in discharges with a variable
density peaking the line-averaged central density scales as n0 ~ B^1.5, which is a scaling with the magnetic
field. The usual Greenwald-like scaling nedge = 0.35 nG holds for the edge density. The density limit depends
also on the input power: recent experiments in the RFX-mod RFP with a lithized wall show that the central
density increases linearly with the ohmic input power and that larger densities can be accessed, for the same
input power, with better wall conditioning. An important point to raise is the role of the thermal instabilities
in setting the environment for the development of the density limit: in both machines, FTU and RFX, the
density limit is associated with the appearance of the multifaceted asymmetric radiation from the edge
(MARFE), which is triggered by MHD activity (m/n=2/1 in FTU and 0/1 in RFX). In the RFX case, the MARFE
is also linked to a well-defined flow pattern. In fact, the 0/1 island, which resonates at q = 0 in the RFP edge
(r/a = 0.9), is destabilized at high density, and generates an electrostatic response in the form of a convective
cell, with the same 0/1 symmetry. The toroidal flow reverses direction along the toroidal angle, with the
formation of two null points of v_phi (or, equivalently, radial electric field Er): a source and a stagnation
point, with the latter corresponding to the toroidally localized MARFE.
The association between flow patterns and MARFE can be tested in FTU, by investigating the effect of ERCH
on the MARFE and the density peaking. Initial results, on FTU as well as in ASDEX, indeed show a
dependence of the disruption phenomenology on the ECRH.

Poster 1 / 436

Analysis of Plasma Behavior in the Localized Non-Axisymmetric B
Region of the GAMMA 10 Tandem Mirror
Dr. ISLAM, Md. Khairul 1; Prof. NAKASHIMA, Yousuke 2; Prof. YATSU, Kiyoshi 2

1 Bangladesh Atomic Energy Commission
2 Plasma Research Center, University of Tsukuba, Tsukuba, Ibaraki 305-8577, Japan

Corresponding Author: khairulislam@yahoo.com

Ion current in ion drift direction as well as the plasma shift in that direction in the localized non-axisymmetric
magnetic field region of the anchor cell of the GAMMA 10 tandem mirror were measured. In addition,
electron current perpendicular to the ion drift direction was found in this region. To understand these plasma
behaviors, relevant kinetic properties of plasma particles are analyzed numerically. Numerical analysis
indicates that the ion drift due to the non-axisymmetric magnetic field and electron displacement due to small
angle Coulomb scattering during passing through drifted ions are the possible candidates of the observed
plasma phenomenon.
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Behavior of the fast particle population, arising during 20-30 keV hydrogen and deuterium neutral beam
injection in the hydrogen and deuterium plasmas, is investigated. Experiments revealed large fast ion losses.
Experimental results are confirmed by different types of modeling: simulation with the NUBEAM module,
solution of Boltzmann kinetic equation with Landau collision term and full 3D fast ion tracking algorithm.
Dynamics of the energetic particle losses during the sawtooth oscillations and Alfven eigenmodes is
investigated. Losses, induced by these instabilities, may exceed 25%. A way to decrease fast ion losses in
present conditions is shown. Modeling for the Globus-M2 tokamak is performed. Simulations predict essential
improvement in the fast ion confinement.
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Zonal flows and their high-frequency counterpart, the Geodesic Acoustic Modes (GAMs) are considered as a
possible mechanism of the plasma turbulence self-regulation. The paper presents the results of the systematic
study of GAM properties in the T-10 tokamak with heavy ion beam probe (HIBP) in the core and with
multipin Langmuir probes in the edge. It was shown that GAM has radially homogeneous structure of the
global eigenmode. The radial distribution of GAM frequency f_GAM is almost uniform, in spite of the
temperature dependence on the radius. However, f_GAM grows with the radially averaged electron
temperature approximately as T_e^1/2. The GAM amplitude also shows a tendency to be almost constant over
the whole observed radial area in the plasma. The typical amplitude of GAM potential oscillations is ~ 20-80
Volts on the background of steady state values of potential up to -1 kV. GAMs are more pronounced during
ECRH, when they have the main peak at 22-27 kHz and the higher frequency satellite peak at 25-30 kHz. GAM
characteristics and limits of GAM existence were investigated as functions of density, magnetic field, safety
factor and ECRH power. It was found that GAMs are suppressed with the density increase. The phase shift
between the oscillations of potential and density was about π/2. The poloidal mode number for GAM
associated potential perturbation is estimated as m=0 for the whole observed radial interval. The constancy of
the GAM frequency with radius is in agreement with recent theoretical findings, which predicts that global
GAM (GGAM) can exist in typical tokamak discharges with positive magnetic shear and monotonic
temperature profiles. Eigenfrequency of GGAM is constant over the radius in contrast with frequency of
GAM continuum.
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An intensive programme has been started in the EU, aiming at a more and more refined selection of the
DEMO design. The general strategy adopted consists in developing two DEMO concepts in parallel: a pulsed
tokamak, characterised by rather conventional physics and technology assumptions (DEMO1) and a
steady-state tokamak, with moderately advanced physics and technology assumptions (DEMO2). The physics
assessment part of this programme involves three main steps: i) the analysis of the general physics guidelines
of a tokamak DEMO; ii) the search for optimum working points, performed by means of systems codes, i.e.,
0-D codes combining both physics and technology constraints; iii) space and time dependent simulations of
plasma scenarios, performed by means of integrated modelling codes with various levels of assumptions. In
this last area of work, a coordinated effort has been undertaken at the EU level, as an EFDA Task Agreement
during 2012 and 2013. The general goal of this Task was the analysis of working points produced by the
systems code PROCESS for both DEMO1 and DEMO2 by means of various integrated modelling codes.
Iterations between systems codes and scenario modelling should eventually converge to the definition of
optimum working points that are consistent with the physics guidelines. The main results of this work on
scenario modelling are reported here. The computational tools used for these studies are:
- The 0.5-D integrated modelling code METIS
- The coupled core-edge code COREDIV
- The 1.5-D integrated modelling codes ASTRA, JINTRAC and CRONOS
Starting from the 0-D outputs of the PROCESS code for both DEMO1 and DEMO2 working points, the
following steps have been performed:
- test of the consistency of the PROCESS working points by exploratory runs of METIS. Iterations with
PROCESS in order to improve the working points
- assessment of density and temperature profiles consistent with the reference working points and with
first-principle particle transport models (TGLF, GLF23), by ASTRA
- assessment of impurity and radiation profiles consistent with the reference working points and with suitable
impurity transport assumptions by COREDIV
- global scenario assessment by 1.5-D simulations with JINTRAC and CRONOS
- sensitivity analysis for variations of selected plasma and machine parameters and of transport models (by
METIS, ASTRA, COREDIV)
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Many tokamaks are nowadays equipped with metallic walls. The positive effect of such modification
compared to the previous carbon walls is a strong reduction of the tokamak wall erosion and tritium retention.
But the drawback is a production and potential accumulation of heavy impurities in the plasma core which
can cause high radiation losses and even trigger radiative collapses often leading to disruptions. Poloidal
inhomogeneities of impurity distribution have a significant impact on radial impurity transport [1].
Understanding of the mechanisms leading to inhomogeneous impurity distribution is thus useful knowledge
for the control of heavy impurity transport and hopefully accumulation avoidance. Poloidal asymmetries due
to centrifugal effects or/and other sources of an equilibrium poloidal electric field in the core plasma, as those
generated by minority Ion Cyclotron Resonance Heating (ICRH), are usually negligible in experimental
impurity transport analysis on low-medium Z impurities. Such assumptions are not always valid for
medium-high Z impurities.
Poloidal asymmetries such as those generated indirectly by minority ICRH heating or Neutral Beam Injection
(NBI) have been observed and analyzed, using SXR tomographic reconstructions, during recent ASDEX
Upgrade experimental campaigns. Trace injections of tungsten have been triggered by Laser Blow Off (LBO)
ablation in different scenarios with fixed plasma current. Scans in NBI and ICRH power (H-minority heating
scheme) and deposition location (change in frequency and/or toroidal field) have been performed in order to
study their effects on Low Field Side (LFS) - High Field Side (HFS) asymmetries. Analysis of the obtained
results is presented, focusing in particular on the effects of each actuator. Centrifugal effects have been
recently implemented in the code GKW [2] for the description of turbulent impurity transport. The Hinton
Wong neoclassical theory in the presence of rotation, implemented in the NEO code, [3], can describe the
impact of rotational effect on neoclassical transport. These new theoretical tools with the RF asymmetries now
being implemented allow complete transport modeling of poloidal asymmetries.

[1] F.J. Casson et al, Phys. Plasmas 17, 102305 (2010)
[2] C. Angioni et al, Phys. Plasmas 19, 122311 (2012)
[3] E. Belli et al, Plasma Phys. Cont. Fusion 54 015015 (2012)
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We present a new dynamical model of pedestal ELM phenomena based upon the multi-scale interaction
between low-n MHD ballooning mode and short scale ETG turbulence. ELM dynamics are determined by the
few basics process results from multi scale interaction. These includes: generation of hyper resistivity ( ) in
coupled ballooning mode - ETG turbulence; excitation of hyper resistive BM near ideal MHD threshold;
regulation of via feedback loop between hyper resistive and ETG mode; formation of steep current and
pressure gradients between primary resonances by process of gradient pinching. It is argued that gradient
pinching, which occurs as primary modes grow, will destabilize dissipative convective cells throughout the
pedestal. In particular, these cells will be driven in the region between the primary helicity. This ensemble of
BMs and dissipative BMs will result in fast relaxation throughout the pedestal. Note that the multi-helicity
interaction effectively spreads the relaxation throughout the region of the pedestal.
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In the present report, we focus at the analysis of four transport processes in T-10. First, we analyze inward
electron heat pulse propagation (HPP) created by switch-on of additional off-axis ECRH on a sawteeth-free
background sustained by off-axis ECRH. The presence of slow and diffusive inward HPP with “dynamic” hi-e
value close to power balance value shows that the so-called “heat pinch” is either absent or very small.
Second, analysis of sawtooth density oscillations in the regimes with central ECRH and in the experiments
with ECCD current drive to damp the sawteeth oscillations (PECRH <0.7 MW), shows that the electron pinch
velocity value is close to the neoclassical one in the plasma centre. Under PECRH > ~ 1.5 MW, ne profiles
become hollow (or fully flat within the errorbars) at r/a<0.5 and we observe sawteeth density oscillations with
inverted phase (rise at r=+/- 4cm and decay at r=+/-12cm). The decay of ne in the centre between the crashes
is explained by the presence of the outward electron convective velocity with V p ≈ 0.3 m/s at r/a= 0.35. Third,
a set of experiments with programmed plasma motion allows us to analyze fine detail of Te profile with ECE
measurements. No signs of clear ITB at the q=1 surface have been observed so far (PECRH up to 0.9 MW). In
several shots, the existence of a narrow ITB with a 0.5 cm width and a doubled Te gradient can be suggested
within the erorbars. Finally, a new type of ITB created by sawteeth oscillations almost damped by off-axis
ECCD has been found. A sawteeth crash causes the rise of Te outside rs and heat pulse does not propagate
outside during 15 ms. The value of χe becomes 2.5 times lower compared with the L-mode scaling. The
experiments with various values of current generation and reflectometer measurements are under the way.
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At the edge of fusion plasmas, intermittently expelled density filaments, so-called blobs [1], are propagating
through the scrape-off layer (SOL) perpendicular to the magnetic field. Due to its higher density and
temperature compared with the background SOL plasma, they can lead to a significant degradation of plasma
facing components in the main chamber. Since this degradation is critical for the first wall in future fusion
devices, an understanding of the generation and the propagation of blobs is needed. Therefore, the dynamics
of blob filaments is investigated in the SOL of ASDEX Upgrade by means of Lithium beam emission
spectroscopy (Li-BES) [2], Langmuir probes, and gas puff imaging. This way, the density, velocity, lifetime,
frequency and size of the blobs perpendicular to the magnetic field are determined. A comparison of the
measurements with a recently developed analytical blob model based on a drift-interchange-Alfvén fluid
model [3] indicates an influence of a finite ion temperature on the blob dynamics which has typically been
neglected in other blob models. The blob dynamics agree well with the sheath-connected regime at lower
plasma densities, and inertial effects play only a minor role [4]. At higher densities, a transition into another
regime with large blob amplitudes and increased transport is found [5]. This points to a prominent role of blob
transport at higher Greenwald fractions and has implications for the gross erosion of wall material in reactor
relevant operation scenarios with a detached divertor near the density limit.

[1] D. A. D’Ippolito, J. R. Myra, and S. J. Zweben, Phys. Plasmas 18, 060501 (2011)
[2] M. Willensdorfer et al., Plasma Phys. Control. Fusion 56, 025008 (2014)
[3] P. Manz et al., Phys. Plasmas 20, 102307 (2013)
[4] G. Birkenmeier et al., Proceedings of the 40th EPS Conference on Plasma Physics 2013, Espoo, Finland
[5] D. Carralero et al., Proceedings of the 40th EPS Conference on Plasma Physics 2013, Espoo, Finland
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It is believed that L-H transition occurs via coupling of turbulence to low frequency shear flows by Reynolds
work. As a consequence, turbulence and turbulent transport collapse, enabling the growth of diamagnetic
electric field shear and the transition. This work focuses on the missing link between microscopics and
macroscopics, and its critical role in power threshold scaling. The major goal is the understanding of the
observed occurrence of a minimum in the power threshold. We pursued a model which separates electron and
ion temperature evolution by extending a recent 1D, five-field model which captures the transition layer
evolution well, but does not have this capability. In the new model, density appears as an electron-ion
coupling parameter, as well as in ZF damping. We propose and examine the explanation that: (i) the initial
trend of decrease in the power threshold is due to stronger collisional electron-ion coupling which enables the
development of stronger diamagnetic electric field. This scaling trend reflects the role of the mean shear in
locking-in of the transition, (ii) the subsequent increase in the threshold is due to the increase in damping of
shear flows with ion collisionality. This scaling trend reflects the role of the turbulence generated shear flow
as a trigger mechanism. Our studies reveal a clear power threshold minimum in density scans ran for a fixed,
electron dominated heating mix, but an even more distinct minimum is predicted for the fixed density when
scanning the ion to total heating ratio. Here we see that the power threshold minimum appears as an interplay
of electron-ion coupling. In addition to the basic scaling trends, model studies reveal: (a) the threshold power
increases for off-axis electron heat deposition. This follows from the fact that electron-ion coupling is reduced
in this instance, (b) a minimum power is predicted for a heating mix scan as well as for a density scan. This
points towards the possibility of a global minimum in the threshold power in terms of a number of relevant
parameters, (c) no clear threshold minimum is predicted by this model for pure ion heat deposition. Ongoing
work is concerned with quantifying the strength of hysteresis in terms of multiple macroscopic parameters
and with relating this to observed back-transition shear flow and turbulence dynamics.
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Error fields or magnetohydrodynamic (MHD) activities break toroidal symmetry in real tokamak fusion
reactors, e.g., ITER. It has been shown in a comprehensive theory for neoclassical toroidal plasma viscosity for
tokamaks that broken symmetry enhances particle, momentum, and energy transport. The enhanced energy
transport increases with increasing energy. Because fusion-born alpha particles have energy significantly
higher than that of fuel ions, the enhanced energy loss for alpha particles can be an issue for reactors if their
energy transport loss rate is faster than the slowing down rate. In that case, the fusion energy gain factor Q
will be significantly impacted. To quantify the tolerable magnitude for the error fields or MHD activities,
transport theory for energetic alpha particles is developed. The theory is a generalization of the theory for
neoclassical toroidal plasma viscosity. The superbanana plateau and superbanana regimes are the most
relevant regimes for fusion-born alpha particles. The transport theory for energetic alpha particles developed
is extended to the limit where the slowing down operator dominates and to allow for the finite value of the
radial electric field.
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The formation of the H-mode transport barrier is strongly connected to the existence of a sheared plasma flow
perpendicular to the magnetic field caused by a local radial electric field E_r. The strong gradients in E_r and
the associated ExB velocity shear play a fundamental role in edge turbulence suppression, transport barrier
formation and the transition to the H-mode. This contribution describes the nature and structure of the E_r
well and its connection to H-mode confinement and discusses the impact of poloidal impurity asymmetries on
the pedestal.
A detailed analysis of the edge E_r and kinetic profiles revealed that in H-mode E_r and the main ion pressure
gradient term, grad(p_i)/(en_i), are identical within the uncertainties. This relation corresponds to the
cancellation of the poloidal components of the ion diamagnetic and ExB drifts and suggests that in the
pedestal the perpendicular main ion flow is close to zero. This result is confirmed by direct measurements of
the main ion temperature, density and flow velocities in helium plasmas. The main ion poloidal rotation
exhibits very small values at the plasma edge, as expected from neoclassical theory. The edge poloidal flow
measurements of both main ions and impurities have been compared to a hierarchy of neoclassical models. In
all cases, the measurements are found to be in quantitative agreement with neoclassical theory demonstrating
that in the pedestal the E_r well is sustained by the gradients of the main ion species.
New charge exchange measurements at ASDEX Upgrade reveal the existence of a poloidal asymmetry in the
flow pattern at the pedestal. The flow asymmetry can be explained by an excess of impurity density at the
high-field side following the postulate of divergence-free flows on a flux surface. Comparison of the measured
flows to theoretical predictions based on the parallel momentum balance reveals the nature of the parallel
impurity dynamics. The key features of the experimental data including the shape of the rotation profiles and
the poloidal impurity density asymmetry are reproduced quantitatively for the first time. The impact of these
findings with respect to impurity transport at the plasma edge are presented.

This project has received funding from the EURATOM research and training programme 2014–2018.
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ASDEX Upgrade is equipped with two rows of in-vessel saddle coils for magnetic perturbations with toroidal
mode numbers up to n=4. A reliable ELM mitigation regime has been found in which large type-I ELMs are
suppressed, and replaced by a small form of ELMs with significantly reduced energy loss from the plasma and
heat load to the divertor. This regime is accessible at high pedestal plasma density, typically n_{e,ped} > 65%
n_GW, and high pedestal collisionality, nu*>1.2. The access conditions to this regime are studied in more
detail in experiments with gas fueling ramps and coil current ramps.
The effect of magnetic perturbations on H-mode plasmas with low pedestal collisionality, $\nu^* < 0.5$, is
studied in discharges without gas puff fueling. Accumulation of tungsten impurities, which can occur if
eroded material from the fully tungsten-cladded wall penetrates into the plasma and is transported radially
inward there, is avoided by strong central wave heating and large wall clearance.
With neutral beam injection in opposite direction to the plasma current (counter-injection), complete ELM
suppression is obtained during brief periods, reminiscent of Quiescent H-mode (QH) plasmas. However, the
Edge Harmonic Oscillation (EHO) characteristic for QH plasmas is not observed.
With co-injection, a systematic study has been undertaken to vary the conditions for penetration of the
perturbation field into the plasma core: 1. Field-alignment of the magnetic perturbation (resonant or
non-resonant perturbation), 2. Variation of plasma rotation and hence, perpendicular electron fluid flow
velocity.For conditions with minimal field shielding, i.e. non-resonant field and vanishing perpendicular
electron flow, significant rotation braking is caused by JXB torque from the m/n=1/1 sawtooth pre-cursor,
as demonstrated by a perturbation coil current modulation experiment. Under the same conditions, JXB
torque from rotating neo-classical tearing modes is observed. In plasmas with small field shielding, a
reduction of type-I ELM losses is often observed, along with a reduction of pedestal density (often dubbed
"pump-out"). Further experimentation in near future aims to diagnose the field perturbation using rotating
magnetic perturbations and to study parameter dependencies of perturbation effects in these scenarios.
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Precise determination of resistive instabilities is an outstanding issue in tokamaks, remaining unsatisfactory
for a long time despite its importance for advanced plasma control. This paper presents the first successful
computation of such resistive instabilities including full mode coupling and multiple singular surfaces, by
upgrading DCON [1] with a resonant-Galerkin method [2] using improved basis functions such as Hermite
cubics and high-order Frobenius power series. Incorporating the resistive layer model of
Glasser-Greene-Johnson (GGJ) [3] and matching the inner-layer solutions into full outer-layer solutions in
DCON, a complete picture of resistive instabilities in tokamaks can be obtained and studied. Excellent
quantitative agreement with the MARS-F code [4], for both growth rate and outer-layer solutions, has been
achieved. Convergence is also a distinguished property in DCON as tested with challenging NSTX equilibria
with strong shaping, high-β, and multiple rational surfaces up to 10. Another important advantage in DCON
is the separation of the inner-layer from the outer-layer regions, which will allow us to extend inner-layer
model efficiently to more advanced fluid equations including drift kinetic effects and to perform more precise
calculations of non-ideal stability and 3D perturbed equilibria in the future.

[1] A. H. Glasser and M. S. Chance, Bull. Am. Phys. Soc. 42, 1848 (1997)
[2] A. Pletzer and R. L. Dewar, J. Plasma Physics 45, 427 (1991)
[3] A. H. Glasser, J. M. Greene, and J. L. Johnson, Phys. Fluids 18, 7 (1975)
[4] Y. Liu et al., Phys. Plasmas 19, 172509 (2012)

This research was supported by U.S. DOE contracts #DE-AC02-09CH11466.
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In this work, we investigate theoretically the dynamics of global instabilities observed in ASDEX Upgrade
(AUG) by means of collisionless numerical simulations. We focus in particular on geodesic acoustic modes
(GAM) and shear Alfven instabilities. The numerical tools we use are the codes NEMORB (nonlinear global
gyrokinetic PIC), LIGKA (linear global gyrokinetic) and XHMGC (nonlinear global hybrid). In the first part of
this work, results of axisymmetric simulations of GAMs with gyrokinetic codes NEMORB and LIGKA with
AUG equilibrium profiles are shown. In the second part, we show results of axisymmetric electromagnetic
simulations with NEMORB and LIGKA in the presence of an EP population. Finally, in the third part, we
show results of single-n (with n the toroidal mode number) numerical simulations of shear Alfven instabilities
with NEMORB, LIGKA and XHMGC. Comparisons with analytical theory and experimental data are also
shown, for each case of interest.
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The isotope effect, namely the dependence of plasma confinement on the mass Mi of majority ion, is a well
known property of tokamak configuration. Increasing Mi leads to an improvement of energy, particle and
momentum confinement in all regimes of tokamak plasmas. Besides, Mi influences also many MHD roperties,
e.g. increasing the period of plasma instabilities. However in stellarators the confinement properties are
independent on Mi.
Despite a strong research effort an explanation of the isotope effect in tokamaks is still lacking.
During the past year the Reversed Field Pinch (RFP) device RFX-mod started to operate using Deuterium (D),
besides Hydrogen (H), as filling gas.
In this paper we present first results onthe comparison among Hydrogen and Deuterium plasmas of RFX-mod,
offering the opportunity of studying the isotope effect physics from a new perspective
First analyses of Deuterium plasmas show clearly the presence of an isotope effect also in RFP configuration.
The plasma properties change with Mi in a way which reminds what happens in tokamaks.
The electron temperature in D plasmas is about 20% higher than in H ones. This increase is essentially due to
the steepening of Te gradient in the external region of plasma (r/a > 0.7), while gradients in the plasma core
does not undergo a significant modification.
Discharges with similar plasma parameters are characterized by influxes of majority ion 30% lower in D
plasmas than in H ones. Interestingly no significant difference is seen in the impurity influxes.
The mass Mi influences also the MHD properties of plasmas. At high current (Ip > 1 MA) the plasma is in the
Quasi Single Helicity (QSH) state where a single MHD instability, the dominant one, overcomes the others,
the so-called 'secondary' modes. The QSH phases are transiently interrupted by burst of MHD activity, the
Dynamo Relaxation Events (DRE). The duration of QSH phases increases by a factor ~1.5 changing the main
gas from H to D, resulting in a longer time interval among DREs responsible of QSH collapse. The energy of
secondary modes during QSH is about 20% lower in D. Since the amplitude of dominant mode does not
exhibit a significant variation, QSH are purer in D than in H. Furthermore the comparison among D and H
plasmas shows that the current profile in D plasmas is more peaked than in H.
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In high performance plasmas, Neoclassical Tearing Modes (NTMs) are regularly observed at large beta-values.
NTMs reduce the achievable normalized beta and degrade the fusion reactor performance which scales as
beta_N squared. A widely used method, also foreseen for ITER, for avoiding and controlling NTMs is the
deposition of electron cyclotron current drive (ECCD) on the relevant rational surface. ASDEX Upgrade is
making a large effort to develop, operate and evaluate an ECCD based, generic solution to MHD control,
easily portable to new devices like ITER. A number of real-time diagnostics and intelligent controllers achieve
precise control of ECCD deposition inside the O-point, thus minimizing the power required for NTM
stabilization.
For robustly operating our feedback loop, proper integration into and coordination of several diagnostic
systems with the discharge control system (DCS) was essential, hence a reliable framework was designed,
developed and tested. The relevant cooperating diagnostic systems are “Equilibrium”, “ECE/Mirnov” and
“rt-TORBEAM” with “ECRH” as the main actuator, centrally coordinated by DCS at timescales faster than
typical current diffusion times (AUG: tau approx. 150 ms). All subsystems adhere to cycle times of 15 ms
(rt-TORBEAM) or less than 5 ms (all others), such that the full control loop can be executed every 20 ms,
making sophisticated experiments possible.
Using the feedback loop, we can reliably target and – provided sufficient ECCD power is applied – stabilize
NTMs triggered at beta_N larger than 2. The system can target either 2/1 or 3/2 NTMs, whichever is detected
to have the higher amplitude. The amplitude can also be used to refine the target by searching for the
deposition location which minimizes the amplitude. To avoid a mode developing at all, preemptive
stabilisation can be performed by tracking rational surfaces from a real-time equilibrium.
In our experiments we are developing and testing a variety of control strategies, to preempt and/or stabilize
existing NTMs. We have started to integrate ECCD based control of other MHD instabilities, like sawteeth,
into the control scheme, thus capitalizing on the generic approach of mapping all relevant information into
the same reference coordinate system given by the real-time magnetic equilibrium. This strategy can directly
be adopted by next step machines such as ITER.
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We study the feedback loop of a spontaneous magnetic perturbation (neoclassical tearing mode) on a
background of drift wave – Zonal Flows, in the framework of a 1D predator-prey model for the evolution of
turbulence intensity I(x,t), Zonal Flow energy U(x,t), electron temperature gradient T(x) and island-width. A
modified Rutherford equation describes the magnetic island dynamics. The magnetic island is driven by the
neoclassical bootstrap current, and acts to damp turbulence-driven Zonal Flows, while turbulence also affects
the island-chain evolution by flattening the temperature profile, thus depleting the bootstrap current.
A critical issue in fusion devices is what determines the threshold island width, set by a competition between
parallel heat conduction along tilted field lines v.s. perpendicular diffusion across field lines. Since
perpendicular heat diffusion is mostly turbulent, the threshold island width is determined by turbulence. As
turbulence is regulated by Zonal Flows, this threshold is ultimately tied to Zonal Flow intensity and thus
Zonal Flow damping. As the island grows, Zonal Flows are strongly (but locally) damped and turbulence
remains un-quenched in the vicinity of the island. In effect, they are two plasma regions divided by the island
separatrix: Outside of the magnetic island, the plasma is ZF-dominated, whereas inside the island, the plasma
is pushed back to a saturated turbulence regime (L-mode-like regime). Turbulence spreading across the
island-separatrix occurs at quasi-periodic intervals and triggers temperature profile collapse, due to turbulent
heat diffusion. Our results suggest that the threshold island-width is modulated by the microturbulence at the
Limit-Cycle Oscillation frequency of the predator-prey system. Hence, the threshold island-width is ultimately
set by ZF damping.
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Previous work performed has amassed a substantial database of intrinsic rotation measurements in various
tokamak devices. However, as our understanding of momentum transport has evolved, it has become clear
that a reliable prediction of the rotation in future devices requires a more complete momentum transport
model and a more fundamental understanding of the mechanisms driving the intrinsic rotation. Initial
estimates from this database project a large intrinsic velocity (~300 km/s) for ITER. The next step in intrinsic
rotation studies is to characterize the “intrinsic torque” associated with its generation. The primary goal of this
paper is to clarify whether or not the edge localized intrinsic torque scales with the pedestal strength on the
ASDEX-Upgrade tokamak. In the q-profile scan resulting effectively in a pedestal strength scan (factor of 2-3
variation in pedestal top values of Ti, Te and ne), the integrated intrinsic torque profiles show clearly that the
intrinsic torque increases with increasing plasma current on the outer half of the plasma radius. All the cases
at different currents have in common that the intrinsic torque has a rather broad profile with the main
contribution coming from outside r/a=0.4 which is somewhat different from what has been observed
previously on DIII-D where the intrinsic torque is more pronouncedly peaked at the edge. In the ECRH power
scan, the intrinsic torque during the low ECRH power phase is in the co-current direction and increases
toward the plasma edge. In the high power ECRH phase, however, a negative (counter-current) torque source
is present from the centre of the plasma up to mid radius consistent with previous work on AUG. The ECRH
power deposition is centrally located. In addition to the counter intrinsic torque, the rotation modulation data
cannot be explained by any other mechanism than outward convection at r/a < 0.4. The first intrinsic torque
experiments on AUG show that co-torque is driven in the outer part of the plasma radius and that
counter-torques can develop in the inner half radius when sufficient ECRH is applied to alter the heat
transport and the local plasma turbulence.
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Recent experiments with applied Resonant Magnetic Perturbations (RMPs) in low-collisionality ITER Similar
Shape (ISS) plasmas on DIII-D have advanced the understanding of and increased confidence in obtaining
ELM suppression in the ITER standard operating regime. ELM suppression is obtained with a reduced coil set
(5–11 coils) on DIII-D, demonstrating the effectiveness of mixed harmonics (n=1,2,3) with a partial coil set and
mitigating the risk of reduced coil availability on ITER. Recent advances in linear two-fluid MHD simulations
indicate that resonant field penetration and amplification at the top of the pedestal is ubiquitous in these ISS
plasmas, together with resonant field screening and kink amplification in the steep pressure gradient region.
Measurements with the X-ray imaging camera reveal new information on the plasma response to 3D fields.
There is good agreement between X-ray imaging and M3D-C1 simulation in the steep pressure gradient
region of the pedestal, validating theoretical predictions of resonant screening and a dominant edge-kink
response. While direct imaging of islands in ELM suppressed plasmas remains elusive, measurements with the
newly upgraded magnetic sensors are suggestive of partially screened fields at the top of the pedestal,
consistent with M3D-C1 simulations. Indirect evidence of island formation and resonant field penetration is
also provided by the observed flattening of the electron pressure profile at the top of the pedestal and
concomitant shrinkage of the pedestal width when the RMP is applied. In addition, the flutter model of
electron transport also predicts an electron thermal diffusivity “hill” at the top of the pedestal that is
comparable to experimental values when the resonant field amplification at the top of the pedestal is included
in the calculation. Optimization of the pedestal pressure is an important issue for ELM suppression in ITER
given that a reduction in the pedestal pressure is commonly observed in ISS plasmas with applied RMPs.
Recent experiments demonstrate that the pedestal pressure can be maintained at the level before the onset of
the RMP if the effect of density pumpout is counteracted with density feedback.

This work was supported by the US Department of Energy under DE-AC02-09CH11466, DE-FG02-92ER54139,
DE-FC02-04ER54698, DE-SC0007880, DE-FG02-07ER54917, and DE-AC05-00OR22725
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The application of Resonant Magnetic Perturbations (RMPs) is foreseen as a mechanism to ameliorate the
effects of ELMs on the ITER divertor. Various aspects of RMP operation crucial to ITER have been
demonstrated on MAST such as mitigating the first ELM after the L-H transition, sustaining ELM mitigation
during both the current ramp-up and in the event of failure of a sub-set of the in-vessel coils and applying a
slowly rotating n=3 RMP, which sustains ELM mitigation while rotating the pattern of the strike point
splitting. Although ELM suppression has not been observed on MAST, ELM mitigation has been achieved
using RMPs with toroidal mode number of n=2, 3, 4 and 6 over a wide region of operational space, with
considerable overlap with the regions where suppression of type-I ELMs is observed in other machines. The
effect that the choice of toroidal mode number on the effectiveness of the mitigation has been investigated and
shows that n=3 or 4 is optimal.
The ELM mitigation phase is typically associated with a drop in plasma density and overall stored energy. By
carefully adjusting the refuelling, either by gas or pellet fuelling, to counteract the drop in density it has been
possible to produce plasmas with mitigated ELMs, reduced peak divertor heat flux and with minimal
degradation in pedestal height and confined energy.
Above a threshold value in the applied perturbation field (brres) there is a linear increase in normalised ELM
frequency (fELM) with brres. Experimentally it has been found that both the lobes produced near the X-point
and the mid-plane corrugations also increase linearly with the size of brres. These deformations to the plasma
boundary have been replicated by modelling, which shows that they can strongly influence the
peeling-ballooning stability boundary and hence lead to an increase in fELM.
Mitigation of type I ELMs has also been achieved on ASDEX Upgrade at mid-low collisionalities, using RMPs
with n=1 and 2. In a large number of cases an increase of fELM with brres is also observed. However, unlike in
MAST, there are some cases where this is not the case. This presentation will compare and contrast the results
from the two devices with an aim of increasing our understanding and ability to extrapolate to future devices.
This work was part-funded by the RCUK Energy Programme and by Horizon 2020 programme.
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Joint experiments on the DIII-D tokamak and the LHD stellarator/heliotron have resulted in the discovered of
spontaneous heat transport bifurcations across the O-point of an applied m/n=2/1 magnetic islands in DIII-D
and enhanced particle transport relative to heat transport in edge m/n=1/1 LHD isalnds. The DIII-D results
suggest that the heat transport bifurcations are due to islands transitioning from smooth flux surfaces to
partially stochastic layers. Alternatively, measurements of the particle and heat transport inside edge static
magnetic islands in LHD plasmas show an enhancement of the particle flux relative to the heat flux. The
DIII-D results suggest that externally applied static 3D magnetic fields can produce a dynamic evolution of the
magnetic topology in the plasma due to a nonlinear toroidal coupling of resonant modes on various rational
surfaces while the LHD results show that edge magnetic islands preferentially increase the particle flux
relative to the heat flux for reasons that have yet to be clarified.
Static magnetic islands and stochastic layers have been observed in low-β L-mode plasmas but not in diverted
H-mode plasmas yet. In order to understand the physics of non-axisymmetrically perturbed high-β fusion
H-mode plasmas, such as the mechanisms involved in edge localized mode (ELM) suppression with resonant
magnetic perturbation (RMP) fields, it is necessary to determine if islands and stochastic layers exists and
whether they are static or evolve in time due to the plasma response. Measurements in DIII-D show
spontaneous transitions of the magnetic field on rational surfaces due to the plasma response. For example,
flat spots in the T_e profile associated with m/n = 2/1, 3/1 and 4/1 islands are seen to appear and disappear as
the discharge evolves suggesting either a time varying screening of the field by the plasma or a nonlinear
coupling of the 2/1, 3/1 and 4/1 islands. In this contribution we discuss the measurements made in DIII-D
along with transport results due to pellets injected into static islands in LHD and their implications for
understaning the plasma response to 3D fields in H-mode plasmas.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698,
DE-AC05-00OR22725, DE-FG03-97ER54415, and the NIFS budget code NIFS11ULHH021.
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Favorable use of low magnitude (deltaB/B ~ O(10^-3)) three-dimensional (3D) magnetic fields in tokamaks
includes mitigation of ELMs and Alfvénic modes, and alteration of the plasma rotation profile to strongly
affect the stability of NTMs and RWMs. However, in ITER, these fields can significantly reduce the fusion
gain, Q, by increasing alpha particle transport. These effects have been theoretically addressed using
neoclassical toroidal viscosity (NTV) theory [K.C. Shaing and C.T. Hsu, Nucl. Fusion 54 (2014) 033012]. NTV
magnitude and profile that determines the critical 3D applied field level for Q reduction, or for rotation
feedback control, depends on the field spectrum, plasma collisionality, and plasma response to the field. The
present work focuses on these critical questions with new analysis of results from NSTX and KSTAR.
Experimental angular momentum alteration is directly compared to theoretical NTV torque density profiles,
T_NTV, created by a range of applied 3D field spectra and plasma parameters in NSTX including
configurations with dominant n = 2 and n = 3 field components. Large radial variations of T_NTV are found
in ideal MHD models when the flux surface displacement is derived using an assumption of a fully penetrated
deltaB. In contrast, experimentally measured T_NTV does not show strong torque localization. NSTX
experiments yield a computed displacement ~ 0.3cm, smaller than the ion banana width, and averaging
T_NTV over the banana width more closely matches the measured dL/dt profile. Results from a model-based
rotation controller designed using NTV from applied 3D fields as an actuator for instability control are shown.
A favorable observation for rotation control, clearly illustrated by KSTAR experiments, is the lack of
hysteresis of the rotation when altered by non-resonant NTV. These experiments also show the theoretical
scaling of T_NTV with deltaB^2 and ion temperature ~ T_i^2.5. Due to this strong dependence of the T_NTV
profile on deltaB, the T_NTV measurements significantly constrain the allowable field amplification. Plasma
response models being tested against experiment include the fully-penetrated deltaB model, and various
physics models in the M3D-C1 resistive MHD code. Analysis shows that the M3D-C1 single-fluid model
produces a flux surface-averaged |deltaB| consistent with the measured T_NTV.
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As the most plausible technique to control the edge localized modes (ELMs) of high confinement mode
(h-mode) plasmas, which is critical for ITER and beyond, non-axisymmetric resonant magnetic perturbations
(RMPs) have been actively investigated in KSTAR. Since the first success of ELM suppression using n=1 RMPs
in 2011 [1], our effort has been devoted to extend the operation regime of ELM control for both external
magnetic configurations and plasma parameters. As results, it shows a possibility that the ELM-suppression
can be achieved in a wide range of q95 (=3.5~6.5) if the RMP field is configured properly. Several unique
features of RMP-driven ELM-suppression are found, by which the physics mechanisms of ELM suppression
and mitigation can be explicitly distinguished. These are a long time delay (a secondary effect) and an
improved confinement (transport bifurcation). Furthermore, a persistent, rapidly repeating bursty event,
localized in the plasma edge, is observed and suggested as a key player in the underlying physics mechanism
of RMP-driven ELM-suppression.

[1] Y.M. Jeon et al., Phys. Rev. Lett. 109, 035004 (2012)
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Since the last IAEA FEC, experiments on HL-2A tokamak have been dedicated to address the physics on L-H
transition, energetic-particles (EPs) and shear Alfvén waves (SAWs), ELM mitigation, disruption mitigation,
edge impurity transport and other MHD related activities. In particular, significant progresses have been made
in the following areas: (i) For the first time in experiments, it was found that the phase between normalized
radial electric field and the envelope of density fluctuations reverses during the intermediate phase (I-phase)
in comparison to the usual predator-prey regime as the plasma approaches H-mode during the L-I-H
confinement transition; (ii) The frequency up- and down-sweeping reverse shear Alfvén eigenmodes (RSAEs)
were observed in NBI plasmas with qmin~1. By using kinetic AE code (KAEC) simulation, it has been
confirmed that the down-sweeping modes are kinetic RSAEs, and the up-sweeping modes are RSAEs that
exist in the ideal or kinetic MHD limit; (iii) The transition and interaction among low-frequency MHD modes
have been observed during NBI, which suggests profound interaction existing among fishbone mode, long-live
mode (LLM) and tearing mode (TM); (iv) With SMBI a runaway electron plateau was observed at a rather low
toroidal magnetic field. In addition, progresses have also been made in the analysis of the loss of
energetic-ions, the ELM mitigation induced by supersonic molecular beam injection (SMBI), and the onset of
neoclassical tearing mode (NTM) during nonlocal effect with SMBI, etc. All these experiments benefited from
several newly installed diagnostics, such as Motional Stark Effect (MSE), Charge Exchange Recombination
Spectroscopy (CXRS) and a scintillator-based lost fast-ion probe (SLIP), and the upgrade of ECRH heating
power to 5 MW.
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TCV is acquiring a new 1 MW neutral beam and 2 MW additional third-harmonic ECRH to expand its
operational range. Its existing shaping and ECRH launching versatility was amply exploited in an eclectic 2013
campaign. A new high-confinement mode (IN-mode) was found with an edge barrier in density but not in
temperature. Density limits close to the Greenwald value were reached – at reduced confinement - by
sawtooth regularization with ECRH. The edge gradients were found to be regime-dependent and to govern the
scaling of confinement with current. A new theory predicting a toroidal rotation component at the plasma
edge, driven by inhomogeneous transport and geodesic curvature, was tested with promising results. The L-H
threshold power was measured to be 15-20% higher in both H and He than D, to increase with the length of
the outer separatrix, and to be independent of the current ramp rate. Core turbulence was found to decrease
from positive to negative edge triangularity deep into the core, consistent with global confinement increase.
The geodesic-acoustic mode was studied with multiple diagnostics, and its axisymmetry was confirmed by a
full toroidal mapping of its magnetic component. The heat flux profile decay length and heat load profile on
the wall were documented as functions of plasma shape in limited plasmas. In the snowflake (SF) divertor
configuration we have documented the heat flux profiles on all four strike points. SF simulations with the 3D
EMC3-Eirene code, including the physics of the secondary separatrix, underestimate the flux to the secondary
strike points, possibly resulting from steady-state ExB drifts. With neon injection, radiation in a SF was 15%
higher than in a conventional divertor. The novel triple-X and X-divertor configurations were achieved
transiently in TCV. A new sub-ms real-time equilibrium reconstruction code was used in ECRH control of
NTMs and in a prototype shape controller. The detection of visible light from the plasma boundary was also
successfully used in a position-control algorithm. A new bang-bang controller improved stability against
vertical displacements. The RAPTOR real-time transport simulator was applied to current density profile
control experiments with ECCD. Shot-by-shot internal inductance optimization was demonstrated by iterative
learning control of the current reference trace.
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NSTX is currently being upgraded to operate at twice the toroidal field and plasma current (up to 1 T and 2
MA), with a second, more tangentially aimed neutral beam for current and rotation control, allowing for pulse
lengths up to 5 s. Recent NSTX physics analyses have addressed topics that will allow NSTX-U to achieve the
research goals critical to a Fusion Nuclear Science Facility. These goals include accessing low collisionality
and high beta, producing stable, 100% non-inductive operation and assessing Plasma Material Interface (PMI)
solutions to handle the high heat loads expected in the next-step devices. Including rotation and kinetic
resonances, which depend on collisionality, is necessary for predicting experimental stability thresholds of fast
growing Ideal Wall and Resistive Wall Modes. Non-linear gyrokinetic simulations have been performed to
study transport of heat, particles and momentum in the core plasma, and its dependence on collisionality and
profile shapes. These studies include coupling between low- and high-k turbulence, the effect of rotation and
non-local transport. PMI studies have focused on the effect of ELMs and 3D fields on plasma detachment and
heat flux handling. DEGAS-2 has been used to study the dependence of gas penetration on SOL temperatures
and densities for the MGI system being implemented on the Upgrade. Studies of lithium evaporation on
graphite surfaces indicate that lithium increases oxygen surface concentrations on graphite, and
deuterium-oxygen affinity, which increases deuterium pumping and reduces recycling. Source studies showed
that the low lithium level observed in the core of lithium-coated wall NSTX plasmas was due to both high
retention of lithium in the divertor as well as large neoclassical diffusivity. Noninductive operation and
current profile control in NSTX-U will be facilitated by Coaxial Helicity Injection as well as RF and NB
heating. CHI studies using NIMROD indicate that the reconnection process is consistent with the 2D
Sweet-Parker theory. Full wave AORSA simulations show that RF power losses in the SOL increase
significantly for both NSTX and NSTX-U when the launched waves propagate in the SOL. TAE avalanches
can affect NB driven current through energy loss and redistribution of fast ions. Upgrade construction is
moving on schedule with first operation of NSTX-U planned for Autumn 2014.
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This paper overviews recent progress on the experimental identification and physics interpretation of 3D 
effects of magnetic field geometry/topology on divertor transport in helical devices and tolamaks with RMP. 
The 3D effects are elucidated as a consequence of competition between transports parallel (//) and 
perpendicular to magnetic field, in open field lines cut by divertor plates or in magnetic islands. The 
competition process has strong impacts on divertor functions, density regime, impurity screening, and 
detachment stability. Based on experiments and numerical simulations, key parameters (indicated with [ ] 
below) governing the transport process are discussed suggesting demanding issues to be addressed for divertor 
optimization in future reactors. 
The divertor density regime, which is known for strong up- and down-stream coupling, high-recycling regime 
in 2D axi-symmetric configurations, is affected by the 3D configuration. In W7-AS, LHD, TEXTOR-DED and 
HSX, the dependency is weakened. This is due to enhanced loss of //-momentum or of //-conduction energy. 
The dependency is functions of magnetic geometry parameters, [field line connection length], [poloidal wave 
length of RMP] and [Br/Bt]. 
Impurity screening is observed in Tore Supra, LHD, TEXTOR-DED with edge stochastization, and in 
W7-AS/X, TJ-II with island divertor. The enhanced outward particle flux due to [Br] provides the screening 
via friction force exerted on impurity. It is also found that suppression of ion thermal force, in the case of 
small [Br/Bt]~1.e-4, is responsible for the screening. The systematic study in TEXTOR-DED and LHD has 
shown that [a thicker stochastic region] provides better screening effects. 
In W7-AS and LHD, the larger [edge island width] leads to detachment stabilization. This is due to capturing 
of radiation with the islands and to the decoupling of edge and core plasmas in terms of core fueling of 
plasma/impurity. In TEXTOR-DED, [rotating RMP] fields result in density limit extension, avoiding MARFE 
onset. This is caused by spreading of recycling region, preventing edge cooling localization by recycling 
neutral/impurity. 
Systematic understandings of the 3D effects of edge magnetic field based on the key parameters shown above
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will offer new perspectives on divertor optimization for future reactors, which are not available in 2D
axi-symmetric configuration.
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Transport, Stability and Plasma Control Studies in the TJ-II Stellarator
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Recent improvements in TJ-II plasma diagnostics and operation have led to a better understanding of
transport, stability and plasma control in fusion plasmas. Impurity transport: Observations of asymmetries in
impurity parallel flows in TJ-II ion-root plasmas have been interpreted as an indication of the compressible
variation of the impurity flow field and hence of in-surface impurity density asymmetries. In addition,
first-time observations of electrostatic potential variations within the same magnetic flux surfaces are
presented which are reproduced by neoclassical Montecarlo calculations. The dependence of impurity
confinement time has been also studied as a function of charge and mass. Momentum transport and isotope
physics: TJ-II has provided evidence that three-dimensional magnetic structures convey significant impact on
plasma confinement and L-H transitions. Recent observations on the temporal ordering of the limit cycle
oscillations at the L-I-H transition show the leading role of the plasma turbulence. Comparative studies in
tokamaks and stellarators have provided direct experimental evidence of the importance of multi-scale physics
for unravelling the physics of the isotope effect on transport. Power exhaust physics: Novel solutions for
plasma facing components based on the use of liquid metals like Li and alloys have been developed on TJ-II.
The TJ-II programme on liquid metals addresses fundamental issues like the self-screening effect of liquid
lithium driven by evaporation to protect plasma-facing components against heat loads and tritium inventory
control, using Li-liquid limiters (LLL) recently installed. Plasma stability studies: Experiments with magnetic
well scan on TJ-II suggest that stability calculations, as those presently used in the optimization criteria of
stellarators, might miss some stabilization mechanisms. Fast particle control: The TJ-II results show that, upon
moderate off-axis ECH power application, the continuous character of the Alfvén eigenmode (AEs) changes
significantly and starts displaying frequency chirping. This result shows that ECH can be a tool for AE control
that, if confirmed, could become ITER and reactor-relevant.
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The importance and urgency of ELM control for ITER urge to develop tractable reduced model to understand
ELM mitigation experiments because first principle models of ELMs have not been developed due to terrific
complexities of ELM-related physics. In this work, we present such an effort particularly focused on ELM
mitigation experiment by supersonic molecular beam injection (SMBI) and pellet injection (PI). We employs
cellular automata model (CA) including key physical elements for transport (i.e. turbulent transport, its
suppression by diamagnetic shear flow, and MHD limit) in the H-mode pedestal and expand it to include the
SMBI and PI. A finding is that extended CA model can capture many essential features of the experiments,
and both SMBI and pellet injection can be seen as different regions of a continuous spectrum of experiments
with varying amounts and penetration depths of injected material. Shallow and small injection (SMBI) can
mitigate large ELMs by triggering more frequent, yet smaller scale ejection events. With larger and deeper
deposition of material, injection forces the formation of pedestal pressure profiles which trigger large ELMs.
Therefore, repetitive deep injection emerges as ELM pacing.
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ELM Pacing with Periodic Plasma Column Displacements
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Although ELM control by RMP's has been successfully demonstrated on a number of tokamaks, whether this
method will be successful in all anticipated ITER operational scenarios is not clear. Thus, there is a recognized
need to investigate other approaches to reducing transient heat and particles loads due to ELM's on PFC's in
ITER. A low-cost technique that may not require dedicated equipment is the ELM-pacing with periodic
vertical displacement (or ``jogging'') of the plasma. Since its first demonstration on the TCV tokamak, vertical
jogging has been shown to be an effective mitigation scheme on ASDEX, JET, and other devices. More
recently, KSTAR has demonstrated ELM control and mitigation using a number of different techniques,
including vertical jogs of the plasma.
However, a general understanding of the physics consistent with all experimental observations is still missing.
On TCV, ELM triggering by vertical jogs is attributed to increased edge currents induced by the plasma
displacement away from the X-point. On ASDEX, however, ELM's are triggered when the plasma is moving
towards the X-point, with a decrease in the edge currents. The peeling-ballooning stability boundary
sensitively depends on the parallel current and pressure profiles at the edge, both of which are affected by
plasma displacements. In particular, the current is modified both inductively and through induced changes in
the pressure gradient. The inductive component seems to play a dominant role in the TCV results, consistent
with the fast time-scale of the “kicks.” Results from other tokamaks are in qualitative agreement with the
assumption that the changes in the pressure gradient, either directly (at the ballooning boundary) or indirectly
through its effect on the bootstrap current (at the peeling boundary), play a more significant role in triggering
ELM's. A more quantitative comparison with experimental results and possible implications of this method for
ELM-mitigation in ITER await detailed stability calculations.
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High Internal Inductance for Steady-State Operation in ITER and a
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Increased confinement and ideal stability limits at relatively high values of the internal inductance (l_i) have
enabled an attractive scenario for steady-state tokamak operation to be demonstrated in DIII-D. The potential
of the scenario was shown in high elongation and triangularity double-null divertor discharges in which
β_N>4.5 was achieved at l_i≈1.3. This high value of β_N just reached the ideal n=1 kink stability limit
calculated without the effect of a stabilizing vacuum vessel wall, with the ideal-wall limit still higher at
β_N>5.5. Confinement is above the H-mode level with H_98≈1.8. This type of discharge is a candidate for a
reactor that could either operate stably at β_N≈4 without the requirement for a nearby conducting wall or n≥1
active stabilization coils, or at β_N≈5 with wall stabilization. With the high β_N and relatively high q_95=7,
the discharge in the experiment is overdriven with bootstrap current fraction f_BS≈0.8, noninductive current
fraction f_NI>1 and negative surface voltage. For ITER, operation at l_i≈1 is a promising option. Improved
core confinement at high li could compensate for reduced H-mode pedestal confinement if a low pedestal
height results from pedestal physics and/or ELM-stabilization using 3D fields. At l_i≈1, f_BS would be ≈0.5
with the remainder from external current driven efficiently near the axis. This scenario has been tested in the
ITER shape in DIII-D at q_95=4.8, so far reaching f_NI=0.7 and f_BS=0.4 at β_N≈3.4 with performance
appropriate for the ITER Q=5 mission, H_89 β_N/q_95^2 >0.3. High l_i discharges thus far take advantage of
inductively driven current density near the axis as a partial substitute for externally-driven current. Studies
with the FASTRAN transport code using the TGLF energy transport model explored how increased current
drive power for DIII-D, 9 MW electron cyclotron current drive (ECCD) and 13 MW off-axis beam power,
could be applied to maintain a stationary, fully noninductive high l_i discharge. Solutions are found at β_N=4,
l_i=1.07, and f_BS=0.5 calculated stable without a conducting wall with ECCD and neutral beam current drive
near the axis and at β_N=5 calculated to be stable with the vacuum vessel wall.

This work was supported by the US Department of Energy under DE-FC02-04ER54698, DE-AC52-07NA27344,
DE-AC05-00OR22725, DE-AC02-09CH11466, and DE-FG02-04E54761.
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Experiments have been undertaken on the DIII-D tokamak to examine the magnitude and causes of radiated
power asymmetries during disruption mitigation. In order to mitigate the most deleterious effects of
disruptions, massive quantities of radiating impurities can be injected into the pre-disruptive plasma to
pre-emptively radiate away the stored thermal and magnetic energy. However, toroidal and poloidal
asymmetries in the radiation pattern could still result in localized melting of ITER’s Be first wall.
Measurements of the toroidal asymmetry in radiated power during disruption mitigation by massive gas
injection (MGI) on the DIII-D tokamak indicate that the asymmetry during the thermal quench (TQ) and
current quench (CQ) is largely insensitive to the number or location of injection sites [1]. Moreover, the
observed absolute values of asymmetry during the TQ & CQ are well below those expected to be problematic
for ITER. Infra-red imaging of the MGI valve location and surrounding wall indicates no highly localized,
preferential heating of the injector location relative to the surrounding sector of wall, providing confidence
that localized melting of the injector site in ITER is unlikely. Modification of the observed magnitude of the
toroidal asymmetry during the TQ by application of a large n=1 error field supports recent modeling results
that indicate large n=1 MHD during the TQ is the root cause of the radiation asymmetry [1,2]. Further work
examines the poloidal radiation asymmetries resulting from massive impurity injection and the effect of
spatially distributed impurity injectors upon those asymmetries. In addition, the radiation asymmetries
observed during MGI are compared to those observed during shattered pellet injection [3].

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698,
DE-AC05-00OR22725, DE-FG02-07ER54917, DE-AC52-07NA27344, and DE-AC05-00OR23100.

[1] N. Commaux, et al., submitted to Phys. Plasmas
[2] V.A. Izzo, Phys. Plasmas 20, 056107 (2013).
[3] N. Commaux, et al., Nucl. Fusion 50, 112001 (2010).
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Heating: Simulations for T-10 and T-15 Tokamaks
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Temporal evolution of anomalous transport and global plasma energy confinement time is studied in
simulations of plasma turbulence in tokamaks with additional plasma heating. The simulations have shown
that external boundary conditions with the specially chosen power dependence of heat fluxes on the local
time-dependent values of plasma density and temperatures at the boundary of plasma core with SOL region
can provide the evolution of the plasma confinement time to the known steady state plasma confinement
scalings. Such boundary conditions can be interpreted as the corresponding power scaling for an effective
plasma confinement time in SOL. The first set of simulation runs were performed for conditions of
experimental shots at T-10 tokamak using CONTRA-C code (cylindrical geometry). The second set of
simulations were performed both for T-10 experimental shots and for expected T-15 conditions using transport
code ASTRA with special turbulent block CONTRA-A (toroidal geometry with non-circular plasma
cross-section). Both codes are based on adiabatically reduced MHD-like equations of turbulent convection.
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In the 2013 experimental campaign a novel optical diagnostic system, based on the Cherenkov effect, was
installed on FTU, in collaboration with the NCBJ group (IPPLM Association) to study the dynamics of
non-thermal electrons in the presence of magnetic islands.
Data from the Cherenkov probe was correlated with data from several other diagnostics, including ECE,
neutron and gamma detector, Mirnov coils, soft X-ray cameras, demonstrating that the modulation of the
Cherenkov signal is due to the rotation of the magnetic island. An aspect of interest under investigation is the
internal structure of the peaks of the Cherenkov signal, with sub-peak full-width at half maximum of the
order of 10 microseconds, and approximately 20 microseconds sub-peak separation. This level of detail opens
up new possibilities for the investigation of fast electrons dynamics in the presence of high-amplitude
magnetic islands. The study will present the analysis of the experimental data focusing on the identification of
the mechanisms and evidence of electron acceleration that can be extracted from the correlation with the
magnetic island position and geometry during tearing mode instabilities. This work is in the initial phase;
future work is planned to enable energy discrimination of the incoming electrons (for example through the
implementation of a multi-channel probe), as well as an increase of the spatial information (by installing a
second probe).
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A high bootstrap current fraction plasma regime is desirable for steady-state tokamak operation because it
reduces the demands on external non-inductive current drive. Typically, this regime is characterized by high
βN and an internal transport barrier (ITB), leading to concerns about stability limits and profile control with
reduced external input (power). Recent DIII-D research has increased confidence in the potential of the high
bootstrap fraction approach for applicability to a steady-state fusion reactor. Fully noninductive plasmas have
been sustained for long durations with large-radius ITBs, bootstrap fraction≥80%, βN≥3, βT~1.5%, and with the
ITBs and good confinement maintained even with low net torque from neutral beam injection (NBI). Building
on earlier DIII-D work [1], the new experiments utilized an approach to fully noninductive operation based on
removing the current drive by transformer induction. The plasmas exhibit excellent energy confinement
quality, with H98y2~1.5. Similar confinement was obtained after reducing the NBI torque from ~6 Nm to <3
Nm. The excellent confinement is associated with the formation of an ITB at large minor radius in all
channels (ne, Te, Ti, rotation). The very broad bootstrap current profile is fairly well-aligned with the total
current profile, explaining why the minimum safety factor is high and constant or slowly increasing, and the
ITB is maintained at large minor radius for ~4 s, more than three times the current profile relaxation time,
τCR estimated to be ~1 s. A further important result, providing evidence of dynamical stability, is that the ITB
is maintained at large minor radius despite edge localized mode (ELM) perturbations, which become
particularly large at the highest obtained βN~3.5. Stability analysis shows that this βN value is close to the
ideal wall MHD stability limit, because a large outer gap was used to reduce wall heating by prompt fast ion
losses. However, detailed analysis shows that fast ion losses are anomalously high only during the βN and
density ramp-up phase. Future experiments will test an optimized outer gap waveform and methods of ELM
control to enable a further increase of βN and thus of the plasma current.

This work was supported in part by the US DOE under DE-FC02-04ER54698, DE-AC52-07NA27344, and
DE-AC02-09CH11466.

[1] P.A Politzer, et al., Nucl. Fusion 45 (2005) 417.
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The onset of both the conventional and neoclassical tearing modes (N)TMs remains an important issue for the
fusion plasma operations. The understanding of the (N)TM onset driven by on-axis EC action, far from the
mode locations, is a field still not well understood for the MHD instability control. Comparison of the
responses from different devices with comparable size and operation parameters can give clear information
about the main mechanisms leading to the mode destabilization. In L-mode the effects of central electron
cyclotron heating (ECH) and current drive (ECCD) on the presence of (N)TMs have been investigated in TCV
without explicit triggers as sawteeth and in FTU with the presence of latent MHD activity. In TCV two
possible concomitant driving mechanisms for these instabilities, due to the on-axis EC power, have been
associated to the change of plasma current density profile and of mode stability parameter upstream of the
resonant location q=m/n and to the change in sign of the local difference between the toroidal plasma and the
(N)TM velocity due to the EC torque, allowing the destabilizing action of the ion polarization current. In FTU
the former mechanism has been related to both the mode onset and the amplification of a mode that was
present in a marginally stable state. A scaling for the onset / amplification of (N)TM will be given and
discussed taking into account geometrical and operational parameters. Investigation of the plasma current
density evolution will be done using the current diffusion equation in transport codes as JETTO and ASTRA
in order to calculate the stability parameter changes and compare this dynamics in FTU and TCV.
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Neutral beam injection (NBI) is one of the important methods to heat plasmas in current tokamaks. However,
fishbone instability induced by fast ions during NBI experiment is the main source for resulting in fast ion
loss. Generally speaking, the density gradient of fast ions is the primary driving force to destabilize the
fishbone modes. Therefore, it is possible to reduce the instability by eliminating the density gradient of the
fast ions, employing dual neutral beam injection (DNBI) scheme in tokamak plasmas. The DNBI refers to two
NBI lines heating plasma with one at the magnetic axis and the other (called off-axis NBI) at another radial
position. With such tangential DNBI, a radial density profile of fast ions can be formed from superposition of
dual Gaussian distributions. The dispersion equation for the fishbone instability is numerically solved for a
density profile of fast ions of DNBI. A slowing down distribution with Gaussian pitch angle profile is used for
each NBI. The dependences of the real frequency and growth rate of the fishbone modes on the parameters
such as beta of hot ions (ratio of fast ions pressure/magnetic pressure), Delta (the distance between the axis
and deposition position one of the off-axis NBI) and chi (ration of the on-axis NBI intensity and the off-axis
one) are investigated in detail. The results show that the density distribution of fast ions from DNBI can bring
about a stable window in the radial direction where the fishbone mode cannot be excited by fast ions. The
width of the stable window increases linearly with radius increasing of magnetic flux surface of safety factor
q=1. Besides, the width of the stable window increases with decreasing of density profile index of fast ions
and keeps constant for large enough density profile index. The growth rates of fishbone modes dramatically
decrease with the ratio of DNBI intensity and the critical beta values of fast ions increase with increasing of
the ratio. The fishbone instabilities can be avoided with DNBI and may be an effective method to prevent fast
ion loss resulted from fishbone modes.
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A nonlocal response of plasma to edge density sources, which has been sometimes observed in toroidally
magnetic confinement plasmas, is found in global fluid simulations. In the 4-field reduced MHD model, a
toroidally-elongated particle source is applied in the edge region after saturation of the resistive ballooning
mode turbulence is attained. The nonlocal transport appears at the location far from the edge source. The
detailed process of the nonlocal transport is revealed for the first time. Both nonlinear and toroidal couplings
between axisymmetric Fourier modes are responsible for the nonlocal transport. Especially (m,n)=(1,0) and
(-1,0) modes play an essential role to produce the nonlocal transport, where m and n are poloidal and toroidal
mode numbers, respectively. In the RMHD simulation only the resistive ballooning modes are unstable at the
edge and no turbulence exists in the core region where the nonlocal response appears. The (1,0) pressure
perturbation is an ingredient of the geodesic acoustic mode (GAM) oscillation of zonal flows (ZFs) and can be
driven by drift wave turbulence such as ion temperature gradient (ITG) driven turbulence in toroidal plasmas.
Therefore, it is interesting to investigate what happens in the nonlocal transport observed in the RMHD
simulation if the ITG turbulence exists in the core. In order to study effects of edge density source on the
ITG-ZF/GAM behavior, the global ITG turbulence code has been modified, in which the edge density source is
implemented as a sink or cold pulse in the temperature equation. It is found in electrostatic ITG turbulence
simulations that strong GAM oscillation is excited in an inner region than the sink location when the sink is
imposed to simulate the cold pulse propagation. After investigating the above simulations in detail, we will
perform simulations including both density source and temperature sink by extending the codes further.
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The natural attributes of the hybrid scenario, especially the anomalously broad current profile that suppresses
sawteeth by maintaining the safety factor minimum (qmin) above unity, allows steady-state conditions with
zero surface loop voltage to be achieved in 1 MA discharges in DIII-D with efficient central current drive and
simultaneous high beta and high confinement. Steady-state hybrid plasmas can achieve βN=3.6 for the full
duration of the NB pulse (>1 τ_R) without exciting the deleterious m/n=2/1 tearing mode, corresponding to βT
up to 3.4%. The experimental βN exceeds the DCON-calculated no-wall n=1 stability limit by 20%. With
central current drive, the surface loop voltage is driven down to zero for >1 τ_R when the poloidal beta is
increased above 1.9 by raising the EC power to 3.05 MW and reducing IP from 1.1 MA to 1.0 MA. High-β
hybrids can have slightly more than 50% bootstrap current fraction despite qmin≈1; the other half of the
plasma current is driven efficiently using central EC and NB current drive. Inside of the q=3/2 surface the
current profile is strongly overdriven, and time dependent TRANSP modeling shows that qmin should drop to
~0.8 by the end of the discharge. The fact that qmin remains above unity and sawteeth are suppressed shows
that the hybrid scenario maintains an anomalously broad current profile even in the presence of strong central
current drive. The thermal energy confinement time is excellent, with confinement factors of up to H98y2=1.6
even during strong central EC heating. The experimental density and temperature profiles are well reproduced
by the TGLF transport model, and measured changes in electron thermal transport, due to shape-induced
pedestal changes or electron heating, parallel the predicted changes in the level of high-k turbulence. A
zero-dimensional physics model demonstrates that attractive scenarios with Qfus=3.5–3.8 exist for
steady-state operation in ITER and FNSF using central EC current drive, with higher Qfus possible using
higher efficiency NB current drive. Therefore, high-β hybrid plasmas with central current drive should be
considered as an alternative method for achieving the fusion performance goals in steady-state scenarios in
ITER and FNSF.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698,
DE-FG02-04ER54761, DE-AC52-07N27344, and DE-FG02-08ER54984
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In a continuing effort to validate turbulent transport models, the electron heat flux has been probed as a
function of electron temperature gradient on the DIII-D tokamak. In the scan of gradient, a critical electron
temperature gradient has been found in the electron heat fluxes and stiffness at various radii in L-mode
plasmas. The TGLF reduced turbulent transport model [G.M. Staebler, J.E. Kinsey, and R.E. Waltz, Phys.
Plasmas 14, 055909 (2007)] and full gyrokinetic GYRO model [J. Candy and R.E. Waltz, J. Comput. Phys. 186,
545 (2003)] obtain the observed critical gradients and stiffnesses, but they do not predict the absolute level of
transport at all radii. Here the stiffness is defined as the ratio of the heat pulse diffusivity (obtained by
modulating 1 of the electron cyclotron heating gyrotrons) to the power balance diffusivity. For a regime where
the heat flux is linearly proportional to the temperature gradient (with no offset), the stiffness is 1. There can
be a critical gradient above which the flux is no longer proportional to the gradient; the stiffness will then
jump above 1. Consistent with a critical gradient paradigm, the inferred stiffness at each radial location starts
around 1 and jumps up above 1 at a critical gradient. The value of the critical gradient is observed to increase
with radius in the plasma. The TGLF and GYRO predicted fluxes and stiffnesses exhibit a similar critical
gradient; however there are conditions, such as when the experimentally inferred fluxes are large compared to
gyrobohm fluxes, under which both codes underpredict the baseline level of transport. In addition to inferring
the power balance and heat pulse diffusivities, the electron temperature fluctuations were measured at ρ=0.6
using the Correlated Electron Cyclotron Emission diagnostic. Although the GYRO code does reasonably well
at predicting the fluxes at this radius, it substantially underpredicts these electron temperature fluctuations,
while still exhibiting a critical gradient similar to the measured fluctuations. This is a quandary because, in the
past, predicted fluxes and fluctuations either both agree or disagree with experiment. The nature of the
experiment-code discrepancies is prompting reevaluation of the range of wavenumbers used in GYRO
simulations.

This work was supported by the US Department of Energy under DE-FC02-04ER54698.
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The common view in fusion theory is that nonlinear gyrokinetics constitutes a reliable first-principles
approach to describe turbulent transport in MCF devices. Surprisingly, however, two recent findings
challenged this notion. First, the experimental ion heat fluxes in the outer core of certain DIII-D L-mode
discharges were underpredicted by GK simulations by almost an order of magnitude. This finding has been
dubbed the „shortfall problem“ and has triggered extensive theoretical efforts on an international level.
Second, a careful analysis of some L-mode discharges in the JET tokamak revealed a significant reduction of
ion temperature profile stiffness in the presence of strong NBI [1]. This was first attributed to a combination of
high toroidal flow shear and low magnetic shear. However, nonlinear GK simulations failed to confirm this
suspicion, overpredicting the observed fluxes by up to an order of magnitude. This finding could be called the
„excess problem“ and is as severe as the shortfall problem described above. The main goal of the present
contribution is to revisit both of these problems and substantiate or refute them. At stake is the plasma theory
community’s confidence to devise a predictive transport capability for devices like ITER or DEMO on the
basis of nonlinear GK. Via careful studies with the GENE code (using about 30 million CPUh), both of these
challenges could be met successfully. While the transport levels in outer-core L-mode discharges of DIII-D,
C-Mod, and ASDEX Upgrade [2] can be reproduced within the experimental error bars, the observed ion
temperature stiffness reduction in JET can be explained in terms of nonlinear electromagnetic effects in the
presence of fast ions [3]. Thus, a number of ideas about possible elements missing in the present theoretical
description or even a possible breakdown of GK are identified as premature. Meanwhile, these studies
highlight the fact that the search for adequate minimal models of turbulent plasma transport under various
experimental circumstances is highly non-trivial.

[1] Mantica, PRL 107, 135004 (2011)
[2] Told, PoP 20, 122312 (2013)
[3] Citrin, PRL 111, 155001 (2013)

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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In this paper we report the simulations of the evolution of the particle and heat flux during the burst of ELMs
in realistic discharges on DIIID and EAST tokamaks. A set of six-field two-fluid equations based on the
Braginskii equations with non-ideal physics effects is found to simulate pedestal collapse under the BOUT++
framework [1]. In general studies with shifted-circular geometry, the analysis of radial transport coefficients
indicates that the ELM size is mainly determined by the energy loss at the crash phase. The typical values for
transport coefficients in the saturation phase after ELM crashes are Dr∼200m2/s, χir∼χer ∼ 40m2/s. The DIIID
ELMy H-mode discharge #144382 is a lower single-null, small ELM crash event detected with multiple fast
acquisition data chords in the pedestal, scrape-off layer (SOL) and divertor [2]. The measured density,
temperatures and electric field profiles inside the separatrix are used in our simulation. The ELMs of this
discharge is destabilized by the resistive-ballooning modes according to the linear analyzes. In order to
consider the kinetic modification of parallel transport in SOL, the sheath limit of the flux limited expression
are applied for the parallel thermal conduction. The energy loss during our simulation is around 18kJ, which is
close to the experiment measured value 17kJ. The collapse width of the electron density profile is the same as
the measurements. The peak amplitude of heat flux distributions on divertor targets in our simulation is
700W/cm-2 at 0.28ms after ELM crash, compared to the measured value 500W/cm-2. The radial heat flux
distributions indicate that this ELM is convective dominant. For EAST ELMy H-mode discharge #38300 [3],
which is close to double null geometry, the measured profiles of density and temperatures inside the
separatrix are used in our simulation. This discharge is ideal peeling-ballooning unstable. The power loss of
the simulation is around 0.7MW, which is the typical value of EAST discharges with LHCD. The dependency
of the direction of toroidal magnetic field on the asymmetric distribution of particle fluxes on upper and lower
divertor targets will be reported in this paper.

[1] Nuclear Fusion, 53, 073009 (2013).
[2] M.E.Fenstermacher, et al. 40th EPS, P4.104.
[3] PPCF., 55, 125008 (2013).
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We report a substantial reduction of net compared to gross erosion of a tungsten PFC surface observed in
DIII-D divertor in good agreement with modeling, and suppression of molybdenum erosion by a local gas
injection. A sample featuring a 1 mm and a 1 cm diameter 15-24 nm thick W films deposited on a Si substrate
over a carbon inter-layer was exposed in the lower divertor of DIII-D using the Divertor Material Evaluation
System (DiMES). The exposure was performed in lower single null L-mode deuterium plasma discharges near
the attached outer strike point (OSP) for a total of ~16 s. The plasma density ne = 1.2x10^{19} m^{-3} and
electron temperature T_e = 32-35 eV near OSP were measured by the divertor Langmuir probes. Net erosion
was determined by comparing Rutherford backscattering (RBS) measurements of the W layer thickness on the
1 cm spot before and after the exposure, and gross erosion was estimated from similar measurements on the 1
mm spot. The measured net and gross erosion rates were 0.14 and 0.48 nm/s, respectively, giving net/gross
erosion ratio of 0.29. REDEP/WBC modeling of this experiment yielded a very close ratio of 0.33. A second
exposure of a sample with similar W coatings on a Mo inter-layer performed in similar geometry at similar
T_e but ~x3 higher ne yielded erosion rates about twice higher and net/gross erosion ratio of 0.38. Modeling of
the second experiment is in progress. In another experiment, two Mo-coated Si samples 1 cm in diameter were
exposed near attached OSP, first in L-mode for ~14 s, second in H-mode for ~7 s, with ^13CH_4 gas injected
~12 cm upstream of the samples. Suppression of Mo erosion was evidenced in situ by the disappearance of MoI
line radiation at 386.3 and 390.2 nm once the gas injection was turned on. Post-mortem RBS analysis found the
erosion of Mo near the center of the samples being below the measurement resolution of 0.3 nm,
corresponding to a rate of 0.02 nm/s. Compared to the previously measured erosion rates in L-mode of 0.4–0.7
nm/s this constitutes a reduction of more than x20. Carbon deposition was measured on both samples,
corresponding to a rate of ~20 nm/s in L-mode and ~4 nm/s in H-mode. The ratio of ^{13}C/^{12}C carbon in
the deposits was about 1.6 on both samples, indicating that the deposition was largely from the gas injection.

This work was supported by the US DOE under DE-FG02-07ER54917.
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In several experiments, including JET [1], Alcator C-Mod [2], and NSTX [3], it was observed that disruptions
were accompanied by toroidal rotation. There is a concern that there may be a resonance between rotating
toroidal perturbations and the resonant frequencies of the ITER vacuum vessel, causing enhanced damage. We
present MHD simulations with M3D [4] of ITER, JET, and DIII-D, as well as theory, demonstrating that
asymmetric vertical displacement event (AVDE) disruptions and ELMs can produce toroidal rotation. Net
toroidal rotation requires three conditions [5].
(1) The poloidal magnetic field penetrates the wall, which is a condition that the plasma can transmit torque to
the wall.
(2) Rotation requires vertical asymmetry, which can be produced by a VDE. Simulations and theory indicate
that the magnitude of the rotation is a stong function of VDE displacement.
(3) Rotation requires MHD turbulence. In disruption simulations, the thermal quench and rotation generation
occur at the same time, and are caused by toroidally varying MHD perturbations. The rotation persists into
the current quench.

This work was supported in part by the U.S.D.O.E., ITER and F4E.

[1] S. N. Gerasimov, et. al, Proc. of EPS 37th Conference on Plasma Physics, Dublin, Ireland (2010).
[2] R. S. Granetz, et. al, Nucl. Fusion 36, 545 (1996).
[3] S. P. Gerhardt, et. al, Nucl. Fusion 52 063005 (2012).
[4] W. Park, E. Belova, G. Y. Fu, X. Tang, H. R. Strauss, L. E. Sugiyama, Phys. Plasmas 6 1796 (1999).
[5] H. Strauss, L. Sugiyama, R. Paccagnella, J. Breslau, S. Jardin, Nucl. Fusion, in press (2014).
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Modeling results, obtained with the full kinetic MARS-K code [1] for a set of DIII-D experimental equilibria,
predict that the absence of fast beam generated ions in ITER will lead to a plasma response ~40% higher than
in the present NBI-sustained H-mode plasmas. It has been postulated that the presence of fast ions may have a
stabilizing effect on the RWM that would account for its observed stability, specifically in the DIII-D tokamak
(the fast-ion generating Neutral Beam Injection system is the main heating system DIII-D plasmas). These
dependencies may extrapolate unfavourably to machines with significantly smaller fractions of fast ions such
as ITER. Elevated plasma response values will likely cause the potential onset of a resistive wall mode (RWM)
instability. If the RWM is destabilized, operation above the no-wall limit will likely require a set of coils and a
feedback system capable of detecting and stabilizing the external kink instability on the wall-time scale (~2.5
ms in DIII-D). Active MHD spectroscopy can be used to indicate the approach to pressure driven MHD limits.
This technique can define when the RWM feedback is needed and ultimately help to avoid disruptions. The
MHD spectroscopy system reacts differently in the case of current driven instabilities. The plasma response
amplitude in these cases remains low up to ~93% of the limit, showing an abrupt increase only in the last ~5%
of the current ramp, making it much less effective as a warning system. However, new modelling shows that
the mode structure of the current driven RWM is very close to that of the pressure driven case, as measured in
DIII-D plasmas with q_{edge}~2 and modelled with the MARS-F and MARS-K codes. These equilibria, which
show a hard disruptive limit when qedge crosses 2, were used to develop an RWM feedback system that
allowed to cross the q=2 limit and sustain the plasma at q~1.9 for ~400 wall times [2].

[1] Y. Liu, Phys. Plasmas 15, 092505 (2008)
[2] J.M. Hanson, et al, Bulletin of the American Physical Society, Division of Plasma Physics 58, TI2.00003
(2013).

Work supported in part by the US DOE under DE-FG02-04ER54761, DE-AC02-09CH11466 and
DE-FC02-04ER54698.
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DIII-D experiment results are presented to demonstrate the potential of integrated physics-model-based
q-profile and βN control for the systematic development and sustainment of advanced scenarios. Both
simulations and experiments demonstrate improved control performance relative to unoptimized
preprogrammed control, by utilizing a combined feedforward+feedback scheme. At the core of the control
scheme is a nonlinear, physics-based, control-oriented model of the plasma dynamics valid for H-mode
scenarios. A partial differential equation model of the
q-profile dynamics is developed by combining the poloidal magnetic flux diffusion equation with
physics-based models of the electron density and temperature profiles, the plasma resistivity and the
noninductive current sources (both auxiliary and bootstrap). The plasma internal energy (related to βN)
dynamics are modeled by a volume-averaged energy balance equation. Firstly, a nonlinear, constrained
optimization algorithm to design feedforward actuator trajectories is developed with the objective of
numerically complementing the traditional trial-and-error experimental effort of advanced scenario planning.
The goal of the optimization algorithm is to design actuator trajectories that steer the plasma to a target state
(q-profile and βN) at a predefined time during the discharge, such that the achieved state is stationary in time,
subject to the plasma dynamics (described by the physics-based models) and plasma state and actuator
constraints. Secondly, integrated feedback controllers are designed to track a target q-profile and βN evolution
with the goal of rejecting the effects of external plasma disturbances and adding robustness to the control
scheme. The feedback controllers are synthesized by embedding both static and dynamic physics-based
plasma response models into the control design and to be robust to uncertainties in the electron density,
electron temperature and plasma resistivity profiles. The algorithms use the heating/current-drive system and
total plasma current as actuators to control the plasma dynamics. Finally, experimental and simulation results
are presented to demonstrate the capabilities of the optimized actuator trajectories and feedback controllers to
control the plasma dynamics in DIII-D advanced scenarios.

Work supported by US DOE (DE-SC0001334, DE-SC0010661 and DE-FC02-04ER54698).
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Modeling shows that fast waves at very high ion cyclotron harmonics (also called “whistlers” or “helicons”)
can drive current efficiently in the mid-radius region of a high beta tokamak plasma, as is required to sustain
steady-state high performance discharges in a DEMO-like configuration. DIII-D has developed discharges
with high electron beta and high electron temperature so that full first-pass damping of the waves is expected
to take place off-axis. We show that in a specific existing high-beta DIII-D target discharge, 0.5 GHz fast
waves at launched n_|| ~ 3–4 would drive a noninductive current of 60 kA/MW at ρ=0.55, where the electron
density is ~5x10^19 m^-3 and the electron temperature is ~3 keV. With complete first-pass absorption, loss
processes (mode conversion, far-field sheath formation, etc.) associated with weak single-pass damping are
minimized. The calculated current drive efficiency is 2 to 4 times higher than that of off-axis neutral beams or
electron cyclotron current drive using the present DIII–D systems. Strong, radially localized absorption on
electrons can be obtained only for local values of βe exceeding 1.8%. At lower values, the waves propagate to
smaller minor radius before being absorbed. Varying the launched value of n_|| shows that the driven current
hardly changes in either magnitude or in radial location in the range of 2.8<n_||<4.2, for reasons that are
understood from examination of the ray data. We have identified an appropriate launching structure to excite
a well-defined and toroidally directional wave spectrum — the traveling wave antenna known as the
“comb-line”'. This structure permits the use of a large number of radiating elements in a phased array with
feeds only at the ends of the wide, all-metallic antenna. The key parameter determining the necessary width
of the array is the radial distance from the antenna surface to the location in the plasma edge where the rays
begin to propagate. To determine this distance at the poloidal location of the proposed antenna, DIII-D will
test a low-power prototype comb-line at that location to ascertain the needed width of the high-power
antenna. We plan to perform the low power experiments in 2015 and proceed to experiments at the 1 MW
level at 0.5 GHz in 2016. This work was supported by the US Department of Energy under
DE-FC02-04ER54698.
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Results obtained recently in DIII-D provide critical information for ITER baseline scenario operation. Much of
the physics basis for ITER baseline scenario operation has been obtained in plasmas with significant fueling
and applied torque from neutral beam injection (NBI). DIII-D has unique capabilities to extend this physics
basis toward ITER conditions by applying neutral beam injection (NBI) with combinations of co- and
counter-injection to reduce torque input, applying electron cyclotron heating (ECH) to reduce fueling and
torque and to equilibrate the electron and ion temperatures, and exploring the effects of steady-state and
transient divertor heat flux reduction with radiative divertor operation. All of these tools have been applied to
plasmas with a boundary shape close to that of ITER to minimize systematic effects in projection of the results
to ITER. The existence of stationary plasmas at nearly zero applied torque in
DIII-D with sufficient normalized pressure and confinement for Q=10 in ITER at 15 MA is a key validation of
the baseline scenario. Sustained operation with normalized parameters sufficient for Q=10 operation in ITER
(βN=1.9, H_98=1.05, I_N=1.41) has been achieved with nearly zero external torque input from NBI (TNB=0.3
Nm) for more than four resistive relaxation times (4τR). Similar conditions with PEC>PNB and TNB=0.5 Nm
have been sustained for >3τR. Confinement at low torque is reduced relative to the standard co-NBI, but there
is sufficient confinement margin in DIII-D so that the reduction brings the plasmas to H98~1. Application of
ECH does not reduce the confinement quality of the plasmas relative to those with NBI only as long as
plasmas at the same applied torque are compared. Radiative divertor operation is successful in reducing
steady-state and transient heat flux to the divertor in DIII-D at low q95 and reduced torque without enhanced
accumulation of the seed impurity used for radiation. The studies of the flux usage indicate sufficient flux
should be available in ITER to meet the >300 s operational requirement. However, the operational difficulties
encountered with tearing mode stability at low applied torque suggest that a more diverse set of plasmas
should be considered for the Q=10 mission, due to the sensitivity of ITER to disruptions.

This work was supported by the US Department of Energy under DE-FC02-04ER54698.
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Experiments of magneto-hydrodynamics (MHD) instabilities control using injection of Electron Cyclotron
Waves (ECW) are being performed in the FTU tokamak at toroidal field of 5.3T, plasma current of 0.5MA, line
averaged density of 0.6 10^20 m^-3. The control system is based on only three real time key items: an
equilibrium estimator (EQUIFAST) based on a statistical regression, a MHD instability marker (SVDH) using a
3d array of pick-up coils and the fast ECW launcher. One beam of 0.33MW, 140GHz, max pulse duration of
0.5s has been used for heating in the Ordinary Mode polarization (OM1) with perpendicular toroidal injection
and nearly on axis EC resonance. The EC absorption volume has been controlled by the poloidal steering of
the launcher. The MHD activity (m,n=2,1 or 3,2 modes) has been deliberately induced either by Neon impurity
injection or by a density ramp hitting the density limit. No diagnostics providing the radial localization of the
instabilities have been used. This is given a-posteriori through the evaluation of the effectiveness of the
stabilization. When the ECW power is switched on, the instability amplitude shows a marked sensitivity to
the position of the absorption volume with an increase or decrease of its growth rate. A significant reduction
of the MHD amplitude has been obtained during the ECW injection phase. However, the continued cooling by
Neon recycling that originates the instabilities does not allow their complete suppression at least at this ECW
power level. The MHD control loop has been modified for the density limit experiments. The automatic search
of the steering angle producing the fastest instability reduction has been introduced, based on the evaluation
of the time derivative of the MHD amplitude. Once such angle is reached the controller holds the position
until the SVDH signal crosses the switching off threshold. This control criterion has led to the suppression of
the instabilities, even if the ECW injection is in some cases accompanied by a density pump-out reducing the
density below the onset threshold. These experiments are the first attempt of feedback control of the ECW
launcher in FTU for MHD control purposes. The control tools used are essential and based on a minimal set of
diagnostics. Such experimental condition mimics the situation of a fusion reactor where reduced diagnostics
capabilities are expected.
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Results are reported and interpretation made of recent experiments on DIII-D that assess the effectiveness of
three innovative tokamak divertor concepts under radiating divertor (RD) conditions: (1) high performance
standard double-null divertor (DND) plasmas, (2) high performance double-null “snowflake” (SF-DN) plasmas,
and (3) single-null H-mode plasmas with different parallel connection lengths between their X-points and
outer divertor targets (L||-XPT). In general, all three concepts are attractive, with reduced heat flux and good
H-mode confinement. Significant reductions in peak divertor heat flux (q⊥,P) of more than 50% and 85% at the
outer and inner targets, respectively, were observed in DND plasmas under neon/deuterium-based RD
conditions, and high performance metrics were maintained, e.g., βN ≅ 3.0 and H98(Y,2) ≅ 1.35. Under these RD
conditions, <20% of the input power (≈10-13 MW) was radiated in the core, while >40% outside the main
plasma. Impurity injection from poloidal locations other than the private flux region opposite the Bx∇B drift
direction produced high levels of fuel dilution. High performance SF-DN plasmas mirrored the DND results
under similar RD conditions. While the heat flux profiles at the inner target of the SF-DN and DND plasmas
behaved similarly under comparable RD conditions, q⊥,P at its outer divertor target of the SF-DN cases was
generally about a factor of two lower. Impurity build up in the main plasma, however, was 15%-20% higher in
the SF-DN, due in part to difficulty in pumping the broad density profile under the outer divertor leg of the
SF-DN. Plasmas with longer L||-XPT had lower q⊥,P than those with the shorter L||-XPT. SOLPS modeling has
indicated that cross-field transport between the X-point and the divertor target resulted in broadened heat flux
profiles and reduced q⊥,P. Under similar RD conditions, the longer L||,XPT cases maintained lower q⊥,P by at
least 50%. Partial detachment at the outer divertor under RD conditions occurred at lower bar_ne in the longer
L||,XPT cases. This study represents a first systematic step in examining three potential solutions to the
excessive power loading expected in future generation high-powered tokamaks.

This work was supported in part by the US DOE under DE-FC02-04ER54698, DE-AC52-07NA27344,
DE-AC05-00OR22725, DE-FG02-07ER54917, DE-FG02-04ER54541, and DE-AC04-94AL85000.
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Control in DIII-D and RFX-Mod
Dr. OKABAYASHI, Michio 1; Dr. ZANCA, P. 2; Dr. PIRON, Chiara 2; Dr. PIRON, Lidia 2; Dr. SHIRAKI, Diasuke 3; Prof. VOLPE, Francesco

A. 4; Dr. STRAIT, Edward J. 5; Mr. GAROFALO, A. M. 5; Dr. HANSON, Jeremy 4; Dr. IN, Yongkyoon 6; Dr. LA HAYE, Rob 5; Dr.

MARRELLI, Lionello 7; Prof. MARTIN, Piero 2; Dr. PIOVESAN, Paolo 2

1 Princeton Plasma Physics Laboratory
2 Consorzio RFX
3 Oak Ridge National Laboratory
4 Columbia University
5 General Atomics
6 FAR-TECH, Inc.
7 Italy

Corresponding Author: mokabaya@pppl.gov

Disruptions caused by tearing modes (TM) are considered to be one of the most critical roadblocks to
achieving safe steady state operation of tokamak fusion reactors. Here, a new scheme to avoid such
disruptions is proposed by utilizing the electro-magnetic (EM) torque produced with 3D coils that are
available in many present tokamaks. In this scheme, the EM torque to the modes is created by a toroidal phase
shift between the externally-applied field and the excited TM fields, compensating the mode momentum loss
due to the interaction with the resistive wall and error field. Fine control of torque balance is provided by a
feedback scheme. Experimentally, we have explored this in DIII-D, a non-circular divertor configuration with
3D coils inside the wall, and made comparisons to the performance in RFX-mod (operated as a tokamak), a
circular limiter device with active feedback coils outside the wall using a slightly different, independently
developed technique.
In high beta poloidal discharges in DIII-D, by applying sufficiently high gain, a large amplitude m/n=2/1 TM
propagating initially with the plasma rotation was successfully slowed down in a controlled manner to very
low frequency, i.e. of the order of the inverse of resistive wall time τ_w, and sustained over several seconds.
Upon termination of feedback, the mode became locked leading to disruption. The controllability of torque
balance was illustrated by rotating the mode forward or backward with varying feedback phase shift. In
RFX-mod the controllability of mode rotation has been demonstrated at moderate plasma density (n/n_G<0.5
where n_G is the Greenwald limit) and low q(a) [q(a)<2.5], using pure real gains with no added phase shift.
Here the key element for sustaining a mode at slow rotation frequency, ~ 1/τ_w, is the minimization of
coil-sideband pollution. Theoretical models developed independently for both devices showed that experiment
observations are consistent with common understanding.
The achievements in both devices showed that this approach is robust, suggesting that the application to ITER
would expand the horizon of its operational regime. The 3D coils currently under consideration for ELM
suppression would be well suited to this purpose.

This work was supported by the US Department of Energy under DE-AC02-09CH11466, DE-FC02-04ER54609,
DE-FG02-08ER85195, and DE-FG02-04ER54761.
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Runaway electrons (RE) are highly energetic electrons that might gain energy up to 20-30MeV (FTU). Runway
electron beam can be harmful for plasma facing components: its low pitch angle allows the deposition of a
high amount of energy on small areas yielding serious and deep damages of the vessel structure. For
Tokamakas such as ITER, RE beams current should be around 11-13 MA and an impact with the vessel would
irreparably damage the machine.
We have proposed a new tool in the FTU plasma control system (PCS) for position and Ip ramp-down control
of disruption-generated runaway electrons and first experimental results are discussed.
The RE hybrid control algorithm switches among three phases: 1) in the Ip pre-quench phase the currents in
the poloidal coils used for the radial control of the plasma are optimized by a dedicated algorithm called
Current Allocator; 2) when the Ip quench is detected (on-line) the system performs actions to improve the
radial control in case of formation of a RE plateau; 3) at the onset of the RE plateau, which is detected on-line
by dedicated algorithms, the Ip is ramped down and the RE beam position is controlled, by means of real-time
(RT) diagnostic signals (magnetics, neutrons), in such a way to minimize the interactions with the plasma
facing components and safely shut down the discharge.
This algorithm was tested in dedicated low density plasma discharges in which a significant RE population is
generated during the Ip flat top and Ne gas is injected to induce a disruption: the rapid variation of the
resistivity and the increased loop voltage at the disruption accelerate the pre-existing RE population and lead,
in some cases, to the formation of a RE current plateau. The effectiveness of the RE hybrid control algorithm
in this phase will be discussed as well as the possible improvements including code portability to other
devices.
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High current, stable tokamak plasmas with edge safety factor below or around 2 are attractive for magnetic
fusion due to favourable high fusion gain and higher confinement. But they have long been considered
inaccessible in modern devices owing to the unforgiving MHD instabilities. Even in tokamaks with a resistive
wall, the onset of an n=1 resistive wall mode leads to a disruptive limit at edge safety factor q_edge =2 (for
limiter plasmas) and q_95≈ 2 (diverted plasmas).
This paper reports how for the first time two very different tokamaks, a large MA-class shaped device like
DIII-D and a high aspect ratio circular experiment like RFX-mod, have robustly overcome the edge safety
factor = 2 limit by active control of plasma stability and demonstrate that operation below 2 is possible for
hundreds of resistive wall times.
In addition these experiments reveal a new tool to control sawtooth frequency and amplitude, a result that has
the potential of extending the tokamak operating space even further by avoiding deleterious giant sawteeth.
The application of 3D fields with a strong n=1 component that couples to the m=1,n=1 internal kink is found
to significantly reduce the sawtooth amplitude and increase their frequency, demonstrating the benefits of this
helical state.
Experimental results have been compared with theory and numerical models. The experimental stability limit
has been identified in DIII-D limiter plasmas as q_edge=2.08 ± 0.011, slightly higher than the external kink
mode limit q_edge=2.0 predicted by ideal MHD analysis (DCON). In both devices the approach to the stability
limit is characterized by the onset of an n=1, m=2 mode and growth rate of the order of τwall, consistent with
ideal MHD predictions. RFX-mod shows that at q_edge<2.0 the growth rate of the uncontrolled modes
decreases as q_edge is lowered towards 1.5, i.e. indicating stability improvement as q_edge=1.5 is approached
from above. This is consistent with external kink mode stability expected from ideal MHD theory at
q_edge<2.0: a peak in the external kink growth rate is expected near, but below q_edge=2.0, followed by a
decrease in the growth rate. Sawtooth destabilization via applied magnetic perturbation is explained with the
nonlinear MHD PIXIE3D code as a purely nonlinear effect, and not simply a modification of the (1,1) kink
linear stability.
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Gyrokinetic Simulation of Microturbulence in EAST Tokamak and DIII-D
Tokamak
Mr. ZHANG, Taige 1; Mr. ZHAO, Chen 1; Prof. XIAO, Yong 2; Mr. QIU, Zhiyong 3; Mr. CHEN, Liu 4

1 Institute for Fusion Theory and Simulation, Zhejiang University
2 Institute for Fusion Theory and Simulation
3 Institute for Fusion Theory and Simulation, Zhejiang University, Hangzhou, China
4 University of California, Irvine, USA

Corresponding Author: yxiao@zju.edu.cn

The new capabilities in the gyrokinetic simulation code GTC enable it to simulate the turbulent transport in
real tokamak experiments. We apply these capabilities to simulate one ITG turbulence case for DIII-D
tokamak and one TEM turbulence case for EAST tokamak with real experimental profiles and equilibrium
magnetic field. For DIII-D case, the radial heat diffusivity profile simulated by GTC is highly consistent with
that by GYRO. For the EAST case, we find that the collisional effect is very important in successfully
explaining the low mode frequency and large wavelength for the electron coherent mode (ECM) observed in
the EAST pedestal.
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Heat Transport and Enhancement Confinement Regimes in Tokamak as a
Result of Plasma Selforganization
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Based on hypotheses about self-organization and pressure profile shape conservation in tokamak plasma, the
turbulent heat transport processes are analyzed. The mechanism of internal transport barriers formation in
regions without low number rational magnetic surfaces is suggested. The stronger pressure profile distortions
from the self-consistent profile bring to the lower mode number excitation, increasing the heat flux. It is
shown that the specific feature of the energy turbulent transport by low modes is the possibility of the internal
transport barriers formation. The nontraditional explanation for H mode and regimes with the improved
confinement (“advanced tokamak”) is suggested.

Work is supported by ROSATOM contract № H.4x.44.90.13.1101.
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Recent experiments on DIII-D have overcome a long-standing limitation in accessing quiescent H-mode
(QH-mode), a high confinement state of the plasma that does not exhibit the explosive instabilities associated
with edge localized modes (ELMs). In the past, QH-mode was associated with low density operation, but has
now been extended to high normalized densities compatible with operation envisioned for ITER. Through the
use of strong shaping, QH-mode plasmas have been maintained at high densities, both absolute
(bar{n}_e>7x10^{19}m^{-3}) and normalized Greenwald fraction bar{n}_e/n_G>0.7 . In these plasmas, the
pedestal can evolve to very high pressures and current as the density is increased, becoming comparable to
some of the highest performance transient pedestals seen on DIII-D. Calculations of the pedestal height and
width from the EPED model are quantitatively consistent with the experimental observed evolution with
density. Such comparisons of the dependence of the maximum density threshold for QH-mode with plasma
shape help validate the underlying theoretical peeling-ballooning models describing ELM stability. High
density QH-mode operation with strong shaping has allowed stable access to a previously predicted regime of
very high pedestal dubbed “Super H-mode”. In general, QH-mode is found to achieve ELM-stable operation
while maintaining adequate impurity exhaust, due to the enhanced impurity transport from an edge harmonic
oscillation, thought to be a saturated kink-peeling mode driven by rotation shear. In addition, the impurity
confinement time is not affected by rotation, even though the measured ExB shear is observed to increase at
low toroidal rotation, resulting in reduced turbulence and increased energy confinement. Together with the
simultaneous achievement of high beta, high confinement and low q95 for many energy confinement times,
these results suggest QH-mode as a potentially attractive operating scenario for ITER’s Q=10 mission.

This work was supported by the US Department of Energy under DE-AC02-09CH11466 and
DE-FC02-04ER54698.
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The intrinsic limited toroidal electric field (0.3 V/m for ITER) in devices with superconducting poloidal coils
(ITER, JT-60SA, DEMO) requires an additional heating, like Electron Cyclotron (EC) waves, to initiate plasma
current and to sustain it during the burn-through phase. The circular full metallic FTU tokamak, equipped
with an ECRH system (140 GHz, 0.5 s, up to 1.6 MW), has contributed in the past to a wide documented study
on the possible configuration and perspective of EC assisted plasma breakdown, performing experiments
focused on low electric field start-up with perpendicular injection of EC power. Afterwards a new
experimental and modelling activity, addressing the study of assisted plasma start-up in a configuration close
to ITER one (magnetic field, wave oblique injection and polarization) realized on FTU, has been initiated and
presented. These new experiments have been supported by a 0-D code, BKD0, developed to model the FTU
plasma start-up and linked to a beam tracing code to computing, in a consistent way, EC absorption. The FTU
results demonstrate the role of polarization conversion with oblique injection at the inner wall reflection,
confirmed by a faster plasma current ramp up (from 3.5 to 8.6 MA/s), when the waves reflects on the inner
vessel surface. This effect is related to the higher temperature reached as a result of the better power
absorption of extraordinary polarized waves generated at reflection, guaranteeing a wider operational window
in term of filling pressure and toroidal electric field. Dedicated experiments showed also the capability of EC
power to sustain plasma start-up even in presence of strong vertical magnetic field (10mT), with a null outside
the vacuum vessel. These results assume more and more importance considering that the first plasma in ITER
will be likely obtained at half field (2.5 T), where the influence of stray field is doubled. The 0-D BKD0 code,
developed and applied to FTU data to reproduce the ITER relevant configurations at half and full toroidal
magnetic field, has been used to determine operational window of sustained breakdown as a function of
toroidal electric field and filling pressure. Experimental results are in agreement with the BKD0 simulations,
supporting the use of the code to predict start-up also in future tokamaks, like ITER and JT60SA.
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Turbulent particle transport and momentum transport have been shown to be closely connected theoretically
as well as experimentally. In DIII-D H-mode plasmas we study the changes in particle and momentum
transport across the linear ITG-TEM stability regime as well as studying the changes in particle transport as a
function of the rotation profile. Counter to previous experimental [1], we do not find a correlation between
normalized rotational shear (u’) and density peaking [max(a/Ln)] and only a weak dependence of core Te/Ti
on density peaking. The density profiles do not become more peaked when we vary u’ from, by changing the
momentum injection with the neutral beams. However, there is a correlation between the radius where, the
maximum peak in the density scale length occurs and the radius at which the plasma transitions from ITG to
TEM. We find that the intermediate density fluctuations increase in the core of the co- and balanced injected
experiments and decrease outside mid-radius when compared with the counter-injected experiment. Together
with a strong reduction in ExB shear outside mid-radius, this should result in a large increase in transport for
the counter injected case. However, experimental perturbative D and v transport coefficients show that the
increase in D for the counter-injected experiment is fully countered with an even stronger increase in v. In
order to further study the role of turbulence in determining particle and momentum transport, we compare
experiments in which we vary the heating from dominantly NBI-heated to ECH while keeping the injected
momentum constant. We find that the ECH plasmas have a slightly more peaked density profile, but the
overall density is strongly reduced. The rotation profiles for the ECH plasmas are more flat, but no rotation
reversal is observed even though the plasmas transition from ITG to TEM close to mid-radius. The NBI heated
plasmas all exhibit a rotational “well” in the pedestal area, which is not observed in the ECH heated plasmas
and results in an overall lower core rotation. When adding a gas puff in the ECH heated plasma, we observe
the return of the rotational well and the overall reduction of the core rotation at higher density.

This work supported by the US DOE under DE-SC0007880, DE-FG02-08ER54984, and DE-FC02-04ER54698.

[1] C. Angioni et al. Nucl. Fusion 51 (2011) 023006
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A new approach has been developed to control fusion power by applying a non-axisymmetric magnetic field
(n=3) using the DIII-D in-vessel coils (I-coils) to modify the energy confinement time. This has potential
advantages for a power plant due to the reduced power requirements relative to auxiliary heating and that it
may enable the control of the plasma response more rapidly than with fueling or impurity influxes due to
recycling of the fuel gas and impurities. In the relatively low collisionality DIII-D discharges, the application
of non-axisymmetric magnetic fields results in a decrease in confinement time and density pump-out. The
stored energy, which is used as a surrogate for fusion power, was controlled by the application of
non-axisymmetric fields. The regulation of the stored energy by means of I-coil feedback yields comparable to
or more stationary conditions than by the conventional approach of varying the neutral beam power.
Transient increases in neutral beam power were used to simulate alpha-heating excursions. The feedback loop
largely compensated the increased heating power by increasing the I-coil current, which reduced the energy
confinement time. The accompanying increased particle transport in the pedestal was compensated by means
of feedback control of the density at the top of the pedestal using the Thomson scattering system and fueling
by means of the gas system. TRANSP was used to examine fast ion and profile effects in the interpretation of
these results. These experiments demonstrated that it is possible to control the stored energy, which is a proxy
for fusion power, by means of applying non-axisymmetric magnetic fields.

The work was supported by US Department of Energy under DE-AC02-09CH11466, DE-FC02-99ER54512 and
DE-FC02-04ER54698.
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Predictive modeling of turbulent transport is essential to the success of ITER and DEMO. Due to the
collisionless nature of fusion plasmas, turbulence with strong wave-particle interaction – such as collisionless
trapped electron or ion modes (CTEM/CTIM) or energetic particle (EP) modes – can develop in fusion
plasmas. However, transport caused by these turbulence cannot be described by the conventional quasilinear
transport analysis. This is since the precession resonance allows a long correlation time between resonant
trapped particles and fluctuations to produce a group of correlated resonant trapped particles, called
granulations. In the presence of granulations, transport is not determined by quasilinear diffusion, but by
Lenard-Balescu flux with Fokker-Planck drag. In this paper, we report progress on the modeling of turbulent
transport caused by trapped ion granulations.
In the first part of the work, we present application of transport caused by trapped ion granulations to the
problem of toroidal momentum transport. In this part, we show that residual stress, which is a part of
momentum flux that is not proportional to the velocity or velocity shear, can arise from momentum flux
carried by trapped ion granulations. We discuss that this process can be viewed as a conversion of poloidal
and toroidal momentum via trapped ion granulations. As an application to tokamak phenoemenology, we
consider plasmas at L-H transiton, where poloidal ExB flows are accelerated. This acceleration can be
converted to toroidal acceeration via the mechanism presented here. For typical parameters at the top of the
pedestal of medium size tokamaks, we quantitatively find that this process can accelerate toroidal flows up to
thermal Mach number ~0.1.
In the second part of the work, we discuss the feedback mechanism from macroscopic flows to microscopic
turbulence with trapped ion granulations. We discuss extension of Biglari-Diamond-Terry mechanism of
turbulence suppression by shear flows to the problem of turbulence with degree of freedom in velocity space,
in order to account for the effect on trapped ion granulations. We show that energy dependent trapped ion
precession enters decorrelation process, in addition to conventional ExB scattering and shearing.
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The density profile peaking produced by Ne-gas puffing was studied in in different L-mode plasma scenarios
during recent experimental campaigns on FTU. In fact an stable radiative edge seeded with light impurities
has beneficial effects and provokes density peaking without any undesirable central impurity accumulation
[1,2]; on the other hand, a too large amount of impurities can lead to a disruptive MHD activity. In order to
maintain the positive effect of the edge radiation it is important to fix the conditions of a strong increase of
particle confinement while minimizing the amount of impurities needed.
On FTU the Ne injection causes a spontaneous increase of the line average density by a factor 2 in the absence
of Deuterium gas puffing. A Ne doped discharge is compared with a complementary one that reaches the
same density by D gas puffing in the absence of Neon injection. The comparison shows a more peaked density
for the Ne doped discharge. A qualitative estimate from UV spectroscopy measurements indicates that the
density behavior cannot be attributed simply to the stripped electrons from the puffed Ne, but a modification
of particle transport should be invoked in order to explain the spontaneous rise and the higher peaking.
The recent experiments were devoted to characterize the plasma response to Ne injection at different densities
and plasma currents. The principal results are: i) if density before the Ne puff is increased, the same injected
impurity amount induces an abrupt density increase that rapidly ends in a disruption; ii) as the plasma current
rises a less steep increase of the density is observed, and more D gas is necessary to obtain the same MHD
activity that leads to the disruption.
Finally, the observed density peaking is analyzed in terms of electron diffusion coefficients D and pinch
velocity U. In the framework of a simple particle transport model [3], the presence of an inward pinch is
confirmed. A micro-stability analysis will be performed to investigate the role of the ion and electron gradient
driven modes on particle transport.

[1] G. Telesca et al. 2000 Nucl. Fusion 40 1845
[2] A. Messiaen et al. 1996 Phys. Rev. Lett. 77 2487
[3] V. Zanza et al 1996 Nucl. Fusion 36 825
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A nonlinear hybrid model is used to study energetic particle transport and losses in realistic TOKAMAK –
particularly ASDEX Upgrade – multi-mode scenarios. The model consists of the vacuum-extended version of
the drift kinetic HAGIS code. As crucial new elements of a realistic scenario, the perturbation structures,
frequencies and damping rates are taken as obtained from the gyrokinetic eigenvalue solver LIGKA.
In the view of ITER, where in certain scenarios, a “sea” of small-amplitude perturbations is likely, realistic
multi-mode simulations will be carried out in the near-stability regime. This requires the use of the newly
implemented non-local damping via accounting for a parallel electric field. The crucial question is, if the
interaction between the “sea” of perturbations with the EPs will drive linearly stable or weakly unstable
modes such that particle losses occur in a domino effect. Which of the modes are driven unstable in the
simulation and their amplitudes can then be compared with the dominant modes measured in present-day
experiments such as ASDEX Upgrade.
Moving further above the stability threshold, it is not only important to account for the correct damping
mechanisms. Also, the radial wave structure is very sensitive to the EP distribution function and is expected to
evolve, as the distribution function changes. Although the nonlinear wave-particle interaction is calculated
self-consistently within the HAGIS-LIGKA model, at the present status, other nonlinearities such as the
evolution of wave structure and damping rate are not included yet. Before extending the model in this
direction, the expected effect of the radial wave structure evolution is investigated, both with a numerical
approach as well as with the help of experimental observation. Concerning the numerical study,
HAGIS-LIGKA results are compared to those of a different hybrid code, HMGC, which already contains wave
structure evolution. For that comparison, a new phase space diagnostic technique is developed for both codes,
the so called Hamiltonian Mapping Technique. From the experimental side, next to Alfvénic modes, fishbones
offer a good opportunity to model frequency and amplitude evolution according to experimental observation
and compare the occurring transport in phase space.
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A mechanism exciting magnetohydrodinamic (MHD) instabilities in rotating tokamak plasmas is found
numerically for the first time. This mechanism is the interplay between a resistive wall mode (RWM) and a
stable MHD mode. When a plasma has a discrete stable MHD eigenmode, the RWM can be destabilized when
the plasma rotation frequency is close to the real frequency of the stable eigenmode. In a cylindrical plasma,
such a destabilizing mechanism can be observed as the result of the interplay between RWM and a stable
external kink mode. In a tokamak plasma, it is found that not only an external kink mode but also Alfven
eigenmodes can be the counterpart of this interplay. It is numerically demonstrated that this mechanism can
overcome the continuum damping leading to the destabilization of RWM in a realistic tokamak plasma. These
results indicate that understanding of the stable MHD modes is important for robust stabilization of RWM.
The destabilization can be avoided by optimization of the safety factor profile. This optimization is
indispensable in the design of steady state high beta tokamaks such as JT-60SA, DEMO and future tokamak
reactors.
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Recent experiments on DIII-D have demonstrated the ability to suppress edge localized modes (ELMs) using
edge-resonant magnetic perturbations (RMPs) produced by an incomplete I-coil set in ITER similar shape
plasmas with low pedestal electron collisionality. Robust ELM suppression has been reproducibly obtained on
DIII-D using a wide range of toroidal RMP modes during experiments in which various non-axisymmetric coil
loops were turned off pseudo-randomly. RMP ELM suppression was achieved on DIII-D with 11, 10, 9, 7, and 5
out of 12 I-coils. In these experiments, using fine I-coil current steps we determined the I-coil current
amplitude threshold for RMP ELM suppression in each I-coil configuration. The suppression current threshold
showed almost no dependence on the number of the active I-coils between the 11 and 7 coil configurations.
These results provide confidence that the ITER ELM coils will likely be able to meet the ELM suppression
criterion in case of multiple coil failures.
The experimental results confirmed the previous modeling work predictions [1,2] that ITER ELM coils would
be able to meet the ITER coil design criterion even with 19 of 27 loops by adjusting the coil currents within the
allowed range of current amplitudes. In the DIII-D experiments, while the dominant n=3 harmonic was
reduced due to an overall decrease in the amount of the perturbation, the sidebands assisted in maintaining
necessary value of the island overlap region resulting in sufficient level of stochastization of the plasma
pedestal region that is believed to be needed for RMP ELM suppression. This was also confirmed in the linear
two-fluid plasma response modeling with M3D-C1. The effect of non-purity of the perturbation spectrum on
ELM suppression may lead to new ELM suppression strategies and better understanding of the suppression
mechanisms.
Sustained RMP ELM suppression with only 7 of 12 I-coils was demonstrated on DIII-D. As the ELM
suppression was achieved at constant I-coil current, high pedestal electron toroidal rotation and constant
pedestal electron density were maintained for the duration of the ELM suppression phase, as well as good
plasma confinement.

This work was supported in part by the US DOE under DE-FG02-07ER54917 and DE-FC02-04ER54698.

[1] D.M. Orlov, et al., Fusion Eng. Design 87 (2012) 1536
[2] T.E. Evans, et al., Nucl. Fusion 53 (2013) 093029
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Nonlinear global particle in cell simulation model in toroidal geometry has been developed for the first time to
provide a first principle tool to study the radio frequency (RF) nonlinear interactions with plasmas. In this
model, ions are considered as fully kinetic ion (FKi) particles using the Vlasov equation and electrons are
treated as guiding centers using the drift kinetic (DKe) equation. FKi/DKe is suitable for the intermediate
frequency range, between electron and ion cyclotron frequencies. This model has been successfully
implemented in the gyrokinetic toroidal code (GTC) using realistic toroidal geometry with real electron-to-ion
mass ratio. To verify this simulation model, we first use an artificial antenna to verify the linear mode
structure and frequencies of electrostatic normal modes including ion plasma oscillation, ion Bernstein wave,
lower hybrid wave, and electromagnetic modes and fast wave and slow wave in the cylindrical geometry. We
then verify the linear propagation of lower hybrid waves in cylindrical and toroidal geometry. Because of the
poloidal symmetry in the cylindrical geometry, the wave packet forms a standing wave in the radial direction.
However, in the toroidal geometry, the waves propagate as two counter propagating waves in the poloidal
direction due to the poloidal asymmetry of the magnetic field. The wave packet propagates faster in high field
side compare to the low field side. This feature has been verified by the Wentzel–Kramers–Brillouin (WKB)
solution. The nonlinear GTC simulation of the lower hybrid wave shows that the amplitude of the
electrostatic potential is oscillatory due to the trapping of resonant electrons by the electric field of the lower
hybrid wave. The nonlinear bounce frequencies have been verified with the analytic results. For comparison,
in linear simulation the lower hybrid wave decays exponentially due to linear Landau damping.
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Experiments at DIII-D have demonstrated that several key 3D field sensitivities are directly related to their
coupling to the least-stable kink mode of the plasma, and concomitantly that the plasma is remarkably
insensitive to fields which have no net coupling to this single dominant (kink) mode. Specifically, plasma
rotation and error field (EF) penetration thresholds are nearly unchanged despite application of large
amplitude probing fields with no kink coupling. The plasma sensitivity to 3D fields which have no kink
coupling is of critical importance as this sets the true geometric tolerance of the tokamak – so long as it is
equipped with at least a single row of EF correction coils (EFCCs) and its 3D field sources are well
characterized, thus allowing the kink-coupling of the intrinsic EF to be nulled by the EFCCs. The observed
weak sensitivity to the no kink coupling field challenges the stringent tolerance requirements currently
enforced, as a strong performance recovery when using EFCCs is expected though it is not presently taken
into account. The validity of the single dominant mode picture is determined experimentally by contrasting
the plasma sensitivity to large-amplitude probing fields that have varying levels of coupling to the kink mode.
Sensitivity to rotation braking is contrasted in both H- and L-mode plasmas, where for both scenarios, braking
by n=1 probing fields is reduced by nearly a factor of ten when the kink mode coupling is nulled. EF
penetration is also contrasted with both H-mode and Ohmic plasmas. In both cases the penetration threshold
is nearly unchanged (vs a no-field baseline) when the probing field has no kink coupling, despite its large
amplitude. The maintenance of the edge rotation due to the neoclassical toroidal viscosity (NTV) with n=2
fields is also largest when coupling to the kink is maximized. A validated single dominant mode picture can
also be applied to predicting optimal EFCC currents for any plasma scenario regardless of 3D field source. This
is achieved by nulling the kink mode coupling of the intrinsic EF. Recent work shows that an exhaustive
database of over 20 experimentally determined n=1 optimal EFCC currents is consistent with nulling the n=1
kink coupling of each plasma.

This work was supported by the US DOE under DE-AC05-06OR23100, DE-FC02-04ER54698,
DE-AC02-09CH11466, and DE-FG02-04ER54761.
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Plasma rotation in tokamaks driven by the lower-hybrid-waves (LHW) was firstly reported by the Alcator
C-Mod team and also observed in the EAST tokamaks. The LHW injection can induce both co- and
counter-current directed changes in toroidal rotation. The direct momentum absorption of the LHW induces
the impurity ions to rotate in the counter-current direction. The inductive electric field decreases due to the
drop of the loop voltage during the lower hybrid current drive. The inductive electric field in tokamaks has
considerable effect on the impurity ions rotation and causes the impurity ions to rotate in the counter-current
direction. The rotation of the impurity ions is usually measured in the experiments. The resulting rotation
velocity of the impurity ions should be determined by the combining effect of the inductive electric field and
the LHW. For the higher current case, the effect of the inductive electric field is negligible. For the lower
current case, the effect of the inductive electric field can not be neglected.
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Power load on the divertor is one of the main problems to be solved for steady state operation on the future
reactors and liquid metals (Li, Ga, Sn) could be a viable solution for the target materials. Since 2006
experiments by using a Capillary Porous System (CPS) Liquid Lithium Limiter (LLL) were successfully
performed on FTU indicating a good capability of the system to sustain power loads. In order to prevent the
overheating of the liquid Li surface and the consequent strong Li evaporation for T > 500 °C, an advanced
version of LLL has been realized and installed on FTU by using the same vertical bottom port of the previous
limiter. This new system, named Cooled Lithium Limiter (CLL), has been optimized to demonstrate the
lithium limiter capability to sustain thermal loads as high as 10 MW/m^2 with up to 5s of plasma discharge
duration. CLL includes an actively cooled system with water circulation at high pressure and is characterized
by: 1) the small thickness of the Li CPS meshes (of W) placed in direct contact with the cooling tube (of Mo)
and 2) the double role of water circulation at the temperature of about 200 °C, for heating lithium up to the
melting point and for the heat removal during the plasma discharges. The heat load on the CLL is evaluated
by different means: a fast infrared camera observing the whole limiter, the temperature measurements of inlet
and outlet water as detected by the thermocouples and the measurements of the electron temperature and
density by Langmuir probes placed on the CLL. Thermal loads analysis is performed by applying ANSYS code
that has been adapted to the real CPS geometry and to the active cooling conditions of the new limiter. As
first step, CLL has been tested in the FTU scrape-off layer to identify the best plasma conditions for a good
uniformity of the thermal load by using the intensity of the Li and D atom emission at 670.8 nm and 656.3 nm
to control Li production. The first experiments analyzed so far and simulated by ANSYS code, point out that
heat loads as high as 2-3 MW/m^2 for 1.5s have been withstood without problems. Analysis is in progress for
plasma discharges with CLL inserted deeper in the FTU scrape-off layer and close to the LCMS. In this paper
the heat load measurements and their analysis will be reported and discussed to provide a clear understanding
of CLL behavior under plasma discharges.
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The frequency and damping rate are two most fundamental properties of the GAM. The collisional effect
could be important in the plasma edge. In our work [1], where a number conservation Krook collisional
operator was used in the gyrokinetic model, it was found that the damping rate of the GAM is non-monotonic
as the collision rate increases. At low ion collision rate the damping rate increases linearly with the collision
rate; while as the ion collision rate is higher than v_ti/R, the damping rate decays with an increasing collision
rate. At the same time, as the collision rate increases, the GAM frequency decreases. However, it is noted that
the number-conserving Krook collision operator is rather approximate. It is of interest to investigate the
eigen-frequency of the GAM using more accurate operators and thereby find which properties of a collision
operator are important for the dynamics of the GAM.
In this work four different ion collision operators, including (a) a Krook operator with number conservation
only, (b) a Krook operator with number and energy conservation, (c) a Lorentz operator which conserves
number and energy automatically and (d) a Lorentz operator with an energy-dependent collision rate, are
employed in a drift-kinetic model to investigate the collisional effect on the GAM frequency and damping
rate. Comparison between different collision operators is performed as well. For operator (a), the result is the
same as previously. For operator (b), the damping rate is only one ninth of that from (a). For operator (c), the
damping rate approximates to that from (a) at low collisionality but give a lower damping rate than that from
(b) and (a) at high collisionality. The result from operator (d) is close to that from (c). Due to finite collisional
damping, the GAM frequency decreases. At very high collisionality, the GAM frequency approaches to v_ti/R
for operator (a) but to sqrt(5/3)v_ti/R for other three operators. The result shows that both density and energy
conservation of the collision operator are important for determining the GAM frequency and damping rate.
The absence of energy conservation induces the overestimation of collisional effect at high collisionality.

Work supported by NSFC, under Grant Nos. 10990214, 11075092, 11261140327 and 11325524, MOST of China,
under Grant No. 2013GB112001.

[1] Gao, Phys. Plasmas 20, 032501(2013)
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A main goal for EAST is to investigate an approach to fully noninductive long-pulse operation based on high
bootstrap fraction under fusion relevant conditions. Building on results of previous DIII-D experiments , first
joint experiments on DIII-D have developed a fully noninductive plasma scenario with EAST-similar plasma
cross section shape, plasma current formation consistent with the superconductive coils on EAST, and values
of plasma current, toroidal field, and heating power consistent with the new EAST capabilities. These EAST
demonstration discharges on DIII-D have achieved and sustained fully noninductive conditions at ƒBS≥80%,
beta_N≥3.0, beta_T~2.0%, and ƒGreenwald≥90%. Data supports that an ITB observed at large minor radius
(rho~0.7) can be consistent with steady-state operation. Excellent energy confinement and high normalized
pressure (beta_N>3) were maintained even with the low NBI torque (~3 Nm) expected on EAST. ELM
dynamics appear as a limiting instability toward stationary sustainment of even higher performance. These
fully noninductive high bootstrap discharges need to pursue integration of ELM control on both of DIII-D and
EAST. The experimental conditions on DIII-D have been used to simulate possible advanced steady-state
scenarios for EAST, and the first experimental tests of these scenarios on EAST will be presented. Simulations
using PTRANSP with the CDBM transport model show that such DIII-D scenarios are accessible on EAST for
0.5MA steady-state plasma at βN~2.4 and with bootstrap current fraction of 65% by utilizing half of the total
EAST H capabilities planned for 2014. A weak core magnetic shear similar to the DIII-D scenario and with ITB
footprint at rho~0.6 is achieved in the simulations. The scenario demonstrated on DIII-D and predicted for
EAST could be extended to durations much longer than the current relaxation time and even the wall
equilibration time using the expected EAST capabilities in the upcoming campaign, prior to the IAEA
conference. Success of this endeavor will be a significant progress toward the goal of fusion energy.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698,
DE-AC52-07N27344, and DE-AC02-09CH11466, and the National Magnetic Confinement Fusion Science
Program of China under No. 2011GB101000.
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Optimization and control of the H-mode pedestal and scrape-off layer (SOL) for burning plasma devices such
as ITER requires a predictive model for the transport of particles, energy and momentum from the top of the
pedestal to the first wall. The transport simulation code XGC0 leverages high-performance computing to
rigorously compute the full-f multi-species (D+, C6+, e-) flux-driven neoclassical transport with self-consistent
neutral recycling and model-based anomalous transport in the H-mode pedestal and SOL. Net particle
transport and electron thermal transport is anomalous, while ion thermal and momentum transport is
predominately neoclassical in the steep-gradient region of the pedestal. The separate transport mechanisms
resolves the decoupling of energy and particle transport often observed in the evolution of the H-mode barrier
or in regimes with enhanced particle transport from an edge mode, such as QH-mode or I-mode. It is shown
that the radial electric field (Er) in the pedestal is the root solution that balances ion orbit loss of high-energy
counter-Ip ions against a pinch of colder ions. Neoclassical effects lead to non-Maxwellian ion energy
distributions that manifest as intrinsic co-Ip parallel flows, Ti anisotropy (Tθ ≠ Tϕ) and non-monotonic Zeff
profiles, especially at low collisionality. These effects are quantitatively demonstrated through comparisons of
XGC0 simulations to a low-collisionality QH-mode pedestal and a zero-torque intrinsically rotating
ECH-heated discharge on DIII-D. EPH-mode on NSTX is a stationary ELM-free regime that has a double
barrier in the ion thermal transport and a single barrier in the particle transport. XGC0 simulations indicate
that the enhanced thermal ion confinement occurs when the parallel rotational shear length is on the order of
ion orbit, improving the confinement of tail ions and reinforcing the rotational shear. The neoclassical origin
of Er results in a predictable connection between the E×B flow shear and magnetic geometry that can be
leveraged to control the requirements for the L-H transition. For example, experiment and simulation
demonstrate that a lower edge Ti is required to enter H-mode as the X-point increases to a low-triangularity
shape on NSTX.

This work was supported by the US Department of Energy under DE-AC02-09CH11466, DE-FG02-07ER54917,
DE-FC02-04ER54698, and DE-AC05-00OR22725.
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On the Measurement of the Threshold Electric Field for Runaway
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The determination of the threshold density value to be achieved by means of massive gas injection for
runaway electron (RE) suppression in ITER relies on the relativistic collisional theory of RE generation which
predicts that, below a critical electric field (E_R), no runaway electrons can be generated. No account of
additional loss mechanisms, that may reduce the critical density, is usually made in the above treatment.
Past experiments by means of electron-cyclotron-resonance heating in the flat-top phase of FTU discharges
had shown that runaway suppression is found to occur at electric fields substantially larger than those
predicted by the relativistic collisional theory of runaway generation. This was found to be consistent with an
increase of E_R due to the electron synchrotron radiation losses, which lead to a new electric field threshold
(E_R_rad).
The main aim of this work is to verify whether the earlier finding that synchrotron radiation losses play a role
in runaway generation is also confirmed in FTU discharges with no additional heating. Recent experiments in
FTU have systematically investigated the conditions for RE generation in stationary and reproducible
conditions (flat top of ohmic discharges) for a wide range of plasma parameter values: toroidal magnetic field
(Bt=3-7.2 T), plasma current (Ip=0.35-0.5 MA) and Zeff (1.5-15).
The threshold electric field for RE generation was measured using feedforward gas programming to obtain a
decreasing electron density until RE are generated. The results indicate that the measured threshold electric
field is larger by a factor ∼5-10 than expected according to the purely collisional theory and is very close to the
new threshold calculated including synchrotron radiation losses (∼2E_R_rad).
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Overview of Gyrokinetic Studies on Electromagnetic Turbulence
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Recent results on electromagnetic turbulence from gyrokinetic studies in different magnetic configurations are
overviewed, showing the characteristics of electromagnetic turbulence and
transport in situations where it is both expected and unexpected, and showing how it is affected by
equilibrium magnetic field scale lengths. Ballooning parity ion temperature gradient (ITG) turbulence is found
to produce magnetic stochasticity and electron thermal transport through nonlinear excitation of linearly
stable tearing parity modes. The process is governed by nonlinear three-wave coupling between the ITG
mode, the zonal flow, and the damped tearing parity mode. A significant electron thermal flux scales as beta
squared, consistent with magnetic flutter. Above a critical beta known as the nonzonal transition, the
magnetic fluctuations disable zonal flows by allowing electron streaming that effectively shorts zonal
potential between flux surfaces. This leads to a regime of very high transport levels. A consideration of the
residual flow in the presence of magnetic flutter confirms the disabling effect on zonal flows. Tearing parity
microtearing modes become unstable in the magnetic geometry of spherical tokamaks and the RFP. They yield
a growth rate in NSTX that requires finite collisionality, large beta, and is favored by increasing magnetic
shear and decreasing safety factor. In the RFP, a new branch of microtearing with finite growth rate at
vanishing collisionality is shown from analytic theory to require the electron grad-B/curvature drift
resonance. However, when experimental MST RFP discharges are modeled gyrokinetically, the turbulence is
remarkably electrostatic, showing trapped electron mode turbulence, large zonal flows, and a large Dimits
shift. Analysis of the effect of the RFP’s shorter equilibrium magnetic field scale lengths shows that it
increases the gradient thresholds for instability of trapped electron modes, ITG and microtearing. The stronger
magnetic shear increases the beta threshold for kinetic ballooning mode (KBM) instability. This in turn
increases the thresholds for magnetic activity, including the nonzonal transition.
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Overview of the RFX-Mod Contribution to the International Fusion
Science Program
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The RFX-mod device can be operated both as a Reversed Field Pinch (RFP), where advanced regimes featuring
helical shape develop, and as a Tokamak. Due to its flexibility, RFX-mod is contributing to the solution of key
issues in the roadmap to ITER and DEMO, including 3D nonlinear MHD modeling, MHD instability control,
internal transport barriers, edge transport and turbulence, isotopic effect, high density limit.
In RFP configuration, in the last two years advancements in the understanding of the self-organized helical
states, featuring strong electron transport barriers, have been achieved; the role of microtearing modes in
driving the residual transport at the barrier has been investigated experimentally and by gyrokinetic
simulations. First experiments with deuterium as filling gas showed increased temperature and confinement
time. New results on fast ion confinement and on the isotope effect on edge transport and turbulence are
reported. RFX-mod contributed to the general issue of the high density limit physics, showing that in the RFP
the limit is related to a toroidal particle accumulation due to the onset of a convective cell. The experimental
program was accompanied by substantial progress in the theoretical activity: 3D nonlinear visco-resistive
MHD and non-local transport modelling have been advanced; resistive wall and fast particle modes have been
studied by a toroidal MHD kinetic hybrid stability code.
In Tokamak configuration, q(a) regimes down to q(a)=1.2 have been pionereed, with (2,1) Tearing Mode (TM)
mitigated and (2,1) RWM stabilized: the control of such modes can be obtained both by poloidal and radial
sensors with proper control algorithm. Progress has been made in the avoidance of disruptions due to the
locking of the (2,1) TM. External 3D fields have been applied to study a variety of physical issues: effect of
magnetic perturbations on sawthooth control, plasma flow, runaway electron decorrelation. Probes combining
electrostatic and magnetic measurements have been inserted to characterize turbulence and flow pattern at
the edge.
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This overview of results from the MST reversed field pinch program summarizes physics important for the 
advancement of the RFP as well as for improved understanding of toroidal magnetic confinement in general. 
Topics include energetic particle effects, 3D helical equilibria, beta and density limit studies, microturbulence, 
ion heating, and magnetic self-organization physics. With neutral beam injection, several bursty energetic 
particle (EP) modes are observed. The profiles of the magnetic and density fluctuations associated with these 
EP-modes are measured using an FIR interferometer-polarimeter. Equilibrium reconstructions of the 
quasi-single-helicity 3D helical state are provided by the V3FIT code that now incorporates several of MST’s 
advanced diagnostics. A predator-prey theoretical model based on sheared flow and/or magnetic field has 
been developed that captures key QSH dynamics. Upgraded pellet injection permits study of density and beta 
limits over MST’s full range of operation, and an MST-record line-average density of 0.9E20 / m^3 (n/n_G 
=1.4) has been obtained. Plasma beta exhibits saturation at beta_tot ≤ 20% for a wide range of density, 0.2 < 
n/n_G < 1.6. Gyrokinetic simulations (GENE) based on experimental toroidal equilibrium reconstructions 
predict unstable trapped electron modes. Nonlinear simulations show that the “Dimits shift” is large and 
persists at finite beta. Experimentally, small-scale density fluctuations are detected in improved confinement 
plasmas. Impurity ion temperature measurements reveal a charge-to-mass-ratio dependence in the rapid 
heating that occurs during a sawtooth crash. Also, a toroidal asymmetry in the ion temperature is measured,
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correlated with 3D magnetic structure associated with tearing modes. Magnetic self-organization studies
include measurements and modeling of the dynamo emf in standard RFP operation as well as with an applied
ac inductive electric field to investigate the dynamics of oscillating field current drive (OFCD). Extended
MHD computation for standard RFP conditions using NIMROD predicts dynamical coupling of current and
plasma flow relaxation. The dynamo emf has also been measured when OFCD is applied, strengthening the
understanding of and possibility for steady-state current sustainment using inductive current drive.
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Since the 2012 IAEA-FEC Conference, FTU operations have been largely devoted to runaway electrons (RE)
generation and control, to the exploitation of the 140 GHz EC system and to liquid metal limiter elements.
Experiments on RE have shown that the measured threshold electric field is larger than predicted by
collisional theory and can be justified considering synchrotron radiation losses. A new RE control algorithm
was developed and tested in presence of a RE current plateau, allowing to minimize the interactions with
plasma-facing components and safely shut down the discharges. The experimental sessions with 140 GHz EC
system have been mainly devoted to experiments on real time control of MHD instabilities using the new EC
launcher with fast steering capability. Experiments with EC power modulation have confirmed the possibility
to lock the sawtooth period to the EC period, with EC injection inside the q=1 surface, while experiments with
central EC injection have shown the onset of 3/2 and 2/1 modes. EC assisted breakdown experiments have
been focussed on ITER start-up issues, exploring the polarization conversion at reflection from inner wall and
the capability to assure plasma start-up even in presence of a large stray magnetic field. A new actively
Cooled Lithium Limiter (CLL) has been installed and tested. The CLL was inserted close to the last closed
magnetic surface, without any damage to the limiter surface, and first elongated FTU plasmas with EC
additional heating were obtained with the new CLL. Reciprocating Langmuir probes were used to measure the
heat flux e-folding length in the scrape-off layer, with the plasma kept to lay on the internal limiter to
resemble the ITER start-up phase. Density peaking and controlled MHD activity driven by Neon injection
were investigated at different plasma parameters, and a full real-time algorithm for disruption prediction,
based on MHD activity signals from Mirnov coils, was developed exploiting a large database of disruptions.
New diagnostics were successfully installed and tested, as a gamma camera for RE studies and a diamond
probe to detect Cherenkov radiation produced by fast electrons. Laser Induced Breakdown Spectroscopy
measurements were performed under vacuum, so demonstrating the possibility to provide useful information
on the fuel retention in present and future tokamaks, such as ITER.
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Steady State Superconducting Tokamak (SST-1) has been commissioned after the successful experimental and
engineering validations of its critical sub-systems. During the `engineering validation phase’ of SST-1; the
cryostat was demonstrated to be leak tight to superconducting magnets system operations in all operational
scenarios, the 80 K thermal shield was demonstrated to be uniformly cooled without regions of `thermal run
away and hot spots’, the superconducting Toroidal Field (TF) magnets were demonstrated to be cooled to their
nominal operational conditions and charged up to 1.5 T of field at the major radius, the assembled SST-1
machine shell was demonstrated to be a graded, stress-strain optimized and distributed thermo-mechanical
device and the integrated vacuum vessel was demonstrated to be UHV compatible etc. Subsequently, `field
error components’ in SST-1 were measured to be acceptable towards plasma discharges. A successful
break-down in SST-1 was obtained in SST-1 in June 2013 assisted with electron cyclotron pre-ionization in
second harmonic mode, thus marking the `First Plasma’ in SST-1 and arrival of SST-1 into the league of
contemporary steady state devices as well.
Subsequent to the first plasma, both physical experiments and boosting of engineering parameters in SST-1
have begun. A successful plasma start-up with E ~ 0.4 V/m, plasma current in excess of 50 kA for 100 ms
assisted with ECH pre-ionization in second harmonic at a field of 0.75 T have been achieved. Lengthening the
plasma pulse duration with LHCD, plasma current boosting up with ECH assisted pre-ionization in
fundamental mode at 1.5 T apart from advance plasma physics experiments are presently being attempted in
SST-1. In parallel, SST-1 has demonstrated in unique fashion pure cold gas cooling based nominal operations
of its vapour cooled TF current leads up to 4650 A corresponding to 1.5 T of field in the plasma major radius.
SST-1 has also achieved the distinction of being the only superconducting Tokamak in the world where the
cable-in-conduit-conductor (CICC) based TF magnets are operated with helium cooling in Two-Phase mode
during the plasma discharges up to 2.0 T of field at the plasma major radius.
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Disruptions present a challenge for ITER to withstand the intense heat flux, the large forces from halo
currents, and the potential first wall damage from multi-MeV runaway electrons. Injecting large quantities of
material into the plasma when a disruption is detected will reduce the plasma energy and increase its
resistivity and electron density to mitigate these effects and thus a system with this capability is needed for
maintaining successful operation of ITER. A disruption mitigation system is under design for ITER to inject
sufficient material deeply into the plasma for a rapid shutdown and runaway electron collisional suppression.
Here we present progress on the development and design of both a shattered pellet injector that produces
large solid cryogenic pellets to provide reliable deep penetration of material [1] and a fast opening high flow
rate gas valve for massive gas injection.
The shattered pellet injector utilizes a multi-barrel pipe-gun type device that forms large cryogenic pellets
in-situ in the barrels. The pellets are accelerated by a high pressure gas burst and are shattered when they
impinge on a bend guide tube in the port plug shield block that is optimized to produce a spray of solid
fragments mixed with gas and liquid at speeds approaching the sound speed of the propellant gas. A prototype
injector has been fabricated and tested with deuterium pellets of 16 mm size for thermal mitigation and is
being upgraded to test and characterize 25 mm size D2 and neon pellets for runaway electron suppression.
A fast opening high flow rate gas valve for massive gas injection has been designed for use in the ITER
environment, which requires a novel eddy current flyer plate design and large diameter tritium compatible
seat material as compared to earlier DMV designs by Juelich [2]. Modeling of the gas flows from the valves
through guiding tubes gives a response time for the MGI design to be less than desired unless the valves are
mounted within port plugs. Implications of the design with respect to response time and reliability are
discussed.

[1] N. Commaux, et al., Nucl. Fusion 50 (2010) 112001.
[2] S.A. Bozhenkov, et al., Rev. Sci. Instrum. 78 (2007) 033503.
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A 
To study the operational performance of ITER EC heating and current drive system (H), a mock-up of the 
ITER mm wave system has been assembled using the high power long gyrotron test stand in JAEA. The 
prototype system is composed of the primary parts of the EC H system, including: 170GHz gyrotron, power 
supply, transmission line (TL) and mock-up of equatorial launcher (EL) and control system. The gyrotron 
power was transmitted via the precise aligned TL (40m) with 7 miter bends to the EL achieving a 91% of HE11 
mode purity. The experiments were realized using a mock-up of the conceptual EC control system based on 
the ITER Plant Control Design Handbook (PCDH). The system has achieved CW 5 kHz power switching, 
which demonstrates the compatibility for MHD control of ITER plasma. The modulation was achieved using a 
novel configuration of the electron beam acceleration power supply. In the experiment, stable 5 kHz of power 
modulation was demonstrated with minimized spurious frequency excitation at the ramp-up phase of each 
pulse., which satisfied the ITER criteria. The JAEA test stand is a flexible system with its center piece a 
frequency-step-tunable gyrotron at 170GHz/137GHz/104GHz. The output beam is radiated to the identical 
direction from the output window for each frequency, consequently the power was transmitted to the end of 
the TL at these three frequencies. 
 
B 
The development of a gyrotron and launcher operated at two frequencies, 110 GHz and 138 GHz, has made a 
significant progress toward electron cyclotron heating (ECH) and current drive (ECCD) in JT-60SA. 
High-power, long-pulse gyrotrons are required for the JT-60SA ECH/ECCD system which has the total 
injection power of 7 MW and the pulse duration of 100 s using 9 gyrotrons. The wave frequency in the 
original specification is 110 GHz, which is effective for off-axis ECH/ECCD to sustain a high-beta plasma at 
the toroidal field of 1.7 T. On the other hand, the higher frequency waves at 130 ~ 140 GHz enables 
ECH/ECCD in the core plasma region at the maximum toroidal field of 2.3 T in JT-60SA. However, a dual 
frequency gyrotron that can generate the target output power and pulse length (1 MW for 100 s) was not 
developed since it requires high oscillation efficiency to obtain high power and low diffraction loss to achieve 
long pulse, simultaneously. In 2011, we stared to develop a new dual frequency gyrotron (110 GHz, 138 GHz) 
equipped with a triode type electron gun to obtain high oscillation efficiency. High-power, long-pulse 
operations of the dual frequency gyrotron have been carried out since the last IAEA FEC. Developments of an 
ECH launcher with high reliability based on a linear-motion antenna concept and a polarizer with optimized 
groove depth, width, and period for dual frequency operation are also in progress. Main results are as follows: 
(i) Oscillations of 1 MW for 10 s were successful at both frequencies for the first time in the world as a 
dual-frequency gyrotron by optimizing electron pitch factor using the triode electron gun; (ii) Low diffraction 
loss and cavity Ohmic loss enabling 1 MW for 100 s and 1.5 - 2 MW for several seconds were experimentally 
confirmed, and a 100 MJ oscillation was achieved (0.51 MW, 198 s, 110 GHz), so far; (iii) An oscillation at 82 
GHz was also successful as an additional frequency showing the possibility of the use of fundamental 
harmonic waves; (iv) Launcher optics design toward dual-frequency operations showed little difference in the 
poloidal beam width for these frequencies; (v) Prototype tests of a wide-band twister polarizer at both low 
power (< 1 mW) and high power (~0.25 MW, 3 s) showed promising results. 
 
C 
EC (Electron Cyclotron) scheme is quite promising tool for heating and current drive (H) and plasma control 
for present and future devices up to Demo and Commercial reactors. Development of gyrotron is a key to 
open this promising door. Multi-MW and multi-frequency technologies are major issues to challenge for 
robust and cost effective reactor heating system. In University of Tsukuba, gyrotrons of wide range of

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

139 



frequencies from 14 GHz to 300 GHz have been developed for this purpose in collaboration with JAEA, NIFS
and TETD. Over-1 MW dual frequency gyrotron of new frequency range (14 – 35 GHz), where the reduction
of diffraction loss and cathode optimization are quite important, has been developed for EC/EBW H for
GAMMA 10/PDX, QUEST, Heliotron J and NSTX-U. Output power of 1.25 MW at 28 GHz and estimated
oscillation power of 1.2 MW at 35.45 GHz from the same tube have been achieved with the cathode angle
improvement. This is the first demonstration of the over 1 MW dual-frequency operations in lower frequency,
which contributes to the technology of wide band multi-frequency/multi-MW tube for Demo EC/EBW H The
output power of 600 kW for 2 s at 28 GHz is also demonstrated. It is applied to the QUEST and has resulted
higher EC-driven current than ever. Further, in the joint program of NIFS and Tsukuba for LHD ECH
gyrotrons, a new frequency of 154 GHz has been successfully developed with a TE_28,8 cavity, which
delivered 1.16 MW for 1 s, 0.3 MW in CW (30 minutes), and the total power of 4.4 MW to LHD plasma with
other three 77 GHz tubes, which extended the LHD plasma to high T_e region. All these gyrotron
performances are new records in each frequency range.
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Future fusion reactors will present more severe constraints on ion cyclotron range of frequency (ICRF) heating
and current drive actuators than ITER. Reliably coupling power to the plasma despite load variations is
critical. In addition, ICRF interaction with the edge plasma, particularly impurity contamination and enhanced
localized heat loads, is challenging. We report on progress developing an ICRF actuator with favorable scaling
towards reactors.
Using a field aligned (FA) antenna, we have found that the FA antenna loading is similar to TA antennas but
the FA antenna reflection coefficient has significantly reduced variation, thus it is inherently load tolerant. We
speculate the variation in reflection coefficient is a result of slow wave coupling of neighboring straps and
field alignment significantly reduces this coupling.
The underlying physics of RF plasma edge interaction is thought to be linked to RF electric fields parallel to
the magnetic field, E||. One source of RF E|| is from the antenna itself and can minimize integrated E|| through
geometry. Experiments comparing a field aligned (FA) and a toriodally aligned (TA) antenna have
demonstrated that FA antenna has significantly reduced impurity contamination compared to TA antennas.
The impurity sources measured at the antenna are nearly eliminated for the FA antenna. This is an important
milestone since this is the first demonstration that an ICRF antenna can be made with reactor compatible
materials. Furthermore, the heat flux to the FA antenna is reduced to a level similar to that observed for
identical discharges heated by the TA antenna and the FA antenna is not powered. The estimated energy
deposited is 0.4% of the total injected energy and marks the first time an ICRF antenna has achieved the target
level for the ITER design, 0.625% of 20 MW.
One path to increase antenna power density is to use materials with high strength and high melting
temperature. Furthermore copper will be restricted to thin coatings in a reactor due to material swelling and
poor strength at high temperature. We have found that the higher strength materials have higher breakdown
voltage compared to copper. Highly polished molybdenum and tungsten breakdown field is 40% higher than
copper. The latest results and analysis will be presented.
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The development of the Neutral beam system for ITER has been progressing well thanks to the start of the
operations of the ELISE (Extraction from a Large Ion Source Experiment) at the Max Planck Institute for
Plasma Physics in Garching, Germany, and to the big effort devoted to the establishment of the ITER Neutral
Beam (NB) Test Facility in Padua, Italy.
This paper presents the main experimental results of ELISE, the status of the manufacturing activities for the
components of the NB test facility and the progress made in the design of the mechanical components and in
that of auxiliary and power supplies systems.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

141 



Heating & Disruption / 707

Development of DC Ultra-High Voltage Insulation Technology for ITER
NBI & Progress in Long Pulse Production of Powerful Negative Ion Beams
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A
In the ITER NBI for plasma heating and current drive, a 1 MeV, 40 A deuterium negative ion (D-) beam is
designed to be accelerated for 3600 s. The beam energy and the pulse duration of the D- beam are 2-5.5 times
higher and 360 times longer than those in the negative-ion-based NBIs on LHD and JT-60U, respectively.
Thus, to realize higher voltage and longer pulse duration, the generation, transmission and insulation of DC
ultra-high voltage are critical issues for the ITER NBI. In addition, the high-current busbar, cooling water and
gas pipes at -200 kV~ -1 MV potential are simultaneously transmitted through the HV bushing from the
gas-insulated transmission line in the PS to the beam source (BS) to minimize the installation space. Those are
significant differences from that in existing N-NB systems. Especially, a DC 1 MV insulating transformer for
feeding an electric power from the ground to 1 MV potential is one of most challenging components. For
stable power transmission through the HV bushing, 1 MV vacuum insulation and a stiffness to withstand the
maximum pressure difference of 0.9 MPa in a limited space are required. Japan Atomic Energy Agency (JAEA)
is in charge of the procurement of these high voltage parts of the 1 MV PS and the HV bushing. As for the
insulating transformer, a DC long pulse insulation structure and a composite bushing for the isolation of the
high-voltage to the air have been newly developed. The mockup transformer successfully demonstrated a
stable insulation of DC -1.2 MV for 3600 s. The HV bushing serves as the terminal of the HV transmission line.
It is made in five 200 kV stages and a two-stage mockup has been developed, and stable voltage holding at 480
kV for 3600 s was demonstrated. These R results fulfill the ITER requirement, which allows the realization of
the PS and HV bushing for the ITER NBI.

B
The long pulse generation of the powerful negative ion beams of 500 keV, 22 A (130 A/m^2) and 1MeV, 40 A
(200 A/m^2) is the essential challenge to realize the negative-ion-based neutral beam injectors (NBIs) for
JT-60SA and ITER, where 10 MW D0 beam for 100 s and a 16.5 MW for 3600 s are designed, respectively. In
Japan Atomic Energy Agency (JAEA), after the achievements of the beam current density and energy required
for JT-60SA and ITER with a short pulse duration, the target of R is focused on the extension of the pulse
duration in JT-60 negative ion source and the MeV accelerator.
Significant progress in the extension of pulse duration of the powerful negative ion beams has been made to
realize the neutral beams injectors for JT-60SA and ITER. The pulse duration and the current density of the
JT-60 negative ion source has been successfully improved from 30 s at 80 A/m^2 in the previous operation to
100 s at 120-130 A/m^2, which satisfy the rated values for JT-60SA. This progress has been achieved by
controlling the negative ion production via the surface temperature of the plasma grid. The pulse duration of
the MeV class negative ion beams for ITER has been also extended by more than an order of magnitude in the
MeV accelerator. A long pulse acceleration of 8.7 s has been achieved at 880 keV, 130 A/m^2 by improving the
cooling capability of the extraction grid where the aperture displacement for the beamlet steering is also
modified, so there is no limitation to increase the power density and the pulse duration. This is the longest
pulse duration of the MeV-class negative ion beams in the world.
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AUG and JET, the largest present devices with high-Z PFC components, have identified requirements for
stable H-mode operation, i.e. to keep heavy impurity concentrations sufficiently low, to avoid central
accumulation, radiative collapses and disruptions. Limitations in the operational space which can be accessed
in H-mode have been identified, e.g. (i) the need of operating at sufficiently high levels of gas puff, impeding
access to low density regimes at low gas puff levels; (ii) central electron heating and/or frequent sawteeth may
be needed to avoid W core accumulation.
This paper starts with a short review of experimental results on erosion sources, edge (pedestal) transport, and
core W transport. Then implications for ITER are discussed, concentrating on the effect of core W
accumulation on the discharge evolution.
In different ways the critical W concentration in ITER was assessed i.e. the maximal tolerable level without
significantly perturbing the evolution of li, or the q and Te profiles.
First, impurity transport (both neoclassical and anomalous) was modelled with the ZIMPUR code, in
combination with ASTRA for the description of the bulk plasma parameters evolution with a scaling based
transport model. The calculated critical W concentration is ~7 10-5 for the inductive scenario, and a factor 2-3
lower for the hybrid and steady state scenarios.
Second, the current ramp-up phase in JET, AUG and ITER was modelled with the CRONOS suite of codes for
different W concentrations. For ITER the expected plasma parameters for the baseline ITER ramp-up were
used; for JET and AUG the experimental data (Te, ne, Zeff) were taken. The Bohm-gyroBohm model for
thermal transport was used, and nW/ne profiles were assumed either flat or of the same (peaked) shape as
measured in JET. The effects of flat and peaded W profiles are very different. The modelling results are in
excellent agreement with experimental findings.
As maximum tolerable W concentrations have now been calculated for different ITER scenarios, future work
can concentrate on further quantify these limitations, using current understanding of neo-classical and
anomalous W transport.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Runaway electrons (RE) can be generated during plasma disruptions in ITER. A large portion of the toroidal
current can then be carried by RE, so that a substantial fraction of the magnetic energy would be associated
with the RE current. The uncontrolled loss of such REs in ITER needs to be avoided to minimize the
detrimental effects from disruptions. This calls for an adequate means to control or suppress a RE beams in
ITER.
Massive Gas Injection (MGI) has been successfully employed to mitigate disruptions in present tokamaks, and
is therefore considered to be an essential component of the envisioned ITER Disruption Mitigation System
(DMS). Recent experiments has shown, that MGI of high-Z impurities (Ar,Ne,...) into a RE beam leads to a fast
current decay.
In the present work, the ITER MGI target parameters are assessed taking into account the interaction of REs
with high-Z nuclei. The 2D Fokker-Planck equation is solved, which describes the kinetics of REs, coupled to
an electric field evolution model. Enhanced scattering of REs on high-Z impurities was shown to modify the
RE distribution function, resulting in the broadening of the velocity distribution as well as a decrease in the
average kinetic energy of REs.
As an alternative mechanism of enhanced scattering or stopping REs, the possible excitations of kinetic
instabilities (whistlers or magnetized waves) are considered. It was shown, that an instability window for
whistlers exists within possible ITER disruptions parameters.
Simulations of RE suppression by MGI revealed that both the RE current and kinetic energy can be
successfully dissipated by the injection of a moderate amount of a noble gas, well below ITER technical
limitations.
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The ICRF system of 12.0 MW has been developed for EAST. To support the long pulse operation over 1000s,
the ICRF heating system is upgraded with active cooling, especially for ICRF antenna systems. The ICRF
system of 6.0MW has been operating in the 2012 experimental campaign. A new 6.0 MW system has been
successfully commissioned at full power on water dummy load. In the upcoming campaign，the ICRF system
is capable of delivering more than 10 MW of rf power to the plasma. The relevant experimental results from
the upcoming campaign will be given.
Heating power modulation experiments using ion cyclotron resonance heating (ICRH) in the Hydrogen
minority scheme have been performed in the 2012 campaign of the EAST. The power deposition profile in the
ion cyclotron range of frequencies (ICRF) has been investigated experimentally. The D (H) minority heating
scheme provides a dominant localized ion heating. In this scheme, electron heating occurs only through
collisions with the minority ion tail. The results shows that the peak of the experimental power deposition
profile is always occurred around to ω=ωcH. The global energy confinement time was calculated in the ICRF
modulation experiment, and compared with the scaling law, ITER-89. It was found that the calculated results
coincided with ITER scaling law. The global energy confinement time decreases by a factor of 2 approximately
from that in Ohmic plasmas with the ICRF heating power increases up to 1.6 MW. The heating efficiency was
somewhat lower than expected. The effect on the sawtooth period was demonstrated in the experiments
analyzed in this paper.
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Alfvén eigenmode instability analysis in ITER steady-state plasma scenarios with reversed magnetic shear was
performed with the NOVA and TAEFL codes [1]. In our work for this scenario we explore the stability of
Alfvén eigenmodes with the KINX code [2]. Both isotropic fusion alphas and beam ions contribute into the
mode drive. Fast particle dynamics, linear growth rate, mode amplitude evolution and the wave nonlinear
saturation level are computed with the VENUS+df [3] orbit following code. Anysotropic beam particle
distribution is computed from realistic geometry of ITER NBI. Calculation results give the estimations of the
Alfvén stability linear growth rates and nonlinear saturation level of the mode amplitude for ITER steady state
scenario.

[1] M.A. Van Zeeland et al, Nucl. Fusion 52(2012)094023.
[2] L. Degtyarev et al, Comp. Phys. Comm., 103(1997)10.
[3] W.A. Cooper et al, Plasma Phys. Contr. Fus. 53(2011)024001.
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A simple 1D radial transport code predicting the fusion alpha density profiles in an ITER burning plasma
unstable to Alfvén eigenmodes (AEs) is illustrated. With the local AE thresholds exceeded only in the
mid-core in the baseline case, we find only moderate mid-core flattening of the alpha density (and heating)
profile and negligible alpha heating loss. Neglecting “ripple loss,” only microturbulent low energy alpha
transport remains at the edge for this baseline case, so escaping alpha particles are best described as very hot
helium. Edge energy loss in the alpha channel is then 1000 times smaller than in the thermal channels. This
work extends earlier work by Angioni et al. [1] treating the fusion alpha transport from high-n
micro-turbulence to include marginal stability (or “stiff”) transport from alpha driven low-n Alfvén
eigenmodes. The local alpha density gradient AE thresholds are provided by physically realistic linear
gyrokinetic GYRO code calculations. The transported alpha density profiles are compared to the (no transport)
classical (or collisional) slowing-down alpha profiles. The baseline thermal plasma (and hence fusion alpha
source) profiles are taken from the Kinsey et al. [2] ITER performance projection. The distinction between the
alpha particle and the much smaller alpha energy microturbulent transport loss is emphasized. Any
high-energy alpha losses would both reduce needed plasma heating and increase the risk of material damage
to plasma-facing surfaces. We predict no such losses in this baseline case.

This work was supported by the US Department of Energy under DE-FG02-95ER54309 and
DE-FC02-08ER54977.

[1] C. Angioni, A.G. Peters, G.V. Pereverzev, A. Botino, J. Candy, R. Dux, E. Fable, T. Hein, and R.E. Waltz,
Nucl. Fusion 49, 055013 (2009).
[2] J.E. Kinsey, G.M. Staebler, R.E. Waltz, and J. Candy, Nucl. Fusion 51, 083001 (2011)
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Improvement of plasma performance has been advanced in the low-aspect-ratio (low-A) reversed field pinch
(RFP) RELAX, whose main objectives include exploring the low-A RFP configuration. In axisymmetric RFP
states in deep-reversal region, it is found that central electron poloidal beta, beta_p (=p_e0/(B_pa^2/(2mu_0))),
which almost equals the electron beta in the RFP, has reached to 5~10%. Feedback control using saddle coil
array is applied to stabilize a single resistive wall mode (RWM). As a result, fine tuning of the equilibrium
becomes effective in achieving the resultant beta_p of higher than 10%. The attained parameter region is close
to where we expect sizable fraction of the bootstrap current which is characteristic to low-A RFP
configuration. In shallow-reversal region characterized by relaxation to the quasi-single helicity (QSH) state,
soft-X ray (SXR) computed tomography (CT) technique has revealed helically deformed m/n=1/4 structure of
SXR emissivity profile. 3-D MHD simulation using the MIPS code has shown two possible routes to the
self-organized helical state depending on the initial equilibrium; one through core-resonant tearing mode, and
the other through internally non-resonant kink mode. The self-organized helical structure agrees well with
experimental results.
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The ITER Integrated Modelling & Analysis Suite (IMAS) will support both plasma operation and research
activities on the ITER tokamak experiment. The IMAS will be accessible to all ITER Members as a key tool for
the scientific exploitation of ITER. It will allow collective development of Integrated Modelling tools, by
sharing data, code components and, ultimately, workflows based on coupling together various code
components. Its design started in 2011 and a first prototype of the IMAS infrastructure has already been
implemented at the ITER Organization (IO). The purpose of this paper is to describe the essential features of
the IMAS design, the implemented prototype, as well as the first physics applications which have been
developed under the IMAS infrastructure.
The IMAS infrastructure is based on a standardized data model that covers experimental and simulated data
with the same representation. The standard data model is device-generic and can be used to describe data
from existing experiments. Since the data model will progressively cover a large number of areas (plasma,
diagnostics, actuators, other tokamak subsystems, …) and will be developed by many contributors, a set of
data model design rules and guidelines have been established to ensure consistency and homogeneity of the
data model. Physics components, once interfaced to the data model, can be coupled into an Integrated
Modelling workflow orchestrated by a workflow engine. A first implementation of all these infrastructure
elements has been carried out and is described in this paper.
First applications have been integrated under the prototype IMAS infrastructure to allow their performance to
be tested and to demonstrate the expected functionalities of the infrastructure. Transport solvers with free
boundary equilibrium capabilities have been integrated to the IMAS infrastructure, namely CORSICA and
DINA. ITER pulse simulations have been carried out by coupling the Plasma Control System (PCS), which in
ITER has a dedicated and distinct simulation platform based on the Simulink® software, to the physics solvers.
This has required the development of an original co-simulation technique between the plasma and plant
simulator (under IMAS) and the dedicated PCS simulator. First results of full tokamak simulations under the
IMAS infrastructure will be described in the paper.
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Divertor power and particle exhaust is a critical issue facing the operation of next-step fusion devices such as
ITER and DEMO. Active control of excessive heat and particle fluxes under high power steady-state plasma
conditions has become a frontier hotspot in magnetic confinement fusion development. Significant progress
has been made in controlling transient and stationary divertor heat fluxes in the Experimental Advanced
Superconducting Tokamak (EAST) since the last IAEA-FEC, using many innovative techniques such as
deuterium/lithium (D2/Li) pellet injection, Supersonic Molecular Beam Injection (SMBI), and integration of
radiative divertor scenario with three-dimensional (3D) magnetic topology change induced by lower hybrid
current drive (LHCD).
We find that the injection of solid D2 pellets can directly induce divertor plasma detachment in the RF-heated
plasmas, significantly reducing steady-state heat fluxes on the divertor target plates. Plasma detachment can
be modulated periodically by multi-pellet injection. Furthermore, D2 pellet injection tends to trigger
compound ELMs in H-modes, mitigating transient heat fluxes, compared to the standard Type I ELMs. In
addition, Li granule injection has been demonstrated, for the first time in tokamaks, to be effective at
triggering small ELMs with near 100% efficiency, thus providing a novel means for divertor power load
control. ELM mitigation with SMBI has also been successfully achieved in EAST, significantly reducing the
amplitude and increasing the frequency of ELMs. With multi-pulse SMBI, we demonstrated for the first time
that the stationary divertor heat footprint can be actively modified by transferring heat from the outer strike
point to the striated heat flux area in the far scrape-off layer, which is induced by LHCD. Similar results have
been observed with divertor argon seeding. This provides an additional knob for the control of the stationary
divertor power load, beyond or in addition to the achievement of highly radiating divertor conditions, which
may be of great interest for future fusion devices such as ITER.
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ELM mitigation has been observed on the Experimental Advanced Superconducting Tokamak (EAST) when
lower hybrid waves (LHWs) are applied to H-mode plasmas sustained mainly with ion cyclotron resonant
heating (ICRH). This has been demonstrated to be due to the formation of helical current filaments (HCFs)
flowing along field lines in the scrape-off layer induced by LHWs. Because of the geometric effect of the LHW
antenna, the perturbation fields induced by the HCFs are dominated by the n=1 components, where n is the
toroidal mode number. In comparison to previous RMP ELM mitigation experiments, using a set of fixed
in-vessel coils, ELM mitigation with LHWs on EAST is achieved with a wider range of q95. This is because the
HCFs induced by the LHWs flow along the magnetic field lines in the SOL, thus the helicity of the HCFs
always closely fits the pitch of the edge field lines whatever the value of the plasma edge safety factor.
Splitting of the outer divertor strike point during LHWs has been observed similar to previous observations
with RMPs. The change in edge magnetic topology has been qualitatively modelled by including the HCFs in
a field line tracing code. The results show a strong modification of the plasma edge topology dependent on the
edge safety factor as well as the amplitude of currents flowing in these filaments. This can qualitatively
explain the experimental observations of SP splitting.
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Three-dimensional external magnetic field perturbations, can either be intentionally applied such as in the
experiments of mitigating edge localised modes (ELM) using resonant magnetic perturbations (RMP), or be
un-intentionally generated such as the intrinsic error fields (EF). One crucial consequence of applying these
(nearly) static 3D fields is the plasma flow damping.
In this work, we model the toroidal rotation damping in ITER plasmas using the recently developed MARS-Q
code. This code solves the n = 0 toroidal momentum balance equation together with the single fluid MHD
equations describing the plasma response to external 3D fields. The code includes the momentum diffusion
and pinch terms, as well as various momentum sink/source terms (torques) that contribute to the momentum
balance and consequently determine the time evolution of the flow profile and its amplitude. We include the
resonant electromagnetic JxB torque, the neoclassical toroidal viscous (NTV) torque, the (v,grad)v type of
Reynolds stress torque associated with the plasma inertia, the torque source due to neutral beam injection
(NBI), the torque due to energetic particle losses in the 3D fields, as well as the torque source associated with
the intrinsic rotation. Both the RMP field and the intrinsic error field are considered, with somewhat different
toroidal spectra: n = 3 and 4 for the former and n = 1 and 2 for the latter.
For an ITER 15MA plasma with the pedestal temperature of 4.5kA, that we have modeled, preliminary results
from the MARS-Q runs show a minor damping of the plasma flow with 30kAt RMP coil current in the n=4
configuration. On the other hand, the plasma rotation at the edge is fully damped with 45kAt current after
about 40ms of applying the n=4 RMP field. A further increase of the coil current to 60kAt leads to a quicker
damping of the edge flow (~20ms). Similar simulations with the n = 3 coil configuration at 45kAt current also
show edge rotation braking. The modelling suggests that the primary damping comes from the NTV torque.
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TCV is equipped with a suite of diagnostics capable of making fluctuation measurements of several plasma
parameters. The suite has been used in a large variety of TCV discharges. Emphasis has been placed on the
study of turbulence as a function of plasma shape and in particular of edge triangularity. Correlation ECE
(CECE) measurements have shown that the relative electron temperature fluctuation amplitude decreases as
edge triangularity goes from positive to negative (+/- 0.34). At the same time tangential phase contrast
imaging (TPCI) measurements show an analogous reduction in the density fluctuation component deep into
the plasma core (rho ~ 0.3). Local, non-linear, flux tube, gyrokinetic simulations have reproduced the
fluctuation reduction in the plasma edge but not in the core (rho < 0.7). The geodesic acoustic mode (GAM)
has been identified in TCV discharges through its toroidal symmetry and the linear scaling of its frequency
with sound speed. It has been simultaneously detected in radiative temperature, electron density, magnetic
field and plasma flow velocity measurements, appearing as a coherent mode in the 20-30kHz range close to
the plasma edge. The multiple diagnostic identification of the GAM has allowed its radial location and
poloidal distribution and its propagation direction to be determined. The poloidal mode number of its
magnetic component is predominantly 2 as predicted by theory. In some cases the GAM no longer appears as
a single coherent mode but as a continuum with radially varying frequency. The transition from coherent to
continuum nature has been observed in a discharge during the course of a current ramp. Global simulations
with the PIC gyrokinetic code ORB5 have been performed to study the GAM characteristics. Results are in
good, semi-quantitative agreement with experimental findings. Synthetic diagnostics are being developed to
allow comparison of numerical simulations with experimental results. Prototype CECE and TPCI synthetic
diagnostics have been developed as post processing modules for use with the GENE code and are planned for
the ORB5 code. First comparisons with experimental data will be presented.
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Studies of high density plasmas approaching the Greenwald limit are timely and necessary in view of future
reactor operation, both to gain a phenomenological understanding of their behavior and to validate and
improve the theoretical treatment of their stability, confinement and control, as well as the physics underlying
the density limit process itself. One of the key features of the TCV tokamak is the possibility to change plasma
shaping in a wide range of plasma elongation and triangularity. In previous TCV experiments it was shown
that in both ohmic and ECRH L-mode discharges the plasma confinement time increases with plasma
elongation and decreases with triangularity. In the present work the operational space of TCV has been
extended to densities close to the Greenwald limit, and the evolution of the Ohmic confinement with the
density increase has been investigated in limited discharges with positive and negative triangularity.
We find that the limit density value has the same increasing dependence on plasma current in both cases;
however, the dependence is weaker than predicted by the Greenwald formula. The limit density approached
the Greenwald limit only in the delta_95>0 case at low current. In discharges with delta_95<0 the value of the
limit density appeared to be lower in the whole density range explored.
The increase in plasma density in both cases was found to be accompanied by a change in sawtooth behavior,
namely an increase in the sawtooth period, a modification of the relaxation dynamics, and a reduction in
regularity (variable period and amplitude); this was then followed by the disappearance of sawtooth
oscillations altogether. Energy and particle confinement are also affected by the density increase. In discharges
with delta_95>0 a transition from linear to saturated ohmic confinement is observed at a line-averaged density
(4-4.5)*10^19 m^-3, and the start of the sawtooth-free phase is followed by a decrease in the energy
confinement time. In the delta_95<0 case the confinement behavior was found to be strongly dependent on
plasma current: at high I_p (q_95~3) the density dependence of tau_E is similar to the delta_95>0 case,
whereas at low current (q_95~5.5) a pronounced confinement degradation with density is observed. The
possible role of MHD activity and the effect of the gas-puffing rate will be discussed.
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TORPEX is a flexible device dedicated to investigating basic plasma physics phenomena of importance for
fusion. It can feature a simple magnetized toroidal (SMT) configuration with a dominant toroidal magnetic
field and a small vertical field component, or accommodate closed field-line configurations using a
current-carrying conductor suspended in the center of the chamber. This produces a poloidal magnetic field
with a rotational transform, which, combined with vertical field coils, allows magnetic configurations of
increasing complexity and of more direct relevance to confined plasma experiments. Among these are simple
plasmas limited by the vessel on the low field side, single or double-null X-points, and even advanced divertor
configurations like snowflakes. Using an extensive set of diagnostics, systematic studies of plasma instabilities,
their development into turbulence and meso-scale structures, and their effects on both thermal and
suprathermal plasma components are performed. The impact of the experimental results obtained on TORPEX
is enlarged by their systematic application to model validation, performed using rigorous methodologies for
quantitative experiment-theory comparisons.
In the past two years, we conducted investigations of supra-thermal ion-turbulence interaction, a basic issue
for burning plasmas, on SMT plasmas. These investigations reveal that the transport of supra-thermal ions is
generally non-diffusive and can be super- or sub-diffusive depending on two parameters: the suprathermal ion
energy normalized to the electric temperature and the electric potential fluctuations normalized to the electron
temperature. The orbit averaging mechanism predicted to reduce the effect of turbulence on the suprathermal
ions in burning plasmas has been clearly identified, both for gyro- and drift-orbits.
To better mimic the SOL-edge magnetic geometry in tokamak, we have installed a new system that creates
twisted field line configurations. First experiments are devoted to the characterization of the background
plasma and fluctuation features in the presence of quasi circular-shaped flux surfaces. Measurements of
toroidal and poloidal wave numbers indicate field aligned modes. Further studies are under way to compare
the experimental measurements with the simulation results and assess the main instability driving
mechanism.
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Dedicated experiments have been performed on the TCV tokamak to compare the inverse scalelengths of the
main plasma region with the one observed in the edge region in standard L-mode plasmas. The main plasma
region is known to be characterized by a central region with relatively flat profiles, influenced by the
sawtooth activity, and a stiff region where the inverse scalelength is relatively independent on the heat flux.
TCV has demonstrated recently that the edge region, inside the last closed flux surface, is not stiff and is key
to understanding global confinement properties [1]. It is shown that the inverse scalelength in this region
increases with increasing I_p, increasing P_ECH, increasing density and with a change of the plasma
triangularity from positive to negative.
The role of this non-stiff edge region is also key to understanding the saturation of the ohmic confinement at
high density [1]. In these experiments, the ion transport is seen to be essentially neoclassical and the
dependence of T_i profiles with I_p will be discussed as well.
A new improved L-mode, called the IN-mode, has been obtained on TCV with global confinement time
scaling near H-mode values, H_98y2=0.9. This mode will be discussed in detail and compared with the edge
non-stiffness discussed above. On TCV, the edge T_e does not show a steep gradient, but the edge density is
maintained high, hence the name IN-mode. This high edge density is favourable for keeping high T_i values
and good global confinement. The IN-mode has been obtained over a wide range of q_95 and density values,
thanks to either a short transition into H-mode or a high gas puffing rate applied directly after break-down
and sustained during the I_p ramp-up. Indications are that low l_i are sustained in this way.
Core and edge transport properties of these L-mode plasmas are studied in detail with ASTRA simulations [2]
and help to better characterize the non-stiff edge properties. The evolution of the profiles up to the L- to
H-mode transition is analyzed as well. In particular the role of the edge bootstrap current on the edge q profile
is analyzed, with the bootstrap current building up thanks to the edge non-stiff region having steep gradients.

[1] O. Sauter et al, accepted in PoP.
[2] G.V. Pereverzev and P.N. Yushmanov, IPP Report, 2002.
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As the first full superconducting non-circular cross section tokamak in the world, EAST is used to explore the
forefront physics and engineering issues on the construction of tokamak fusion reactor. Neutral beam
injection has been recognized as one of the most effective means for plasma heating. According to the
research plan of the EAST physics experiment, two sets of neutral beam injector (4-8MW,10-100s) will be built
and operational in 2014. The paper presents the development of EAST neutral beam injector and the latest
experiment results obtained on the test-stand about long pulse beam extraction and high power beam
extraction, those results show that all targets reach or almost reach the design targets. All these will lay a solid
foundation for the achievement of plasma heating and current drive for EAST in 2014.
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Operational space (I_p-n) for long pulse scenarios (t_burn ~ 1000 s, Q > 5) foreseen in ITER was assessed by
1.5D core transport modelling with pedestal parameters predicted by the EPED1 code. The analyses include
the majority of transport models (CDBM, GLF23, Bohm/GyroBohm (BgB), MMM7.1, MMM95, Weiland,
Scaling-Based) presently used for interpretation of experiments and ITER predictions. The EPED1 code was
modified to take into account boundary conditions predicted by SOLPS for ITER. In contrast with standard
EPED1 assumptions the EPED1 with the SOLPS boundary conditions predicts no degradation of the pedestal
pressure with density reduction. Reducing the plasma density to n_e ~ 5-6 10^19m^-3 leads to an increased
plasma temperature (similar pedestal pressure) which reduces the loop voltage and increases the duration of
the burn phase to t_burn~ 1000 s with Q > 5 for I_p > 13 MA at moderate normalised pressure, beta_N ~ 2 in
ITER. These ITER plasmas require the same level of additional heating power as the reference Q = 10
inductive scenario at 15 MA (33 MW NBI and 17 - 20 MW EC heating and current drive power). However,
unlike the ‘hybrid’ scenarios considered previously, these H-mode plasmas do not require specially shaped q
profiles nor improved confinement in the core for the transport models considered in this study. Thus, these
medium density H-mode plasma scenarios with I_p > 13 MA present an attractive alternative to hybrid
scenarios to achieve ITER’s long pulse Q > 5 and deserve further analysis and experimental demonstration in
present tokamaks.
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Reversed Field Pinch (RFP) plasmas tend toward self-organized behavior depending on the nonlinear coupling
between mutually interacting tearing modes. In multiple helicity plasmas one or more linearly unstable
tearing modes may drive energy into stable modes through this coupling. In contrast, at high current and low
density plasmas tend towards a state with a single dominant core mode. Although secondary modes are
present, their amplitudes are reduced in this Quasi-Single Helicity (QSH) state. Recent work on modeling the
shear-suppression mechanism has produced a predator-prey model of the QSH dynamics that reproduces the
observed time dynamic behavior, in particular the increased persistence of the QSH state with increased
plasma current. To diagnose these plasmas, we have established an error field control mechanism that locks
the structure to a particular helical phase, to the advantage of the advanced diagnostic set on MST. With this
diagnostic set, we have obtained evidence of helical structure in electron temperature, density, and impurity
temperature.
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In MST plasmas where inductive current profile control routinely produces tokamak-like confinement with
enhanced density and temperature gradients, a far-forward-collective-scattering diagnostic reveals a
broadband reduction of density fluctuations, with as much as a 100-fold drop in amplitude. This drop is
precipitated largely by the reduction of current-gradient-driven tearing modes. However, in the region where
thermal gradients are largest, there is a localized peak in the density fluctuation power spectrum. The source
of these fluctuations is not established, but gyrokinetic modeling with the GENE code suggests the trapped
electron mode, driven by the local density gradient. These plasmas, whose density is well below the
Greenwald limit, routinely exhibit a large total beta (average plasma pressure normalized to the total edge
field pressure) of about 15 percent, but this beta is limited only by the finite Ohmic heating power. With the
goal of trying to establish the limits on density and beta in these plasmas, frozen deuterium pellets were
injected to increase the density and the Ohmic heating power. This has resulted in an RFP-record density of
1.6 times the Greenwald limit, but the upper limit on the density in these plasmas still has yet to be
established. Over a broad range of density, from well below to well above the Greenwald limit, the total beta
is routinely enhanced. And now, with the addition of NBI, the total beta has reached an RFP record of about
28 percent (with toroidal beta ~ 115 percent), and it appears that this represents a soft limit on beta. Magnetic
fluctuations increase as the density increases, leading to increased energy transport, and these discharges do
not exhibit premature terminations. According to MHD modeling with the NIMROD code, both
pressure-driven tearing and interchange modes can be linearly unstable in these plasmas, unlike the
discharges at lower beta. These instabilities can contribute to the enhancement of magnetic fluctuations. This
soft beta limit phenomenology is similar to that observed in some stellarators.
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The Innovative concept and 3D full wave code modeling Off-axis current drive by RF waves in large scale
tokamaks, reactors FNSF-AT, ITER and DEMO for steady state operation with high efficiency is proposed. The
scheme uses the helicons radiation (fast magnetosonic waves at high (20-40) IC frequency harmonics) at
frequencies of 500-1000 MHz, propagating in the outer regions of the plasmas with a rotational transform [1].
Modeling with full wave three-dimensional codes PSTELION and STELEC2 showed flexible control of the
current profile in DIII-D, T-15 and KSTAR and reactor plasmas of ITER, FNSF-AT and DEMO, using multiple
frequencies, the positions of the antennae and toroidal waves slow down. Commercially available klystrons of
MW/tube range, CW working, are promising for commercial stationary fusion reactors. The compact
antennae of waveguide type in Traveling Wave regime are proposed, and the example of possible RF system
for today's tokamaks and proposed for russian FNSF-AT project is given. For spherical tokamaks the Helicons
excitation scheme does not provide efficient Off-axis CD profile tayloring flexibility due to strong coupling of
helicons with O-mode, also through the boundary conditions in low aspect machines, and intrinsic large
amount of trapped electrons, as will be shown by STELION modeling for the NSTX tokamak. Alfven
Resonance Heating/CD method for ELMs and EHO control pedestal plasma is proposed. New possibility is to
control the plasma current in pedestal being an essential element in peeling/ballooning modes stability. We
propose to use the Alfven resonance scheme based on well known shear Alfven wave relation for frequencies
well below of ion cyclotron ones: ω = K//VA . The slow waves and KAW are absorbed mainly by the electrons
in pedestal area. Respectively, with properly toroidally phased antenna the SLOW/KAW waves highly
efficiently (similar to LH) drive non inductive current to be exploited for ELMs and EHOs control in
tokamaks. The antenna with ICRF-like poloidal loops or RMP coils arrays excites the near fields which
penetrate into plasma. Thus exploration of Alfven Resonance scenario to low frequencies from megaherz to
tenth kHz evidences the importance of KAW excitation in tokamak pedestal area, with possible influence on
MHD unstable modes like ELMs and EHO.

[1] Vdovin V. Plas Phys. Rep Vol.39 (2013), N2 95
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Introducing external impurities into plasma provides an effective means to reduce divertor power load for
present and future fusion devices [1]. Dedicated argon (Ar) seeding experiments focusing on the effects of the
plasma configuration and seeding position have been carried out in EAST, with the corresponding simulations
using SOLPS 5.0 code package being also ongoing.
The double null (DN) divertor configuration is found to have a cooler divertor plasma before Ar seeding
comparing to lower single null (LSN), as expected [2]. When Ar is seeded, the parallel heat flux to the lower
divertor, measured by target Langmuir probes, exhibits a slightly more dramatic decrease in the case of DN
configuration than in LSN configuration. At the outer midplane, the measurements by reciprocating probe
reveal that the electron temperature and density are higher in DN configuration than in LSN configuration
after Ar seeding. This indicates a greater gradient of temperature along the field line in DN case, which is
beneficial for reducing divertor power load. In addition, the plasma stored energy Wdia increase with Ar
seeding in DN case, meaning the confinement is improved.
Comparisons have also been made between Ar puffing into the divertor volume in LSN configuration and into
main chamber in USN configuration. The radiation in the latter case increases by 42.6% together with a
significant increase in Zeff, while in both cases the plasma stored energy almost stays unchanged. Though
electron temperature and density at midplane is higher, the parallel heat flux at divertor plate is lower in USN
case. However, after Ar seeding no decrease in parallel heat flux to upper outer divertor plate is seen in this
case. At inner plate only the peak value of parallel heat flux reduces by 13%. It is evident that Ar can readily
penetrate into the core when it is puffed into the main chamber volume, but does not affect the heat flux to
the divertor very much in this case. we will include cases of different Ar puff locations as well as cases of Ar
seeding in different plasma configurations in the SOLPS simulation to compare with present and further
experiment results.

[1] ITER Physics Basis 1999 Nucl. Fusion 39 2208
[2] S.C. Liu et al. Phys. Plasmas 21, 022509 (2014)
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One of the issues of the neutral particle diagnostics on ITER is to measure the distribution functions of the fast
deuterium (D) and tritium (T) ions in MeV energy range. High energy tails in D,T-ion energy distributions
(so-called knock-on ions) appear as a result of the close elastic collisions between the thermal fuel ions and the
fusion alpha particles. The knock-on ion density depends directly on the density and energy distribution of the
alpha particles. Therefore measurements of the neutralized knock-on D,T-ion fluxes escaping the plasma
volume can provide information on the alpha particle confinement in DT-plasma. This report presents results
of the numerical simulation for the neutralized fast D,T-ion fluxes in case of ITER fusion plasma and considers
measurements of these fluxes in respect to neutral particle diagnostics and its capabilities on ITER.
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The First Plasma operation is expected to be performed in ITER without blanket modules (with temporary
limiters), with a toroidal magnetic field of 2.65 T at 6.2 m (half of the nominal value), starting from a partly
charged central solenoid (producing half of the nominal poloidal magnetic flux). The First Plasma initiation
will be more challenging in ITER than in present tokamaks. One reason is due to high stray magnetic fields
caused by 1.5 MA of eddy currents induced in the vacuum vessel and by 70 MA of currents in the central
solenoid (CS). Moreover, the First Plasma initiation is complicated by a low value of the toroidal electric field
(0.3 Vm-1), by a high volume of the vacuum vessel (1700 m3) and by a high content of impurities. On the other
hand, several MW of ECRF heating will be available to assist plasma breakdown and burnthrough.
Nevertheless, a carefully tuned poloidal field (PF) scenario will be essential to assure successful plasma
initiation. The PF system should reduce the stray magnetic fields to about 2 mT in a large breakdown region
with a minor radius of about 1.6 m and support a stable plasma equilibrium with increasing plasma current
after the breakdown.
Taking into account all of the above mentioned difficulties of plasma initiation in ITER, it is important to
develop numerical tools to design a proper scenario of PF operation. So far, the design of scenarios of the PF
system operation during plasma initiation and simulations of the plasma initiation were performed with the
TRANSMAK code using 2D axisymmetric models of ITER conducting structures and 0D plasma transport
model. In this paper, another approach is presented with first results of the design and simulation of PF
scenarios of the First Plasma initiation using a 3D electromagnetic model developed on the basis of the
TYPHOON codes. This model includes 3D conducting structures of the vacuum vessel and cryostat, the
toroidal field (TF) coils, and the ferromagnetic inserts located between the shells of the vacuum vessel.
The values of connection lengths confirm a good quality of the magnetic field null obtained using the 3D
electromagnetic model: in the breakdown area with the effective minor radius 1.8 m the toroidally averaged
components of the magnetic field is less than 2 mT and the connection length averaged over the boundary of
this region is 2000 m.
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The energy stored during a burning plasma pulse in ITER will significantly exceed that in present devices.
Rapid release of this energy during a disruption has the potential to cause surface melting of plasma-facing
components (PFCs) and will cause high electromagnetic loads, in some cases close to the design limits. Heat
load specifications for ITER, which enter, for example, in the design process for blanket modules and full-W
divertor, are based on empirical data on footprint broadening, deposition time and confinement degradation
prior to the thermal quench. Runaway electrons (RE) can cause localized high energy deposition and, under
some circumstances, up to 300 MJ of magnetic energy could be converted to RE kinetic energy.
Electromagnetic loads are quantified in terms of halo current and current quench time, for which a broad
database exists. However, understanding the origin of current asymmetries, which can be particularly
challenging for the mechanical structures, remains an open issue.
To ensure the required lifetime of PFCs, therefore, reliable disruption prediction will be required to allow
action for disruption avoidance or, as a last resort, to trigger the disruption mitigation system (DMS). Three
systems are under consideration for the ITER DMS: massive gas injection (MGI), shattered pellet injection
(SPI) and Be injection as a back-up option. MGI experiments have shown that electromagnetic and thermal
load mitigation is feasible. However, it remains to be confirmed for the latter that 90% radiation efficiency, as
envisaged for ITER, can be reliably achieved. RE mitigation remains an open issue. Several options like
densification, position control, and destabilization of MHD during RE formation have been tested in recent
years and their applicability was shown to be – if at all – limited for ITER. However, more recent experiments
indicate that lower densities than predicted by the present theory can already suppress RE formation. Another
promising effect is pitch-angle scattering on high-Z impurities, resulting in RE energy dissipation by
synchrotron radiation. Simulations including this effect are in qualitative agreement with experimental
observations. Overall, achieving mitigation of all disruption loads in ITER is challenging and will need a
careful choice of injection technique, injected species, amount of material and injection timing.
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A systematic approach to assess the linear stability of Alfvén eigenmodes in the presence of fusion-born alpha
particles is described. Because experimental results for ITER are not available yet, there is no guidance about
which Alfvén eigenmodes will interact more intensively with the fast-particle population. Therefore, the
number of modes that need to be considered in stability assessments becomes quite large and care must be
exercised when choosing the numeric tools to work with, which must be fast and efficient. In the presented
approach, the eigenmodes are first found after an intensive scan of a suitable frequency range, performed
within reasonable bounds for the toroidal and poloidal mode numbers. Each solution found is then tested to
find if its discretization over the radial grid in use is adequate. Finally, the interaction between the identified
eigenmodes and the alpha-particle population is evaluated with the drift-kinetic code CASTOR-K, in order to
assess their growth rates and hence their linear stability. The described approach enables one to single out the
most unstable eigenmodes in a given scenario, which can then be handled with more specialized tools. This
ability eases the task of evaluating alpha-particle interactions with Alfvén eigenmodes, either for ITER
scenarios or for any other scenario planning.
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The new physics introduced by ITER operation, of which there is very little prior experience, is related to the
very energetic (3.5 MeV) alpha particles produced in large quantities in fusion reactions. These particles not
only constitute a massive energy source inside the plasma, but also present a potential hazard to the material
structures that provide the containment of the burning plasma. In addition, the negative neutral beam
injection (NBI) produces 1 MeV deuterons and the application of ICRH produces minority ions in multi-MeV
range, both of which have to be well confined to ensure successful operation of ITER.
Since energetic ions are very sensitive to the details of the magnetic field, in this contribution the field was
calculated in unprecedented detail, including all the known magnetic perturbations such as ferritic inserts,
TBMs and ELM Control Coils (ECC). The FEM solver COMSOL was used to first calculate the magnetization
of the ferromagnetic components due to plasma current and currents flowing in the field coils. The
perturbation field due to the magnetization was then calculated and added to the unperturbed field integrated
from the coils using the Biot-Savart law.
The cases reported here correspond to the 15 MA standard H-mode operation and the 9 MA advanced scenario
in ITER. Both thermonuclear fusion alphas and NBI ions from ITER heating beams are addressed. Both species
are simulated using the Monte Carlo orbit-following code ASCOT in the full 3D magnetic configuration given
by the COMSOL calculations. The first wall also has full 3D features. The ferritic components are found not to
jeopardize the integrity of the first wall, but the application of ECC needs further attention, in particular for
the potential resonance amplification.
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Control of Type-I Edge Localized Modes (ELMs) is an important task for next step fusion devices like ITER.
Following the results obtained on DIII-D resonant magnetic perturbations (RMPs) became a very popular tool
to control plasma exhaust in tokamaks like ASDEX-Upgrade, MAST, KSTAR and probably ITER. RMPs
produce a stochastic boundary which reduces the pressure gradients in the pedestal region allowing the
suppression or mitigation of ELMs while keeping the outward transport enhanced. The density reduction in
the pedestal area is a large contributor to reducing the pressure gradient below the peeling-ballooning stability
limit. There were already several attempts both experimentally and theoretically to understand the interaction
of magnetic perturbation with L-mode and H-mode plasmas, this work is aimed to summarize recent
experimental results from ASDEX-Upgrade, DIII-D, KSTAR, MAST, NSTX, LHD and TEXTOR with resonant
and non-resonant magnetic perturbations. In L-mode plasmas the influence on the edge and core plasma is
typically more pronounced, when comparing to H-mode plasmas, what is attributed to much better coupling
of non-axisymmetric perturbation with the plasma equilibrium. Recent MAST results show that the largest
degree of pump-out coincides with the best alignment of the external field to the equilibrium field, which
agrees with findings from TEXTOR. During H-mode discharges numerous experiments report changes in
transport during phases where type I ELMs are mitigated (JET, DIII-D) or suppressed (ASDEX Upgrade,
DIII-D, KSTAR) by external perturbations. As observed in ASDEX Upgrade, DIII-D and LHD the pump-out
seems to depend on pedestal collisionality/density. Additionally on ASDEX-Upgrade depending on the
spectrum of the magnetic perturbation one gets either reduction (for a non-resonant case) or increase (for a
resonant case) of pedestal and central electron densities. This cannot be explained with increased frequency of
mitigated ELMs as the particle losses per event decrease with ELM frequency as reported on ASDEX Upgrade,
MAST and LHD.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

166 



Poster 3 / 583

Influence of a Tungsten Divertor on the Performance of ITER H-Mode
Plasmas
Dr. DUX, Ralph 1; Dr. LOARTE, Alberto 2; Dr. KUKUSHKIN, Andrei S. 2; Dr. FABLE, Emiliano 1; Dr. COSTER, David 1; Dr. CHANKIN,

Alex 1

1 Max-Planck-Institut für Plasmaphysik, Garching, Germany
2 ITER Organization

Corresponding Author: ralph.dux@ipp.mpg.de

The effect of a tungsten divertor on the performance of H-mode plasmas in ITER has been investigated by
combining scrape-off layer transport calculations performed with SOLPS with core transport simulations
using the ASTRA code, which was coupled to the impurity transport code STRAHL. The penetration of W into
the central plasma mainly depends on two mechanisms: prompt re-deposition of W to the target and the radial
transport in the edge transport barrier (ETB) during and between ELMs. Within an ELM, the transport of W is
strongly enhanced and concomitantly, the physical sputtering of W at the divertor target strongly increases.
Monte Carlo simulations of prompt W re-deposition, which included the effects of multiple W ionisation and
electric field force on the ions in the magnetic pre-sheath, were carried out for ITER controlled ELM
conditions. It was found that W re-deposition causes a significant, factor 10000, reduction in the net W
erosion. The avalanche effect, where W self-sputtering could lead to a runaway process of increasing W
sputtering, can be ruled out. Thus, the SOLPS simulations found that controlled ELMs conditions present very
little danger of plasma contamination with sputtered W.
Between ELMs, it can be assumed that the W-transport in the ETB is due to neoclassical transport which was
studied for a large range of pedestal profiles. The radial convection velocity of W was found to be outward
directed for the major part of the tested profiles. This is due to a combination of high pedestal temperatures
and high separatrix densities making the outward directed temperature screening term to be the predominant
contribution of the convection. The high densities at the separatrix are needed to control the power exhaust
and the sputtering in the divertor and the high pedestal temperatures are expected to be achieved to meet the
fusion performance objectives.
Combined ASTRA+STRAHL transport simulations in presence of ELMs of varying frequencies have been
carried out. Both neoclassical and ad-hoc anomalous transport models have been included to simulate the
evolution of the W profile in the pedestal region. When using the sources as calculated with SOLPS, there was
no influence on the total plasma radiation. Even for the most pessimistic case of no redeposition, ELM
frequencies in the range 10-30 Hz lead still to tolerable W concentrations.
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Feasibility of the ITER disruption mitigation system (DMS) to a)mitigate heat loads on the divertor target
plates and plasma facing components during the thermal quench (TQ) phase of the disruption; b) reduce
electromagnetic forces on the vacuum vessel during current quench; c) avoid or control the runaway electron
(RE) generation are studied in the present report. Complex variety of physical phenomena comprising
disruption of a tokamak discharge requires integrated modeling approach. The well-validated DINA code [1]
is used as an integrating core module for disruption simulator development. Whenever possible the DINA
results are verified by ASTRA code [2] simulations. Impurity charge state dynamics, radiation and transport
are calculated by the ZIMPUR code [3]. Newly developed gas flow model allows accurate accounting for the
technical specifications of MGI system foreseen for ITER DMS. RE generation, evolution and suppression are
simulated with use of Monte-Carlo solver for RE kinetic equation integrated with DINA code.
Full disruption scenarios from “prediction” of expected disruption, till complete termination of the plasma
current are simulated to determine operation domain for the ITER DMS based on MGI. It is shown that
optimization of MGI parameters (geometry, gas mix content and quantities) allows to draw consistent
scenario of mitigated disruption with use of two-component MGI system. The first one is aimed on the TQ
heat load mitigation, while the second one provides safe plasma current termination without excessive forces
on the construction and suppression of REs beams if they appeared.

[1] Khayrutdinov, R.R. and Lukash, V.E., Journal of Computational Physics, 109, (1993) 193.
[2] Pereversev, G.V., Yushmanov, P.N., Preprint IPP 5/98, Garching. Germany (2002).
[3] Leonov, V.M., Zhogolev, V.E., Plasma Phys. Control. Fusion, 47 (2005) 903
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A well-optimized design of an ion cyclotron resonance heating (ICRH) antenna is very important for
steady-state plasma heating with high radio frequency (RF) power of several tens of megawatts. However, a
sharp decrease in the coupling RF power because of impedance mismatch of ICRH system is an issue that
must be resolved for present-day fusion reactors and International Thermonuclear Experimental Reactor. This
paper has theoretically analyzed the ICRH antenna’s impedance matching for ELMy plasmas on experimental
advanced superconducting tokamak (EAST) by the transmission line theory. The results indicate that judicious
choice of the optimal feeder location is found useful for adjustable capacitors’ tolerance to the variations of
the antenna input impedance during edge-localized mode (ELM) discharge, which is expected to be good for
the design of ICRH antenna system and for real-time feedback control during ELM discharge on EAST.
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The dynamics of the access to and exit from high QDT regimes in the H-mode confinement regime in ITER is
expected to be qualitatively different to present experiments: neutral fuelling is much less effective, Psep/PL-H
< 2.0 even in stationary QDT ~ 10 burning conditions, the density evolution determines not only PL-H but also
Palpha which in turn affects dWth/dt after a transition, and plasma position control may be challenging in
case of an unexpected back transition to L-mode. In addition, the presence of W may impose additional
operational constraints due to possible core accumulation and increased radiation during transients
(possibility of a sudden return to L-mode confinement, plasma-wall contact and/or a disruption). To determine
under which conditions the transition to stationary high QDT H-mode regime and its safe termination can be
achieved, how the plasma evolution to/from H-mode can be optimised, and to assess the problem of possible
core W accumulation, modelling studies have been carried out with the JINTRAC suite of codes, simulating
the core and core+SOL plasma evolution for the entire period of density evolution following transitions
to/from H-mode in the ITER 15 MA/5.3 T and 7.5 MA/2.65 T scenarios.
Simulation scans for the L-H transition have been performed with varying target waveforms for the density
evolution, applying a feedback on pellet fuelling. Depending on boundary and operational conditions, limits
for the density ramp rate and/or a delay time before the application of increased fuelling could be established.
Below these limits, the plasma remains in dithering conditions with Psep~PL-H for a long while before it
enters a good quality H-mode regime at Psep>PL-H, leading to increased flux consumption and a significantly
reduced burn duration. In extreme cases, the plasma never reaches high performance H-mode and returns
back to L-mode.
The back transition to L-mode has also been assessed. The fast reduction in core energy would cause Psep to
remain close to PL-H. The plasma would then not immediately reach L-mode but stay in H-mode for a while,
followed by a dithering phase before the ETB completely disappears. The energy loss could become
accelerated though by an immediate transition to dithering mode e.g. after a strong MHD event. Subsequent
W accumulation could then lead to an immediate transition to L-mode and a disruption.
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Dust and tritium inventories in the vacuum vessel have upper limits in ITER. Erosion, migration and
re-deposition of wall material and co-deposition of fuel material are closely linked to the these inventories.
The related suite of diagnostic and the respective set of plasma-wall-interaction physics related measurement
requirements is now redefined as a whole because the decision to change from carbon to tungsten as divertor
target material has been taken and the construction schedule requires developing the diagnostic concepts. This
paper presents the result of this redefiniton.
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The ITER Organization has recently decided to install a full-tungsten (W) divertor from the start of operations.
One of the key issues with such a strategy is the possibility of W melting and melt splashing during transients,
which can lead to modifications of surface topology and which may lead to higher disruption frequency or
compromise subsequent plasma operation. Although every effort will be made to avoid leading edges, ITER
plasma stored energies are sufficient that transients can drive shallow melting on the top surfaces of
components.
A new experiment has now been performed on JET-ILW in the ITER-Like Wall (ILW) environment, in which
a deliberately misaligned W element (lamella) in the outer divertor has been used to perform controlled ELM
transient melting experiments for the first time in a tokamak. This paper reports on the application of the 3D
MEMOS code to modeling of these experiments. Input heat loads are obtained from experimental data,
notably high resolution IR camera thermography. Importantly, the code indicates that that shielding by the
evaporated tungsten prevents bulk melting between ELMs. Encouragingly, the simulations are also able to
quantitatively reproduce the dimensions of the damaged area observed by high resolution photography after
the first pulse in which melting was achieved.
MEMOS simulations on the consequences of multiple mitigated major disruptions (MD), mitigated vertical
displacement events (VDE) and major disruptions expected in ITER on damage of tungsten castellated armour
have been performed for several scenarios of impact conditions specified by IO.
This work, supported by the European Communities under the EFDA Task Agreement between EURATOM
and Karlsruhe Institute of Technology (KIT) and contract between IO and KIT, was carried out within the
framework of the European Fusion Development Agreement. The views and opinions expressed herein do not
necessarily reflect those of the European Commission or of the ITER Organization.
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ITER operation requires effective fuelling of the core-plasma for conditions in which neutral dynamics
through the scrape-off layer is expected to affect significantly the efficiency of gas penetration. In order to
assess fuelling requirements in transients as well as in stationary phases, integrated core-edge plasma
modelling has been carried out for plasma conditions expected in the reference 15 MA Q = 10 scenario with
emphasis on H-mode operation. The simulations follow the build-up of the H-mode scenario all the way
through the L-mode phase, L-H transition, initial ELM free H-mode and the stationary ELMy H-mode phase
with controlled ELMs. The JINTRAC suite of codes has been used for this analysis. As a first step the edge
plasma has been modelled separately for a range of conditions with the EDGE2D/EIRENE code (included in
the JINTRAC suite) and previous results obtained with SOLPS have been confirmed. Full plasma simulations
have been carried out with JINTRAC in integrated mode with both the Bohm gyro Bohm core-transport
model and GLF23 including two impurities species (Be and Ne). Simulations show that following the H-L
transition for the 15 MA DT plasma fuelled by gas-fuelling only the plasma density increases initially on a
very fast timescale. However, after this initial phase the pedestal density starts to evolve at a much slower rate
due to the low value of particle transport diffusion in the pedestal (~ neoclassical) and decreasing edge
transparency to neutrals and finally saturates at values of ~(5-6)x1019 m-3, even for the largest gas-fuelling
rates achievable in ITER. Following the L-H transition the pedestal temperature raise rapidly until the edge
stability limit is reached and ELMs are triggered. In correspondence of each ELM the density rise drops down
significantly. This evolution is similar for DT H-mode plasmas in ITER over a large range of conditions
suggesting that, within the uncertainties of the particle transport model, ~(5-6)x1019 m-3 is the highest plasma
density achievable in H-mode with gas fuelling alone in ITER; thus allowing high /nGW operation by
gas-fuelling only for the lowest plasma currents (5–7.5 MA). The achievement of high density H-modes for
plasma currents above those requires pellet injection.

This work was funded jointly by the RCUK and ITER Task Agreement C19TD51FE.
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Dissipating the energy emitted from a fusion reactor remains critical to achieving a commercially viable
design with acceptable machine lifetime. Using the extreme shaping capability of TCV together with an
‘open-vessel’ design, the Snowflake (SF) configuration divertor was first demonstrated on TCV. Although a
nearly ‘exact’ SF configuration was obtained, most of this work concentrated on SF configurations with a clear
separation between the X-points (which may however vary during ELMs). This paper reports on the range of
experiments performed over the last years on TCV, designed to understand the processes involved in power
distribution between the four legs of a SF-divertor configuration by comparing the geometrical characteristics
with measured power depositions. To date, these experiments are mostly performed at relatively low power
density and particle density where the distribution to the divertor is expected to be dominated by transport
parallel to the magnetic field lines and should be consistent with present divertor theory. Initial analysis of
L-mode discharges indicated an enhanced transport into the private flux region and a reduction of peak heat.
This enhanced transport, although relatively small, cannot be explained by the modified field line geometry
alone and likely requires an additional or enhanced cross-field transport channel. A first attempt to model the
configuration by matching the power and particle profiles at the primary strike points was unable to explain
the observed power to the secondary strike points. This work was extended to both the L-mode and H-mode
plasma confinement regimes. During ELM activity, up to ~20% of the exhausted energy was redistributed to
the additional SPs and the peak heat flux to the inner primary was SP reduced by a factor of 2–3. Further
avenues for progress, including an upgrade to the diagnostic array with the installation of a reciprocating
probe and improved IR cameras, are in hand and, using the experience gained with SF configurations, research
on other divertor geometries is under consideration. The need to find a working solution for fusion reactor
exhaust and these highly encouraging TCV results demonstrate that this work in alternative divertor concepts
is providing vital experimental and theoretical research information.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

173 



Poster 3 / 126

Experimental and Modelling Results on Wall Conditioning for ITER
Operation
Mr. DOUAI, David 1; Mr. KOGUT, Dmitry 2; Dr. PITTS, Richard 3; Dr. ROHDE, Volker 4; Dr. SCHWARZ-SELINGER, Thomas 4; Dr. DE

VRIES, Peters 3; Dr. WAUTERS, Tom 5; Dr. BALDWIN, Matthew 6; Dr. BREZINSEK, Sebastijan 7; Dr. DOERNER, Russell 8; Dr.

HAGELAAR, Gerjan 9; Dr. HONG, Suk-Ho 10; Dr. LOMAS, Peter 11; Dr. LYSSOIVAN, Anatoli 5; Dr. FERREIRA NUNES, Isabel Maria 12

1 CEA, IRFM, Association Euratom-CEA, 13108 St Paul lez Durance, France
2 CEA, IRFM, F-13108 St-Paul-Lez-Durance, France
3 ITER Organization, Route de Vinon sur Verdon, 13115 St. Paul lez Durance, France
4 Max-Planck Institut für Plasmaphysik, Boltzmannstraße 2, 85748 Garching, Germany
5 Laboratory for Plasma Physics, ERM/KMS, BE-1000 Brussels, Belgium, TEC partner
6 Center for Energy Research, Univ. of California San Diego, La Jolla, CA.92093-0417, USA
7 Forschungszentrum Jülich
8 UCSD
9 Laboratoire Plasma et Conversion d’Energie - UMR5213, Toulouse, France
10 National Fusion Research Institute
11 CCFE, Culham Science Centre, OX14 3DB, Abingdon, UK
12 IPFN/IST

Corresponding Author: david.douai@cea.fr

Wall conditioning will be required in ITER to control fuel - and impurity recycling and to improve plasma
performance and reproducibility. In the nuclear phase, wall conditioning will also contribute to the control of
the tritium (T) inventory within the fuelling cycle. This paper reviews experimental and modelling research
activities on wall conditioning in preparation of ITER operation.
Baking and Glow Discharge Conditioning (GDC), the primary wall conditioning techniques that ITER will use
for cleaning, have been in particular studied in JET-ILW, providing results of particular relevance to ITER
operation. The use of Be as PFC material lead to significant reduced needs for wall conditioning after the
initial plasma restart, following baking at 200°C and D2-GDC, dramatically contrasting with restart and
operation in JET-C with CFC-dominated walls. A novel 2D multi-fluid model has been developed and
benchmarked against experimental data, with the aim to assess uniformity and wall coverage with the ITER
glow discharge system currently re-designed. We present benchmarking results either from a small laboratory
chamber or from large toroidal machines and show that H2-GDC in ITER will be fairly homogeneous in terms
of electron density and temperature and toroidal distribution of the ion fluxes to the wall, determining the rate
of cleaning.
The efficiency of isotopic exchange with GDC or Ion Cyclotron Wall Conditioning (ICWC) for Tritium
removal has been assessed in various devices, in particular JET-ILW and ASDEX-Upgrade. A 1D model of
isotope exchange in Be has been developed. The model includes processes like hydrogen implantation,
trapping to the ion-induced trap sites, detrapping to a solute (mobile) state, diffusion in Be and recombination
to molecular form at the surface. Calculated hydrogen depth profiles are compared with those obtained on the
linear plasma device PISCES-B. Extrapolation to the ITER, from a database on fuel removal efficiency of
isotopic exchange experiments with Ion Cyclotron Wall Conditioning on current tokamaks, in particular
JET-ILW and ASDEX-Upgrade, indicates that up to 0.4 gT could be removed between pulses, whereas the
estimated T-retention lies between 0.14 and 0.5 gT per 400 s long ITER D:T shots.
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Fast particle-driven waves in the ion cyclotron frequency range (ion cyclotron emission or ICE) have provided
a valuable diagnostic of confined and escaping fast ions in many tokamaks. This is a passive, non-invasive
diagnostic that would be compatible with the high radiation environment of DT plasmas in ITER, and could
provide important information on fusion alpha-particles and beam ions in that device. In JET ICE from
confined fusion products scaled linearly with fusion reaction rate over six orders of magnitude [1] and
provided evidence that alpha-particle confinement was close to classical [2]. In TFTR ICE was observed from
super-Alfvenic alpha-particles in the plasma edge [3]. The intensity of beam-driven ICE in DIII-D is more
strongly correlated with drops in neutron rate during fishbone excitation than signals from more direct beam
ion loss diagnostics [4]. In ASDEX Upgrade ICE is produced by both super-Alfvenic DD fusion products and
sub-Alfvenic D beam ions [5]. The magnetoacoustic cyclotron instability (MCI), driven by the resonant
interaction of population-inverted energetic ions with fast Alfven waves, provides a credible explanation for
ICE. One-dimensional PIC and hybrid simulations have been used to explore the nonlinear stage of the MCI
[6,7], thereby providing a more exact comparison with measured ICE spectra and opening the prospect of
exploiting ICE more fully as a fast ion diagnostic. For realistic values of fast ion concentration, the
nonlinearly-saturated ICE spectrum closely resembles the measured spectrum. The PIC/hybrid approach
should soon make it possible to simulate the nonlinear physics of ICE in full toroidal geometry. Emission has
been observed at a wide range of poloidal locations, and so there is flexibility in the requirements of an ICE
detector. Such a detector could be implemented in ITER by installing a toroidal loop or adding a detection
capability to the ICRH antennae.
This work was part-funded by the RCUK Energy Programme and by the European Union's Horizon 2020
programme.

[1] G.A. Cottrell et al., NF 33 (1993) 1365
[2] K.G. McClements et al. PRL 82 (1999) 2099
[3] S.J. Zweben et al., NF 40 (2000) 91
[4] W.W. Heidbrink et al., PP 53 (2011) 085028
[5] R. D’Inca et al., Proc. 38th EPS Conf. Plasma Phys., P1.053 (2011)
[6] L. Carbajal et al., PoP 21 (2014) 012106
[7] J.W.S. Cook et al., PP 55 (2013) 065003.
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Access to high-confinement plasmas on the EAST tokamak was readily achieved through LHCD, ICRF, or
their combined application along with improved wall conditioning and wave-plasma coupling capabilities.
Using a tangentially viewing X-ray crystal spectrometer, core plasma rotation profiles and their temporal
evolutions were obtained. This paper presented typical plasma rotation behaviors for non-stationary and
stationary H-mode discharges generated with concurrent LHCD and ICRF heating. A substantial increase of
the co-current core rotation was observed at L-H transitions. For unsteady discharges with multiple L-H and
H-L transitions, central rotation velocity varied as the plasma entered and left the H-mode phase. For
stationary ELMy H-mode discharges, the rotation increases at an L-H transition and core plasma rotation
profile remains very stable during the entire H-mode phase, although the occurrence of ELMs tended to slow
down the core rotation. Changes of the steady-state core rotation at L-H transitions were found to be
dependent on the plasma parameters for different ELM types. A linear relation between the rotation and
stored energy, similar to the Rice scaling was obtained for both ELM-free and ELMy H-mode discharges; and
for ELMy-free discharges the slope was by a factor of 1.75 steeper.

This work was supported by National Magnetic Confinement Fusion Science Program of China (No.
2011GB101004, 2011GB107001 and 2013BG112004), National Science Foundation of China (No. 11175208,
11305212 and 11375235) and JSPS-NRF-NSFC A3 Foresight Program in the field of Plasma Physics (No.
11261140328).
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This paper describes the progress in analysis of the ITER plasma vertical stabilization (VS) system since its
Design Review 2007 – 2008. Two indices characterising plasma vertical stabilization were studied. These are 1)
the maximum value of plasma vertical displacement due to free drift that can be stopped by the VS system
and 2) the maximum Root Mean Square value of low frequency noise in the dZ/dt “diagnostic” signal used in
the VS feedback loop. The first VS index was calculated using the PET code for 15MA high-li low-beta
plasmas. The second VS index was studied in the simulations of the most demanding for plasma magnetic
control 15MA scenarios having the fastest plasma current ramp-up with early X-point formation, the fastest
plasma current ramp-down in divertor configuration and the H to L mode transition at the current flattop.
The simulations were performed from the beginning of the central solenoid discharge till the end of plasma
current ramp-down using the DINA code with feedback control of the plasma current, position and shape,
taking into account engineering limits imposed on the coils, power supplies and plasma-wall gaps. The studies
performed demonstrate that the VS in-vessel coils, adopted recently in the baseline design, increase of the VS
controllability range by about a factor of 6 providing operating margins sufficient to achieve ITER's goals.
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We present recent results on steady states of translational symmetric and axisymmetric ITER relevant plasmas
with incompressible sheared flow in connection with a generalized Grad-Shafranov equation and on their
stability [1-2]. The presentation includes equilibria either with monotonically increasing safety factor profiles
pertinent to the L-H transition or with reversed magnetic shear. Linear and nonlinear solutions of the
generalized Grad-Shafranov equation including non parallel flows of plasmas surrounded by a diverted
boundary are constructed analytically, quasi analytically and numerically. It turns out that the electric field
makes the safety factor flatter and increases the magnitude and shear of the toroidal velocity in qualitative
agreement with experimental evidence on the formation of Internal Transport Barriers in tokamaks, thus
indicating a stabilizing effect of the electric field. For parallel flows the linear stability is examined by
applying a sufficient condition [3]. In this case one equilibrium corresponding to the H-state is potentially
stable in the sense that the stability condition is satisfied in an appreciable part of the plasma while another
solution corresponding to the L-state does not satisfy the condition. In the majority of the equilibria
considered stabilization is caused by the variation of the magnetic field in the direction perpendicular to the
magnetic surfaces (related to the magnetic shear) in conjunction with the sheared flow, depends on the plasma
shaping and is sensitive to the up-down asymmetry.

[1] G. N. Throumoulopoulos, H. Tasso, Phys. Plasmas 19, 014504 (2012).
[2] AP Kuiroukidis and G. N. Throumoulopoulos, Phys. Plasmas 19, 022508 (2012); J. Plasma Phys. 79, 257
(2013); J. Plasma Phys. 80, 27 (2014); Phys. Plasmas 21, 032509 (2014).
[3] G. N. Throumoulopoulos and H. Tasso, Phys. Plasmas 14, 122104 (2007).
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X-Divertors in ITER - Without any Hardware Changes or Additions - and
in Current Machines, and DEMO Reactors
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We show that X-Divertors (XD), that mainly expand magnetic flux near the SOL peak heat flux strike point
on the divertor plates, can be created for ITER, many existing tokamaks (e.g., SST-1, EAST, AUG, … ), and
future Reactors (KDEMO, ARIES) without modifying their Poloidal Field (PF) coil sets (or adding internal
coils). For ITER, KDEMO, SST-1, and EAST, we will present sequences of XDs, starting from their SDs, in
which the flux expansions on the divertor plates increases smoothly. All these XDs ( including ITER) can be
made without adding any internal PF coils, with all currents in existing PF coils under their maximum limits,
have nearly the same strike points as the SD cases so no modifications of their divertors or pumping will be
needed, and have core plasma shapes that maintain the specified conformity with their given first walls.
Further, because XDs preferentially expand flux near the SOL strike point, they are expected to increase
stability of detached plasmas, thus allowing a possible way to overcome “shadowing” issues arising from
lower angles of field line incidence. Note that the incidence angle at higher flux expansions at SOL strike
points can only be reduced by increased major radius of the Super X-Divertor (SXD). The demonstration of
these XDs opens the possibility that they could be tested and, then, used to assist in high-power operation on
ITER. Some further issues need examination, e.g., full time-dependent plasma startup and operation scenarios,
vertical stability, etc. The SOLPS code will be used to gauge the effects of XDs on SOL, and possibly plasma
detachment.
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Large runaway electron (RE) currents could be formed during the current quench (CQ) phase of ITER
disruptions. Although the main interest of studying REs is related to their final deposition on the plasma
facing components (PFCs), much less attention has been paid to their termination phase, when the current and
the REs are lost. During this phase, conversion of magnetic energy of the runaway plasma into runaway
kinetic energy can occur which can increase substantially the energy fluxes deposited by the REs on the PFCs.
In this work, an inter-machine comparison for various devices (JET, DIII and FTU) has been performed which,
together with simple 0D modeling of the termination phase, has allowed to identify the physical processes
determining the magnetic into kinetic energy conversion. It is predicted that, in ITER, for fast RE losses, below
1 ms, it is essentially the plateau runaway kinetic energy that will be deposited on the PFCs. For long enough
RE losses, the avalanche generation of runaways will play an important role, increasing the energy deposited
by the REs onto the PFCs, and energies up to 300 MJ for a plateau RE current of 10 MA are predicted. With the
aim of improving our understanding of the physics underlying the runaway heat loads onto the PFCs in ITER
disruptions, an integrated analysis in which the results of the modeling of the disruption CQ and runaway
formation provide the basic inputs for the termination phase of the disruption, is carried out for selected ITER
scenarios. This is done by means of simplified models, but retaining the essential physical processes, including
the effect of the main runaway generation mechanisms expected in ITER, effects associated with current
profile shape during the formation and termination of the runaway current, as well as, in the case of high
impurity content, corrections to the runaway dynamics to account for the collisions of the REs with the
partially stripped impurity ions. The ultimate goal is to provide a guidance for the most severe foreseen ITER
scenarios as well as for the most suitable schemes for the minimization of the effects of runaway impact on
the ITER first wall.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Different plasma performance (energy confinement, discharge duration) has been generally observed in
operationally close JET discharges with carbon (C) and ITER-like wall (ILW). Presence of tungsten (W) in ILW
discharges is one of the major changes introduced with the wall replacement which may partly explain the
differences observed at JET and have an impact on ITER operation. Effect of W on ITER H-mode and hybrid
fusion performance is analysed here via integrated core-SOL-divertor modelling performed with ASTRA and
JETTO (theory-based core simulations for main species) and COREDIV (impurities and core-SOL-divertor
integration) codes used iteratively. Be, He, W and Ne impurities are simulated self-consistently with main
plasma species. Core toroidal rotation velocity is also predicted, which is another novelty of this work. The
core thermal and particle transport is simulated with the GLF23 transport model which has been extensively
validated on a number of H-mode plasmas and hybrid scenarios (HS) in various tokamaks. Here, this model is
tested in self-consistent simulations of temperatures, density and toroidal rotation velocity in JET HS. The
correlation of the ExB shear amplification factor alpha_E with Mach number has been found in these
simulations. The alpha_E and Prandtl number validated on JET are projected to ITER. The COREDIV model
has been successfully benchmarked with the JET H-mode discharges and advanced scenarios. Modelling
results show that the core-SOL-divertor coupling in ITER plasmas is very strong in presence of W impurity
and it affects the operational domains for considered scenarios. The long-pulse H-mode scenario analysed in
the density range n=(8.3–11.9)x10^19 m-3 has narrow operational window limited by the tolerable power to
divertor (achieved due to optimised neon gas puff and marginally sustained H-mode under given modelling
assumptions. The consequences of strong core-SOL-divertor coupling for low density H-mode and hybrid
operation where the improvement in fusion performance due to a good core confinement is counteracted by
large W production and core radiation are investigated. Sensitivity studies will be presented showing under
what conditions the core-SOL-divertor coupling is reduced allowing high H-mode and hybrid performance.
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A model is suggested for calculating the efficiency of multi-pass absorption of EC heating wave in tokamaks
at initial stage of discharge, and the effect on the start-up in ITER-like tokamak is analyzed. The single-pass
absorption of injected EC wave is evaluated with the scaling obtained using the OGRAY code. The model for
subsequent multi-pass absorption, after first reflection of the EC wave from the wall of vacuum chamber,
assumes isotropy/uniformity of the respective EC radiation intensity in plasma. The model modifies the
CYNEQ code approach developed for the plasma-produced EC radiation transport at high EC harmonics and
verified in the benchmarking with other codes. We consider the following case: (a) multiple reflection of
injected EC wave (O-mode) from the wall; (b) polarization scrambling in wall reflections; (c) full single-pass
absorption of the X-mode. Our parametric analysis for typical electron temperature and density at initial stage
of discharge in ITER-like tokamak shows strong dependence of multi-pass absorption efficiency on the O-X
conversion in wall reflections. The multi-pass absorption model is incorporated in the 1-D simulations of
plasma start-up with the DINA code that enables us to extend the results of previous simulations with the
single-pass absorption model.
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Snow Flake Divertor (SFD) configuration has been proposed as one valid way to reduce the plasma-wall
interaction. For technological reasons, SFD configuration is difficult to realize and control in real experiments,
especially for a tokamak like EAST that does not have dedicated divertor coils designed to locally shape the
magnetic field topology. For this reason, Quasi-SFD (QSF) static equilibrium configurations (where two
poloidal field Bp=0 points are close enough to produce a large region with poloidal field close to zero in the
divertor region) have been studied by using EFIT and FIXFREE equilibrium codes. The tokamak simulation
code (TSC), a numerical model of the axisymmetric tokamak plasma and the associated control systems, has
been then used to model the EAST QSF scenario (300kA/1.8T). During the simulation, iso-flux control scheme
is used to control plasma shape, and the poloidal field (PF) coils current is limited to be smaller than 15% of the
actual allowed technical limits. TSC outputs will be preliminary used to set the plasma control system (PCS)
operating during the experiments. CREATE-NL tools has been used to linearize the configuration, in order to
increase the QSF to higher plasma current, and a dedicated control algorithm will be developed to use
magnetic topology as a control actuator of the local radiation in presence of impurities seeding. The analysis
of vertical stability growth rates of QSF configurations with 2D and 3D models is ongoing. Preliminary results
on the comparison of edge simulations between the standard divertor (SD) and SFD will be also presented.
First QSF experiment will be performed during next EAST restart.
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During disruption mitigation by massive gas injection (MGI) the thermal energy is expected to be radiated
with high efficiency in order to prevent excessive heat loads to first wall and divertor PFCs. The energy loss
will take place in two phases: a) the so-called pre-thermal quench phase that lasts from the arrival of the first
gas to the onset of increased transport due to MHD activity during b) the second phase the thermal quench
(TQ). Quantification of the duration of the pre-TQ phase is essential for the design of the ITER disruption
mitigation system (DMS). The DMS has to be designed such that the impurity amount accumulated during
pre-TQ stage should be sufficient for re-radiation of more than 90% of heat flux at subsequent TQ phase of
ITER disruption.
The modelling with the code ASTRA together with ZIMPUR impurity transport and radiation code allows the
description of the cooling process at the plasma edge, including the penetration of impurities and the
shrinking of the current channel. Newly developed model for the gas flow at the end of delivery tube of MGI
system well reproduce experimentally measured evolution. The validation of the simulation approach on
available experimental data has demonstrated its ability to produce quantitative estimations of the pre-TQ
stage duration and of the accumulated in the plasma amounts of Ar and deuterium under MGI.
The comparison of the simulation results with experiment will allow the identification of how the pre-TQ
duration scales with plasma minor and major radius, plasma current, thermal energy, plasma density and
temperature profiles on which an extrapolation to ITER can be based. Simulation results of the pre-TQ stage
in reference ITER scenarios are presented. The ability of the ITER MGI systems to provide injection of
necessary impurity amount during pre-TQ stage are discussed.
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The possibilities of using transverse ICRF heating tokamak plasma minorities for toroidal current driving is
investigated in this paper.
Three ways of this heating utilization are proposed. Firstly, such heating gives possibility to drive the seed
current near magnetic axis, secondly, it can be used for safety current profile adjusting (the negative shear
producing) due to synchronous heating of two types of minorities – hydrogen and helium ions, and , third, it
can be used for non-inductive asymmetry toroidal current drive in plasma cross-section.
Unlike to the isotropic heating when the ratio between amount of trapped and untrapped particles is
conserved, during the transverse heating almost all particles become trapped and precisely trapped particles
drive toroidal current due to asymmetry ion motion in and against inductive current direction. For the
asymmetry current calculation theoretical distribution function of the minority proposed by T.H.Stics and
distribution function measured in JET tokamak were used.
Fulfilled estimations show that the transverse ICRF heating hydrogen minority up to energy in several MeV
that is possible to have the toroidal current in the mega-amperes range.
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Advancing Power Exhaust Studies from Present to Future Tokamak
Devices
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Power exhaust is a crucial issue for future fusion devices such as ITER and DEMO. A device like DEMO
despite being of a similar geometrical size of ITER will need to accommodate an about 3 to 4 times higher
thermal power, aggravating the issue of power exhaust. ASDEX Upgrade with its fully tungsten covered wall,
high ratio of heating power to major radius and extensive edge and SOL diagnostics is well suited for studying
most aspects of power exhaust. Limiting the total power flux to the divertor target plates is only possible in
the detached regime. Despite its crucial importance for safe operation of future larger devices the
understanding of the processes leading to divertor detachment is incomplete.
The paper summarizes the efforts undertaken in gradually advancing the understanding of power exhaust in a
variety of conditions: It presents how the H-mode density limit is controlled by a fuelling limit and an
enhanced loss of power at the plasma edge. The power fall off length in the divertor is determined by the
volumetric dissipation in the divertor connected to the recycling of neutrals and consequently to the divertor
geometry. Experiments with nitrogen as seeding impurity for L-mode and H-mode are used for validating the
SOLPS code package. In such studies the activation of drift terms in the numerical model is crucial for
minimizing the differences to the experimental data. The movement of the radiation in the divertor under
varying conditions is explained and maximum radiation is reached with stable radiation in the vicinity of the
X-point. A phase of strong fluctuating radiation in the vicinity of the X-point on the high field side of the
divertor is identified as a condition for strongest discrepancy between the numerical and experimental results.
Studies on the snowflake as an alternative divertor geometry solution using the EMC3-EIRENE code are also
presented.
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Studies of Impact of Edge Current Profiles, Plasma Shaping, Nonlinearity
on Edge Localized Modes with BOUT++ Code
Dr. LI, Guoqiang 1; Mr. LIU, Zixi 2; Mr. SHAO, Linming 2; Dr. TURNBULL, Alan 3; Mr. XI, Pengwei 4; XU, Xueqiao 5; Mr. XIA, Tianyang
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This work extends previous BOUT++ work to systematically study the edge current driven kink mode, the
effect of plasma shaping on the ELMs, to benchmark with other codes, and to validate the BOUT++ nonlinear
ELM simulation on EAST tokamak experiments. A sequences of equilibrium with different edge current is
generated with the CORSICA code, by keeping total current and pressure profile fixed. With the edge current
increasing, the dominant modes are changed from high-n ballooning modes to low-n kink modes. We found
the edge current provides stabilizing effects on high-n ballooning modes, but not always provides the
destabilizing effect on edge kink mode. We benchmarked BOUT++ linear results with GATO and ELITE
codes. It is showed that the vacuum model has important effect on the edge kink mode calculation. The
resistivity vacuum has destabilizing effect on both the kink modes and ballooning mode. Nonlinear calculation
shows that with the edge current increasing, the linear growth rate of the ELM size decreases. However, at the
final saturated stage after the nonlinear evolution, the ELM size increases with the edge current. We studied
the role the plasma geometry, by choosing the circular, elongated and shaped with X-point equilibrium. The
shaped plasma and the X-point geometry has stabilizing effect on the ELMs. We benchmarked those
calculation with other codes. 3D ELMs nonlinear simulation on EAST tokamak has first been studied, based
on the discharge #41019. The result shows that there are four phases during one ELM crash, which gives us a
vivid dynamic process of the ELM crash. We also prove the exactness of the nonlinear simulation by
comparing the results of experiment and simulation, including the energy loss and speed of the ELM effluxes.
The experimental energy loss of ELM crash is consistent with the nonlinear simulation within same order of
magnitude. The speed of the simulated ELM effluxes is comparable with the experimental data by Gas Puffing
Image (GPI) diagnosis, and the ELM crashes start at the outer mid-plane.
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Investigation of LHW-Plasma Coupling and Current Drive Related to
H-Mode Experiments in EAST
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LHW-plasma coupling and high density are two important issues in achieving LHCD H-mode plasma in
EAST. Firstly, effects of LHW on the density at the grill mouth are investigated by a Langmuir probe installed
in the top of the LHW antenna. Results show that the measured density with anti-clockwise Bt is lower than
those with clockwise Bt, suggesting the asymmetric density behaviour in SOL. Simulation with a
diffusive-convective model suggest that such asymmetry is mainly due to E×B drift.
Secondly, high density experiments with LHCD are further analyzed by means of simulation, showing that
parametric instability (PI), collision absorption (CA) in edge region, and density fluctuation could be
responsible for the low current drive (CD) efficiency at high density. (i) Frequencies and growth rates of
coupled modes could be identified near the antenna and the LCFS. Modelling results show that the line
broadening of the operating LH frequency and the downshifted sidebands, observed during the experiments,
could be produced by PI effects driven by ion-sound and ion-cyclotron (IC) quasimodes, respectively, near the
plasma edge in the low field side. The growth rates are larger in the case of poor lithiation, consistently with
the observed reduced CD efficiency. Simulations also show that the growth rate peak of the IC sideband
occurs near the LCFS, and, in case of poor lithiation, has a smaller frequency shift from the pump, in
agreement with the RF probe spectra. (ii) The fraction of LH power calculated with GENRAY code indicates
that more LHW power is absorbed in SOL by collision in the case of poor lithiation, whether at low density or
high density, making some contribution to the low CD efficiency in this case. (iii) Modification of spectrum
due to density fluctuation makes the power deposition and driven current profile predicted by C3PO/LUKE
ray-tracing and Fokker-Planck move inward, but the total value of driven current decreases (~30%). This may
partly explain the small CD efficiency in the case of SMBI.
In addition, CD efficiency with considering bootstrap current and hot electrical conductivity has been
investigated in EAST H mode. Results show the efficiency maximum locates at n_e ~ 2.2×10^19m^-3, above
which the efficiency drops significantly with density increase, nearly consistent with the above HXR emission.
Further study will be continued.
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Study of Pedestal Turbulence on EAST Tokamak
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Pedestal turbulence was studied by a microwave reflectometry on EAST tokamak. The characteristics of edge
pedestal turbulence during L-I-H transition, ELM-free H-mode phase and inter-ELM phase have been studied
on EAST recently. (1) An edge spatial structure of density fluctuation and its dithering temporal evolution is
observed on EAST tokamak during the L-H transition phase. (2) A coherent mode and/or a multi-harmonic
mode often appears during the ELM-free phase before the first ELM on EAST tokamak. Analysis shows that
there is a critical density for two modes on EAST. (3) In plasma with type-III ELMs, a precursor mode before
ELM is usually observed. The frequency of the precursor was born about 150 kHz and gradually decreased up
to the ELM. The mode amplitude increases or shows saturation before ELM. In the plasma with compound
ELMs composed of high and low frequency ELMs, the precursor was also available before the high frequency
ELM while the harmonic oscillations with frequencies of 20, 40 and 60 kHz appears before the low frequency
ELM.

This work was supported by National Magnetic Confinement Fusion Program of China (No. 2014GB106000
and 2014GB106003) and the National Natural Science Foundation of China (No. 11275234, 11305215, 11321092).
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Physical Characteristics of Neoclassical Toroidal Viscosity in Tokamaks
for Rotation Control and the Evaluation of Plasma Response
Dr. SABBAGH, Steven 1
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Favorable use of low magnitude (deltaB/B ~ O(10^-3)) three-dimensional (3D) magnetic fields in tokamaks
includes mitigation of ELMs and Alfvénic modes, and alteration of the plasma rotation profile to strongly
affect the stability of NTMs and RWMs. However, in ITER, these fields can significantly reduce the fusion
gain, Q, by increasing alpha particle transport. These effects have been theoretically addressed using
neoclassical toroidal viscosity (NTV) theory [K.C. Shaing and C.T. Hsu, Nucl. Fusion 54 (2014) 033012]. NTV
magnitude and profile that determines the critical 3D applied field level for Q reduction, or for rotation
feedback control, depends on the field spectrum, plasma collisionality, and plasma response to the field. The
present work focuses on these critical questions with new analysis of results from NSTX and KSTAR.
Experimental angular momentum alteration is directly compared to theoretical NTV torque density profiles,
T_NTV, created by a range of applied 3D field spectra and plasma parameters in NSTX including
configurations with dominant n = 2 and n = 3 field components. Large radial variations of T_NTV are found
in ideal MHD models when the flux surface displacement is derived using an assumption of a fully penetrated
deltaB. In contrast, experimentally measured T_NTV does not show strong torque localization. NSTX
experiments yield a computed displacement ~ 0.3cm, smaller than the ion banana width, and averaging
T_NTV over the banana width more closely matches the measured dL/dt profile. Results from a model-based
rotation controller designed using NTV from applied 3D fields as an actuator for instability control are shown.
A favorable observation for rotation control, clearly illustrated by KSTAR experiments, is the lack of
hysteresis of the rotation when altered by non-resonant NTV. These experiments also show the theoretical
scaling of T_NTV with deltaB^2 and ion temperature ~ T_i^2.5. Due to this strong dependence of the T_NTV
profile on deltaB, the T_NTV measurements significantly constrain the allowable field amplification. Plasma
response models being tested against experiment include the fully-penetrated deltaB model, and various
physics models in the M3D-C1 resistive MHD code. Analysis shows that the M3D-C1 single-fluid model
produces a flux surface-averaged |deltaB| consistent with the measured T_NTV.
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Effect of Resonant Magnetic Perturbations on Low Collisionality
Discharges in MAST and a Comparison with ASDEX Upgrade
Dr. KIRK, Andrew 1
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The application of Resonant Magnetic Perturbations (RMPs) is foreseen as a mechanism to ameliorate the
effects of ELMs on the ITER divertor. Various aspects of RMP operation crucial to ITER have been
demonstrated on MAST such as mitigating the first ELM after the L-H transition, sustaining ELM mitigation
during both the current ramp-up and in the event of failure of a sub-set of the in-vessel coils and applying a
slowly rotating n=3 RMP, which sustains ELM mitigation while rotating the pattern of the strike point
splitting. Although ELM suppression has not been observed on MAST, ELM mitigation has been achieved
using RMPs with toroidal mode number of n=2, 3, 4 and 6 over a wide region of operational space, with
considerable overlap with the regions where suppression of type-I ELMs is observed in other machines. The
effect that the choice of toroidal mode number on the effectiveness of the mitigation has been investigated and
shows that n=3 or 4 is optimal.
The ELM mitigation phase is typically associated with a drop in plasma density and overall stored energy. By
carefully adjusting the refuelling, either by gas or pellet fuelling, to counteract the drop in density it has been
possible to produce plasmas with mitigated ELMs, reduced peak divertor heat flux and with minimal
degradation in pedestal height and confined energy.
Above a threshold value in the applied perturbation field (brres) there is a linear increase in normalised ELM
frequency (fELM) with brres. Experimentally it has been found that both the lobes produced near the X-point
and the mid-plane corrugations also increase linearly with the size of brres. These deformations to the plasma
boundary have been replicated by modelling, which shows that they can strongly influence the
peeling-ballooning stability boundary and hence lead to an increase in fELM.
Mitigation of type I ELMs has also been achieved on ASDEX Upgrade at mid-low collisionalities, using RMPs
with n=1 and 2. In a large number of cases an increase of fELM with brres is also observed. However, unlike in
MAST, there are some cases where this is not the case. This presentation will compare and contrast the results
from the two devices with an aim of increasing our understanding and ability to extrapolate to future devices.
This work was part-funded by the RCUK Energy Programme and by Horizon 2020 programme.
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Recent Advances in the Understanding and Optimization of RMP ELM
Suppression for ITER
Dr. NAZIKIAN, Raffi 1
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Recent experiments with applied Resonant Magnetic Perturbations (RMPs) in low-collisionality ITER Similar
Shape (ISS) plasmas on DIII-D have advanced the understanding of and increased confidence in obtaining
ELM suppression in the ITER standard operating regime. ELM suppression is obtained with a reduced coil set
(5–11 coils) on DIII-D, demonstrating the effectiveness of mixed harmonics (n=1,2,3) with a partial coil set and
mitigating the risk of reduced coil availability on ITER. Recent advances in linear two-fluid MHD simulations
indicate that resonant field penetration and amplification at the top of the pedestal is ubiquitous in these ISS
plasmas, together with resonant field screening and kink amplification in the steep pressure gradient region.
Measurements with the X-ray imaging camera reveal new information on the plasma response to 3D fields.
There is good agreement between X-ray imaging and M3D-C1 simulation in the steep pressure gradient
region of the pedestal, validating theoretical predictions of resonant screening and a dominant edge-kink
response. While direct imaging of islands in ELM suppressed plasmas remains elusive, measurements with the
newly upgraded magnetic sensors are suggestive of partially screened fields at the top of the pedestal,
consistent with M3D-C1 simulations. Indirect evidence of island formation and resonant field penetration is
also provided by the observed flattening of the electron pressure profile at the top of the pedestal and
concomitant shrinkage of the pedestal width when the RMP is applied. In addition, the flutter model of
electron transport also predicts an electron thermal diffusivity “hill” at the top of the pedestal that is
comparable to experimental values when the resonant field amplification at the top of the pedestal is included
in the calculation. Optimization of the pedestal pressure is an important issue for ELM suppression in ITER
given that a reduction in the pedestal pressure is commonly observed in ISS plasmas with applied RMPs.
Recent experiments demonstrate that the pedestal pressure can be maintained at the level before the onset of
the RMP if the effect of density pumpout is counteracted with density feedback.

This work was supported by the US Department of Energy under DE-AC02-09CH11466, DE-FG02-92ER54139,
DE-FC02-04ER54698, DE-SC0007880, DE-FG02-07ER54917, and DE-AC05-00OR22725
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Comparative Studies of Edge Magnetic Islands and Stochastic Layers in
DIII-D and LHD
Dr. EVANS, Todd E. 1
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Joint experiments on the DIII-D tokamak and the LHD stellarator/heliotron have resulted in the discovered of
spontaneous heat transport bifurcations across the O-point of an applied m/n=2/1 magnetic islands in DIII-D
and enhanced particle transport relative to heat transport in edge m/n=1/1 LHD isalnds. The DIII-D results
suggest that the heat transport bifurcations are due to islands transitioning from smooth flux surfaces to
partially stochastic layers. Alternatively, measurements of the particle and heat transport inside edge static
magnetic islands in LHD plasmas show an enhancement of the particle flux relative to the heat flux. The
DIII-D results suggest that externally applied static 3D magnetic fields can produce a dynamic evolution of the
magnetic topology in the plasma due to a nonlinear toroidal coupling of resonant modes on various rational
surfaces while the LHD results show that edge magnetic islands preferentially increase the particle flux
relative to the heat flux for reasons that have yet to be clarified.
Static magnetic islands and stochastic layers have been observed in low-β L-mode plasmas but not in diverted
H-mode plasmas yet. In order to understand the physics of non-axisymmetrically perturbed high-β fusion
H-mode plasmas, such as the mechanisms involved in edge localized mode (ELM) suppression with resonant
magnetic perturbation (RMP) fields, it is necessary to determine if islands and stochastic layers exists and
whether they are static or evolve in time due to the plasma response. Measurements in DIII-D show
spontaneous transitions of the magnetic field on rational surfaces due to the plasma response. For example,
flat spots in the T_e profile associated with m/n = 2/1, 3/1 and 4/1 islands are seen to appear and disappear as
the discharge evolves suggesting either a time varying screening of the field by the plasma or a nonlinear
coupling of the 2/1, 3/1 and 4/1 islands. In this contribution we discuss the measurements made in DIII-D
along with transport results due to pellets injected into static islands in LHD and their implications for
understaning the plasma response to 3D fields in H-mode plasmas.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698,
DE-AC05-00OR22725, DE-FG03-97ER54415, and the NIFS budget code NIFS11ULHH021.
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Successful ELM Suppressions in a Wide Range of q95 Using Low n RMPs
in KSTAR and its Understanding as a Secondary Effect of RMP
Dr. JEON, YoungMu 1
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As the most plausible technique to control the edge localized modes (ELMs) of high confinement mode
(h-mode) plasmas, which is critical for ITER and beyond, non-axisymmetric resonant magnetic perturbations
(RMPs) have been actively investigated in KSTAR. Since the first success of ELM suppression using n=1 RMPs
in 2011 [1], our effort has been devoted to extend the operation regime of ELM control for both external
magnetic configurations and plasma parameters. As results, it shows a possibility that the ELM-suppression
can be achieved in a wide range of q95 (=3.5~6.5) if the RMP field is configured properly. Several unique
features of RMP-driven ELM-suppression are found, by which the physics mechanisms of ELM suppression
and mitigation can be explicitly distinguished. These are a long time delay (a secondary effect) and an
improved confinement (transport bifurcation). Furthermore, a persistent, rapidly repeating bursty event,
localized in the plasma edge, is observed and suggested as a key player in the underlying physics mechanism
of RMP-driven ELM-suppression.

[1] Y.M. Jeon et al., Phys. Rev. Lett. 109, 035004 (2012)
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ITER will reach the burning regime Pfusion/Pinput of ~10 by operating in an ELMy H-mode. Control of the
flattop burn phase is a critical demonstration for ITER, showing the simultaneous regulation of the plasma
core fuel density, fusion power gain, and consistent divertor operation, under several constraints and
perturbations. The ITPA-IOS group is doing time dependent integrated simulations (TSC/TRANSP, Corsica,
CRONOS, ASTRA/ZIMPUR, RAPTOR) of the burn regime in ITER to understand impacts of physics
uncertainties and to develop and test control strategies for the device. Entry to burn simulations are performed
to examine the dependences on injected power, rate of rise of the density, argon impurity timing and amount,
and feedback control. At SOF densities of n20(0) ~ 0.45 showed marginal access for 43 MW of injected power,
while 73 MW was capable of entering and sustaining an H-mode regardless of the density rise trajectory.
Simulations examining early, medium, and late Ar injection showed that with 73 MW of input power the
earlier injection did not hinder or significantly affect the entry to H-mode, while at 43 MW the timing and
amount of Ar strongly affected the access. Simulations examined the impact of the multi-regime H-mode by
considering type I ELMy H-mode for Pnet/Pthr > 1.3 with H98 = 1, type III ELMy H-mode with H98 = 0.8 for
0.5 < Pnet/Pthr < 1.3 , and hysteresis that maintains H98 = 0.8 until Pnet/Pthr < 0.5 where H98 drops to 0.5
(L-mode). With 73 MW of input power, and 0.05 and 0.15% argon, fractions the plasma could enter type I
H-mode and remain there, for 0.05%, while it dropped back to type III H-mode or lower, with lower energy
confinement, at 0.15%. Simulations of a steady state scenario in flattop were conducted with simultaneous
multi-variable feedback of the density by fueling, the fusion power by NB injection, power losses to the
divertor by Ar impurity seeding, and the loop voltage with lower hybrid current drive power. Perturbations
were introduced as an impurity burst at low and high levels, 0.7% and 2.0% to the electron density. The
diagonal version of the controller could be used, and simulations of similar perturbations were examined at
high Q, all showing good plasma controllability. Work is partially supported by the US Department of Energy
under DE-AC02-CH0911466

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

190 



Poster 3 / 822

Magnetic System of Multipole Trap--Galatea on the Basis of Levitating
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The possibility of the creation of the magnetic system of multipole trap-Galatea on the basis of the levitating
quadrupole from the superconducting coils-rings is considered. Based upon the superconductor property to
conserve the trapped magnetic flux the analytical dependence of the potential energy of the proposed
configurations from the coordinates of the levitating coils and the deflection angle of their axis has been
obtained. The calculations in Mathcad system have shown that under the definite values of the physical
parameters (the trapped magnetic flux, dimensions and masses of coils, etc.) this dependence has local
minimums, which correspond to the stable equilibrium states of levitating coils. For carrying out experiments
with levitation several multiturn short-circuited coils-rings have been made from the high-temperature
superconducting (HTSC) wire of the SCS4050-i-AP 2G HTS type. HTSC rings have been made also from the
preliminary synthesized powder of HTSC phase YBa2Cu3Oy with the help of melt textured growth (MTG)
method. Using the experimental data on the trapped magnetic fluxes for HTSC rings, their dimensions and
masses, and also the parameters of the ordinary coil with the current, with the help of calculations of the
pointed out dependence for the potential energy the search of the equilibrium states for the different cases has
been carried out. Under the magnetic fluxes of the same polarity in coils, the stable levitating states of: 1)
single HTSC ring both in the field of other HTSC ring and in the filed of the ordinary coil with the current; 2)
two HTSC rings in the filed of the ordinary coil with the constant current are observed experimentally in
positions corresponding to calculated values.
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Quasi-stationary plasma confinement with a high β value was implemented in the Trimix-3M multipole
magnetic trap. In the trap, magnetic surfaces of complex cross-section delimit a closed toroidal region with
zero magnetic field at its center. The lifetime of the plasma in the trap is ~1 ms and the average value of β is
~0.35. The Rogowski loop is used to measure the value of the toroidal current arising after the injection of a
plasmoid through the magnetic crust of the Trimix-3M magnetic multipole trap. This current is due to plasma
diamagnetism. A relation is established between the value of the diamagnetic current and the maximal plasma
pressure realized on the separatrix of the magnetic field of the trap. It is thus shown that magnetic
measurements in the multipole trap, for a known concentration value, allow us to determine the plasma
temperature in the trap and the energy confinement time. Injection of a plasmoid is implemented through the
magnetic crust of the trap. Both theory and experiment have shown that the depth of penetration of the
plasmoid into a transverse magnetic field is proportional to the plasmoid energy and is inversely proportional
to the magnetic pressure and the cross-section area of the plasmoid. This fact can be used to optimize the
process of trapping a plasmoid.
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Improved beta (local beta > 1) and density in electron cyclotron resonance
heating on the RT-1 magnetosphere plasma
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This study reports the recent progress in improved plasma parameters of the RT-1 device. Increased input
power and the optimized polarization of electron cyclotron resonance heating (ECRH) with an 8.2 GHz
klystron produced a significant increase in electron beta, which is evaluated by an equilibrium analysis of
Grad-Shafranov equation. The peak value of the local electron beta e was found to exceed 1. In the high beta
and high-density regime, the density limit was observed for H, D, and He plasmas. The line average density
was close to the cutoff density for 8.2 GHz ECRH. A density limit exists even at the low beta region. This
result indicates the density limit is caused by the cutoff density rather than the beta limit. From the analysis of
interferometer data, the uphill diffusion produces a peaked density profile beyond the cutoff density.

Core Turbulence / 237

Dynamic Method to Study Turbulence and Turbulence Transport
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Here we developed research methods of plasma turbulence transport associated with the non-local features.
The ECH modulation experiment and the higher harmonic analysis of the heat wave indicated: (i) propagation
of the change of Te at the time of switch-off/on of ECH power is about 5 times faster than that of perturbation
itself, (ii) propagation of the higher (7th) harmonic of the Te perturbation is 5 times faster than prediction by
the diffusive model. New bi-spectral analysis of fluctuations demonstrated a non-linear coupling of
micro-fluctuations at different radial locations. These results are beneficial for control of plasma dynamics in
future fusion reactors.
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Turbulence Behavior and Transport Response Approaching Burning
Plasma Relevant Parameters
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Multi-scale turbulence properties are significantly altered and typically exhibit increased amplitude in
high-beta inductive plasmas as parameters approach those anticipated in burning plasmas. These increases,
observed with multiple fluctuation diagnostics in high performance H-mode plasmas on DIII-D, explain the
consequent local transport and global energy time confinement response. Burning plasmas will exhibit
equilibrated ion and electron temperatures, low average injected torque and toroidal rotation, as well as low
ρ*, low ν* and low q95. Increased fluctuation amplitudes are observed as a result of reducing core toroidal
rotation (and consequent ExB shear) and increasing Te/Ti. Density and temperature fluctuation measurements
were obtained over a broad wavenumber and radial range, and provide a basis for quantitative comparisons
with nonlinear simulations to test turbulent transport models. The energy confinement time is reduced by
about 40% as the toroidal rotation is decreased by nearly a factor of three, while core turbulence increases in
matched advanced-inductive plasmas (β≈2.7, q95=5.1). Density, electron and ion temperature profiles, as well
as relevant dimensionless parameters (β, ρ*, q95, Te/Ti, and ν*) were maintained nearly fixed.
Low-wavenumber (ion gyroradius scale) density fluctuations near mid-radius show significant amplitude
reduction along with a slight reduction in radial correlation length at high rotation, while fluctuations in the
outer region of the plasma, ρ>0.6, exhibit little change in amplitude. In related experiments, low-k density
fluctuations are observed to increase over the radial range 0.3<ρ<0.8 as the Te/Ti ratio is raised by 25%
towards unity via application of 3.5 MW of off-axis electron cyclotron heating. The spatial correlation
properties are modified, suggesting a change in the dominant underlying instability driving the observed
turbulence. Transport likewise increases in all channels while the energy confinement time is reduced by 30%.
Initial modeling with TGLF shows significant changes to linear growth rates and saturated turbulence levels
as Te/Ti is increased.

This work was supported by the US Department of Energy under DE-FG02-08ER54999, DE-FG02-89ER53296,
DE-FG02-07ER54917, DE-FG02-08ERA54984, DE-FC02-04ER54698, DE-FG02-04ER54235 and
DE-AC02-09CH11466.
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Multi-Scale ITG/TEM/ETG Turbulence Simulations with Real Mass Ratio
and Beta Value
Mr. MAEYAMA, Shinya 1; Dr. IDOMURA, Yasuhiro 2; Dr. NAKATA, Motoki 2; Dr. YAGI, Masatoshi 2; Dr. MIYATO, Naoaki 2
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Understanding electron heat transport is one of the critical issues in ITER. Although electron temperature
gradient (ETG) driven turbulence has been regarded as a candidate of electron heat transport, recent
multi-scale plasma turbulence simulations have reported that ion-scale instabilities such as ion temperature
gradient modes (ITGs) and trapped electron modes (TEMs) dominate heat transport not only of ions but also
of electrons. However, their simulations are limited to the reduced ion-to-electron mass ratios and
electrostatic (beta=0) approximation, the following points are not yet clarified: (i) Are ETGs negligible even
with the real mass ratio, where ion and electron scales are separated by a factor of the square root of the
ion-to-electron mass ratio (~ 43)? (ii) Does ion-scale turbulence dominate heat transport even with the real
beta value, where electromagnetic (finite-beta) effects stabilize ITGs but not ETGs? To resolve these issues, we
have carried out multi-scale plasma turbulence simulations employing the real mass ratio and beta value,
which is first realized by developing massively parallel finite-difference/spectral methods for the
electromagnetic gyrokinetic simulation code GKV.
Our study reveals real-mass-ratio and real-beta effects on multi-scale turbulence: (i) Ion-scale turbulence
eliminates electron-scale turbulence and dominates electron heat transport even when employing the real
mass ratio and beta value. (ii) When growth rates of ITGs are reduced by the finite-beta effects, full-spectrum
analyses of multi-scale turbulence are essentially required. The results suggest that the simulations resolving
only ion scales give good estimates only if ion-scale modes are highly unstable. On the other hand, in
high-beta regimes where ion-scale modes are stabilized, proper treatments of the contributions of electron
scales are important for evaluating transport levels and modeling turbulent transport.
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Controlling H-Mode Particle Transport with Modulated Electron Heating
in DIII-D and Alcator C-Mod via TEM Turbulence
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This work develops a quantitative understanding of the mechanisms for increased particle transport with
electron heating in (quiescent) H-mode plasmas. Our DIII-D experiments demonstrate that H-mode core
particle transport and density peaking can be locally controlled by modulated electron cyclotron heating
(ECH). GYRO simulations show density gradient driven trapped electron modes (TEM) are the only unstable
drift modes in the inner half-radius. Transport driven by TEMs increases strongly with electron temperature,
reducing the density gradient during ECH. Thus α heating could reduce density peaking, self-regulating
fusion power. The DIII-D experiments complement Alcator C-Mod experiments which controlled H mode
core particle transport with modulated minority ICRF heating. High-resolution profile reflectometer density
profiles and local fluctuation measurements were obtained in DIII D. Core density fluctuations intensify
during electron heating in both C-Mod and DIII-D at TEM wavelengths. Several hundred GS2 nonlinear TEM
simulations for Alcator C-Mod reproduce measured core density fluctuation levels using a new synthetic
diagnostic, while matching inferred energy fluxes. A nonlinear upshift in the TEM critical density gradient,
associated with zonal flow dominated states, increases strongly with collisionality. In the C-Mod experiments,
the density gradient is clamped by this nonlinear TEM critical density gradient. The DIII-D experiments test
our predicted strong collisionality variation of the TEM nonlinear upshift at an order of magnitude lower
collisionality, while allowing Te/Ti to nearly double during ECH, tripling the TEM growth rate. Intermittent,
quasi-coherent DBS fluctuations near ρ~0.33 grow stronger with ECH, with adjacent toroidal mode numbers
characteristic of TEMs, accompanied by broadband turbulence. Density fluctuations from beam emission
spectroscopy near ρ~0.7 strongly increase. Core carbon density and metallic line intensities are modulated by
ECH, consistent with TEM expectations. Finally, profile stiffness tests were performed via gas puff modulation
that varied the density gradient as well as collisionality.

Supported by the U.S. Department of Energy under DE-FC02-08ER54966, DE-FC02-04ER54698,
DE-AC02-09CH11466, DE-FG02-08ER54984, DE-FG02-07ER54917, DE-FG02-99ER54531, DE-FG02-89ER53296,
DE-FG02-08ER54999, and DE-FC02-99ER54512.
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Advances in Stellarator Gyrokinetics
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We summarise a number of recent advances in gyrokinetic theory and simulations of microinstabilities and
turbulence in stellarators, and compare with tokamaks.

Trapped-electron modes (TEMs) can be very different in different types of devices, because these instabilities
are excited by trapped electrons in regions of unfavourable magnetic curvature. Tokamaks and stellarators are
fundamentally different in the sense that the regions of trapping and bad curvature overlap in tokamaks but
need not do so in stellarators. In particular, quasi-isodynamic stellarators can have the property that the
bounce-averaged curvature is favourable for the great majority of all trapped particles. Analytical theory
suggests that TEMs are then stable in large parts of parameter space, and this prediction is confirmed by
GENE simulations, which show that these modes are more stable the more the regions of bad curvature and
magnetic trapping are separated from each other. As predicted by analytical theory, the electrons are far less
destabilising in the stellarator. Not only is the growth rate lower, but the most unstable mode has a shorter
perpendicular wavelength, which could result in less transport.

Linear simulations of linear ITG modes in W7-X and LHD geometry using the EUTERPE show that the
growth rate is similar in these two devices and that the mode structure is affected by details in the magnetic
geometry. GENE simulations of saturated turbulence show that the density fluctuations are much less evenly
distributed over the flux surface than in typical tokamaks. Instead of covering the entire outboard side of the
torus, the turbulence is localised to narrow bands in regions of bad magnetic curvature. Possibly as a
consequence of this localisation, the transport scaling is more sensitive to the normalised gyroradius and
becomes stiffer when this parameter is small. This happens although these simulations are local in the radial
direction, and the situation is different from that in tokamaks, where flux-tube simulations yield the same
results as simulations of entire flux surfaces.
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Understanding of Impurity Poloidal Distribution in Edge Pedestal by
Modeling
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Modeling of the impurities distribution in the pedestal region of ASDEX-Upgrade H-mode shot was done
using the B2SOLPS5.2 transport code. Strong LFS-HFS asymmetry of B+5 density and strong decoupling
between parallel velocity distribution of the impurities and the main ions was obtained in qualitative
agreement with the experimental observations [1]. Similar asymmetry was obtained earlier in the modeling of
He ions distribution in the MAST H-mode by the same code [2]. It is demonstrated that the observed
phenomena could be understood by the impact of neoclassical effects in the presence of strong density
gradients in the barrier region. Obtained results are completely different from the predictions of the standard
neoclassical theory. In particular the role of the poloidal drift and parallel thermal force are important. The
physical mechanisms can also explain observed phenomena on C-Mod. The poloidal LFS-HFS asymmetry of
impurities changes their radial transport so the standard neoclassical transport model for impurities should be
revisited in the edge barrier region.

[1] E. Viezzer et al PPCF 55 (2013) 124037
[2] V. Rozhansky et al Proc.37th EPS Conf. on Contr. Fus. and Plasma Phys. v. 34A (2010) P2.190
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Overview of Recent Pedestal Studies at ASDEX Upgrade
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Extensive studies have shown that the pedestal Er profile in H-mode and asymmetric density and flow profiles
of impurity ions are consistent with neoclassical predictions. While the ions set the background flow profile
and their transport properties can be described by neoclassical modelling, the mechanisms which determine
the electron density and temperature profiles are more varied.
A detailed study of the density build-up after the L-H transition can be modelled with the reduction in the
diffusion coefficient in the ETB to a level of around ~0.04 m2/s, while the question of whether a particle pinch
is present has not been resolved. The density level which is reached in H-mode after the L-H transition is
directly proportional to the neutral gas level in the divertor just before the L-H transition
The ELM cycle is characterised by different phases of recovery, in which ∇Te and ∇ne recover on different
time scales. The final pressure gradient remains saturated until the next ELM occurs. To test the
peeling-ballooning (PB) model, with experimental data, high quality edge current density profiles are derived
from magnetic equilibrium reconstructions using internal pressure constraints as well as external magnetic
and scrape-off layer current measurements. The ideal linear MHD code suite ILSA/MISHKA was used to
determine the stability limit in the different phases of the ELM cycle. While the position of the operational
point stays constant in pressure gradient-current density space, the stability limit moves closer until the ELM
crash occurs, because more poloidal harmonics become unstable in a wider pedestal. However, the final ELM
trigger condition cannot be determined by linear MHD stability alone.
The same data has also been used as input for gyrokinetic simulations with GENE in order to determine the
dominant type of turbulence. In the phase just before the ELM crash, the gyrokinetic analysis shows robustly
unstable MTMs at the top of the pedestal as well as unstable KBMs in the whole pedestal region. The linear
behavior of ∇Te vs. Te in real space for a wide data base of pre-ELM pedestals also indicates that a local mode
(e.g. the KBM) rather than a global mode limits the Te gradient. Results of velocimetry analysis of ECEI data
demonstrate the existence of MTMs at the pedestal top.
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Edge Instability Limiting the Pedestal Growth on Alcator C–Mod
Experiment and Modeling
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Improvement in global confinement and fusion performance are found to be correlated with the pressure at
the top of the edge barrier ("pedestal height") both in experiments and theory. Performance predictions for
future devices such as ITER rely on experimental validations of the hypothesis in the predictive models. To
date, the leading model for pedestal structure prediction is EPED. This model uses both the peeling ballooning
theory to limit the pedestal height and relies on the onset of the kinetic ballooning mode (KBM) to constrain
the pedestal gradient. This paper presents detailed measurements on an edge instability limiting the pedestal
temperature after edge-localized-modes (ELM) on Alcator-Mod. Using a suite edge diagnostics and a magnetic
probe placed near the separatrix, this instability was determined to be on ion scale and its onset is consistent
with the KBM. This instability was corroborated using gyrokinetic calculations in the edge, The edge pedestal
was determined to be ballooning unstable. In addition to the identification of the instability, the paper will
also assess the levels of transport produced by this instability.

Work supported by U.S. DoE contracts DE-FC02-99ER54512 and DE-AC02-09CH11466.
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Pedestal Confinement and Stability in JET-ILW ELMy H-Mode Scenarios
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The pedestal confinement of JET-ILW H-modes is presented and their stability investigated in the framework
of P-B stability and the predictive code EPED. The changes in wall composition from C to Be/W point to the
possible role of neutral recycling, low-Z impurities and scrape-off-layer physics in pedestal stability,
highlighting the need for refinement of models predicting the pedestal height. Local linear gyro-kinetic
analysis of JET pedestals finds them stable against KBMs due to the large bootstrap current. pPED increases
rapidly with power and the pressure gradient is in agreement with limits set by finite-n P-B instabilities both
at high and low beta. In low delta, low beta H-modes the energy confinement is reduced due to higher
deuterium fuelling than in JET-C, to avoid high W influxes into the core plasma. Changes in deuterium
recycling from JET-C to JET-ILW may also play a role in cooling the pedestal. When the effective recycling is
reduced good confinement can be recovered and the operation point is at the P-B stability boundary. In high
delta, low beta H-modes a further degradation in energy confinement is observed compared to JET-C, due to
reduced pPED. The pedestal structure at the end of the ELM cycle varies from narrow and steep at low
fuelling to wide and shallow at high fuelling, challenging the EPED model, which does not predict a variation
in pedestal width at fixed pPED. At low beta plasma shaping does not affect pedestal confinement. This is
consistent with the P-B model, predicting little or no improvement in pPED with delta at high collisionality,
due to reduction in edge bootstrap current. In high beta hybrid H-modes pPED is 30% higher than at low delta,
increasing more rapidly with power. The reduction in energy confinement of low beta, high delta H-modes
can be compensated by nitrogen seeding. The P-B stability at the end of the ELM cycle is resumed, with the
increase in pPED being due to broadening of the pedestal pressure width at constant gradient. The mechanism
underlying this improvement in pedestal stability with nitrogen seeding is not yet understood and challenges
current predictive pedestal models.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Super H-mode: Theoretical Prediction and Initial Observations of a New
High Performance Regime for Tokamak Operation
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A new “Super H-mode” regime is predicted at very high pedestal pressure, enabling pedestal height and
predicted fusion performance substantially higher than for H-mode operation. This new regime exists due to a
bifurcation of the pedestal solution that occurs in strongly shaped plasmas above a critical density. The Super
H-mode regime is predicted to be accessible, and to increase fusion performance, for ITER, as well as for
DEMO designs with strong shaping. An initial set of experiments on DIII-D has identified the predicted
pedestal pressure bifurcation, and finds pedestal height and width, and their variation with density, in good
agreement with theoretical predictions.
The pressure at the top of the edge transport barrier (or “pedestal height”) strongly impacts global
confinement and fusion performance, with fusion power production expected to scale with the square of the
pedestal height. The EPED model predicts the H-mode pedestal height and width based upon two
fundamental and calculable constraints: 1) onset of non-local peeling-ballooning (P-B) modes at low to
intermediate mode number, 2) onset of nearly local kinetic ballooning modes (KBM) at high mode number.
EPED has been extensively tested against experiment, finding agreement to ~20% in both dedicated
experiments and broad statistical comparisons. EPED predicts strong dependence of the pedestal height on
poloidal field (B_p), toroidal field (B_t) and plasma shape. An important dependence on density derives
primarily from the dependence of the bootstrap current on collisionality. For strongly shaped plasmas, a
bifurcation into Super H-Mode and H-mode branches is predicted above a critical density. Recent experiments
on DIII-D have successfully tested the predicted density dependence at both high and low density, including
observations of the predicted bifurcation and access to the Super H-mode regime. Super
H-mode access is also predicted for ITER, and extensive sets of predictions and optimizations will be presented
for ITER at a range of densities and plasma currents. We note that collisionality is impacted by impurities as
well as density, and present scenarios for improving performance of ITER and existing devices by introducing
low Z impurities.

This work was supported in part by the US DOE under DE-FG02-95ER54309, DE-FG02-92ER54141 and
DE-FC02-06ER54873.
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Gyrokinetic Study of Edge Blobs and Divertor Heat-Load Footprint
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For a better understanding of the complicated physics of the inter-related "intermittent plasma objects (blobs)"
and divertor heat-load footprint, the full-function gyrokinetic PIC code XGC1 has been used in realistic
diverted geometry. Neoclassical and turbulence physics are simulated together self-consistently in the
presence of Monte Carlo neutral particles. Blobs are modeled here as electrostatic nonlinear turbulence
phenomenon. It is found that the "blobs" are generated, together with the "holes," around the steep density
gradient region. XGC1 reasserts the previous findings [1] that blobs move out convectively into the scrape-off
layer, while the holes move inward toward plasma core. The blob/hole generation, shape and dynamics are
strongly related to the poloidal ErxB shearing. In a DIII-D H-mode plasma (#096333) with B0=2.1T, the median
radial size of the density blobs in the scrape-off layer is only about 1 cm. The L-mode type large "blobs" occur
only at the tail of PDF. While the blobs move out radially, they are carried toward the outer divertor plate by
strong VExB (>> Vr) in H-mode, consistently with experimental observation [2]. The measured radial width of
the total heat load, mapped to the outer midplane, is only ≈4.4 mm. This width is much less than the median
radial size of the intermittent plasma objects (~1cm). It is rather closer to the local banana width (~2.7mm),
yielding approximately the 1/Ip -type scaling found from our previous pure neoclassical simulation [3] or a
heuristic neoclassical argument Goldston. However, it also shows some spreading by the turbulence. The
presentation will be extended to ITER plasma edge, where the ion banana width at separatrix becomes
negligible compared to the meso-scale blob size, to report on the limit in the 1/Ip scaling by the intermittent
turbulence. Also, detailed XGC1 study of the blob dynamics show that the blobs and their dynamics interact
more strongly with presheath than with the Debye sheath. Similarities and differences with results from
existing models will be presented. Comprehensive experimental validation on multiple tokamaks (DIII-D,
NSTX, C-Mod, JET, etc) will also be presented.

[1] D. D'Ippolito et al., Phys. Plasmas 18 (2011) 060501
[2] J. Boedo et al., Phys. Plasmas 10 (2003) 1670
[3] Report on DOE FES Joint Facilities Research Milestone 2010 on Heat-Load Width, Appendix H
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In this paper, highlighted progress of the Topical Group activity is overviewed. International Tokamak Physics
Activity (ITPA) Topical Group on Diagnostics has been conducting the R activities for supporting the
optimization of ITER diagnostic performance. For diagnostics of escaping α particles, assessment of several
measurement techniques have been carried out, especially, feasibility test of activation probe technique has
progressed under a multi machine joint experiment. For mitigation of degradation effects for plasma facing
first mirrors, development of cleaning techniques for beryllium proxy impurities deposited on mirrors has
progressed by the use of plasma discharges. Characteristics of wall reflected stray-lights have been
investigated towards to mitigate their impact on optical diagnostics.
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Nonlinear 3D simulations are performed. A RMHD model describing the simultaneous evolution of the
interchange turbulence and the tearing instability is used. We show that, through nonlinear generation of
radially extended modes, turbulence generated at the plasma edge can lead to the formation of seed islands in
the vicinity of the $q=2$ surface. The special role of the zonal flow in that context is explicited.
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On a global scale, the L to H mode transition happens above a critical power threshold. On a local scale, a
critical temperature threshold (T_th) is often reported to characterize the transition. The parametric
dependencies of this local criterion are easier to be compared to theoretical approaches based on local
mechanisms. Such a comparison is presented here.
The L to H mode transition is modelled by a ratio of two times, one characterizing the turbulence and one
characterizing the mean radial electric field shear (ExB shear). The assumption made is that the transition in H
mode occurs when the shorter of the two times is the one characterizing the ExB shear. The ExB shear is
estimated by a value at the LCFS depending on the temperature gradient and a more inner value where the
poloidal velocity is given by the neoclassical theory. The background turbulence results from a competition
between Ion Temperature Gradient and Trapped Electron Modes at low collisionality and Resistive Ballooning
Modes at higher collisionality which is modelled analytically thanks to fluid limit formulations. The ratio of
the analytically derived growth rate and ExB shearing rate is a function of the temperature as well as other
factors. By changing a parameter (B, density, etc.) a critical value of this ratio is reached for a different
temperature.
The resulting T_th dependences are coherent with the dependences of the power threshold with respect to B;
it explains the existence of a minimum in density and its shift towards larger value in case of lower Z_eff as
observed in JET-ILW.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Advanced Equilibrium Models for Anisotropy, Flow and Chaotic Fields
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The purpose of this topical review [1] is to present the state of the art in diagnosis, interpretation and
modelling of waves, particles and the magnetic configuration in fusion plasmas. A focus of the review,
detailed in this abstract, is the physics and validation of magnetic configuration, which underpins all
confinement, stability and transport physics.
As the effect of fast particles become important enough to modify the macroscopic variables of the plasma, the
macroscopic fluid equations for equilibrium need to be modified to encapsulate the effects of pressure
anisotropy, particle and heat flow. A recent advance has been the development of EFIT TENSOR [2], to solve
tokamak equilibrium problem with toroidal flow and anisotropy. EFIT TENSOR solves MHD equations with a
bi-Maxwellian closure model neglecting poloidal rotation. The code is a modification of the existing force
balance solver EFIT++. We show that for sufficiently anisotropic plasma, the parallel transport model can be
compared against measured current profiles, providing a novel measure of heat flow from equilibrium
constraints. A companion code, HELENA-ATF has been written to enable physics studies with anisotropy and
flow, and provide a finely converged equilibrium solution for ongoing stability physics studies. We have
identified the different components of the toroidal current, and examined the impact of the widely applied p*
approximation to anisotropy. This study shows that an isotropic reconstruction can infer a correct p*, only by
getting an incorrect toroidal flux function.
We also report on progress in the modelling of fully 3D (non toroidally axis-symmetric) fields with a new
physics model, Multiple Relaxed region MHD, a generalisation of Taylor’s theory, in which the plasma is
partitioned into a finite number of nested regions that independently undergo Taylor relaxation. This
approach has had recent success in modelling the spontaneous formation of single helical axis and double
helical axis states in the reverse field pinch [3].
Finally, we report on developments of a force balance validation framework based on Bayesian inference [4].

[1] M. J. Hole and M. Fitzgerald, accepted, Plasma Phys. Con. Fus.
[2] M. Fitzgerald et al , Nuc. Fus. 53, 113040, 2013
[3] Dennis et al, Phys. Rev. Lett. 111, 055003, 2013
[4] G T von Nessi, et al J. Phys. A: Math. Theor. 46, 185501, 2013
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Observation of a Toroidally Symmetrical Electric Field Fluctuation with
Radially Elongated Structure in Heliotron J
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An electric field fluctuation with radially elongated structure is found inside the last closed flux surface
(LCFS) in a medium sized helical device, Heliotron J. The experiment is conducted in low-density ECH plasma
discharges with line averaged density ne ~ 0.3×10^19 m and the edge plasma parameters of T_e ~ 50 eV and
n_e ~ 0.4×10^18 m^-3 at LCFS. Multiple Langmuir probes installed at different toroidal/poloidal sections of
Heliotron J reveal a high correlation between floating potential signals measured with the probes is observed
in the low frequency range less than 4 kHz, which implies the fluctuation has a symmetric structure in the
toroidal direction. The fluctuation has electrostatic characteristics but is not accompanied by density
perturbation. These characteristics are quite similar to those of zonal flows, however, its radial wavelength is,
unlike those in other devices, comparatively large. The electric field fluctuation generates the velocity shear
synchronized with the fluctuation around LCFS since the fluctuation amplitude sharply increases inside LCFS.
The maximum shearing rate of the velocity shear is about 1.5 x 105 s-1 at just inside LCFS, which is
comparable to that observed in other devices for turbulence decorrelation. Cross-bicoherence analysis shows
that nonlinear coupling between the radial and poloidal electric field fluctuations exists in the low frequency
range, which implies that the fluctuation with meso-scale structure might be driven by the Reynolds stress.
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Preparation for Preliminary Design of ITER GDC
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A DC Glow Discharge Cleaning (GDC) system is designed for ITER. The procurement arrangement of GDC
was signed between ITER Organization and China Domestic Agency at the end of 2013. However, some
critical engineering issues still need to be solved, such as gap insulation and shielding, ceramic spray on
U-shape cooling pipe, design of cooling channel inside electrodes, structure, thermal, electromagnetic and
seismic analysis.
The GDC electrode works as a shield plug during plasma operation, so water cooling is necessary. The cooling
pipes of GDC are used to feed power to electrodes, thus all the components of GDC inside the vacuum vessel
are on high potential. The glow discharge between the first walls, or the inner surface of vacuum vessel and
the front of electrode is expected, but the one between rod and cooling pipes of electrode and other parts
inside port plugs must be avoided. We plan to suppress the unexpected glow discharge by two means, gap
insulation and ceramic insulation.
During GDC, the electrode front is impacted by accelerated electrons, so the electrode is heated. Because the
cooling water for ITER GDC electrode is the baking water of tokamak (240±10 ℃ at 4.4±0.4 Mpa) which
approaches its boiling point, the cooling of electrode during GDC is a big concern. Thus, a four-layer structure
for cooling flumes in the head of electrode is designed. Fluid-structure interaction analysis results show that
the heat load during GDC which is given in the load specification can be taken by the baking water, but the
margin is limited.
The seven GDC electrodes are different with each other due to integration constrains of various diagnostics
components in port plugs, so analysis and design for each electrode will be performed in preliminary design
stage respectively. To find out experience of the analysis for the coming preliminary design, we perform
electromagnetic, structure, thermal and seismic analysis based on the GDC Configuration Management
Modules (CMM) presented on the second GDC CDR.
GDC is one of the systems which must be available before plasma operation. The preparation for the
preliminary design of GDC makes the potential problems exposed as early as possible and guides the
following design work of GDC.
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Limit Cycle Oscillations at the L-I-H Transition in TJ-II Plasmas:
Triggering, Temporal Ordering and Radial Propagation
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The spatiotemporal evolution of the interaction between turbulence and flows has been studied close to the
L-H transition threshold conditions in the edge of TJ-II plasmas. As in other devices the temporal dynamics of
the interaction displays limit cycle oscillations (LCO) with a characteristic predator-prey relationship between
flows and turbulence. Recently, some controversial results arise: two types of LCO are found in HL-2A
showing opposite temporal ordering. The first type is the standard predator-prey model where the turbulence
increase leads the zonal flow generation that suppresses the former. In the second type, the ExB flow grows
first causing the reduction of the fluctuations. The later points to the pressure gradient as a candidate for
maintaining the oscillations and eventually inducing the transition to the H-mode. At TJ-II, the
turbulence-flow front is found to propagate radially outwards at the onset of the LCO and in some particular
cases, after a short time interval without oscillations, a reversal in the front propagation velocity is observed.
Associated to this velocity reversal, a change in the temporal ordering of the LCO is measured. However, the
change in the temporal ordering is not related to an intrinsic change in the nature of the LCO. In both cases
the turbulence increase leads the process and produces an increase in the ExB flow shear. TJ-II findings
indicate that, in addition to the role of turbulence driven zonal-flow and pressure gradients, radial propagation
mechanisms play an important role on the LCO dynamics. Dedicated experiments have been carried out to
investigate the physical mechanisms triggering the onset and radial propagation of the LCO. At TJ-II the LCO
are preferentially observed close to the transition threshold conditions at specific magnetic configurations
having a low order rational close to the plasma edge. Preceding the onset of the oscillations, high frequency
modes are often observed accompanying a low frequency MHD mode. These high frequency modes resemble
those found in FTU plasmas interpreted as Alfven modes non-linearly coupled with a magnetic island. The
mechanism by which the magnetic island is easing the onset of the LCO may be related to local changes in the
radial electric field and/or in the turbulence that propagate towards the plasma edge driving the plasma to the
threshold conditions.
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Studying the Impurity Charge Dependence of Impurity Confinement in
ECR Heated TJ-II Stellarator Plasmas
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Impurity confinement time has been studied as a function of charge and mass of the impurity ions by using
laser blow-off injection of trace impurities into electron cyclotron heated discharges of the TJ-II heliac.
Impurities ranging from low-Z (LiF) to high-Z (W) are injected. The experiment has been carried out at
constant density (5x10^19 m^-3), injected power (500 kW) and magnetic configuration. A lower impurity
confinement time (~5 ms) in the plasma core as compared with the plasma edge (~10 ms) is revealed from soft
X-ray analysis and tomographic reconstruction of signals from a fast bolometer array. A dependence of
impurity confinement with charge seems to be the most probable explanation of the results obtained; this is
supported by the analysis of spectrally resolved data in the VUV range. The results seem qualitatively
consistent with the dependence of impurity neoclassical transport on the background radial electric field. The
results obtained will be discussed in the context of other stellarator and tokamak experiments on trace
impurity transport.
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Current Status of Final Design and R for ITER Blanket Shield Block in
Korea
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The main function of the ITER blanket shield block (SB) is to provide nuclear shielding and support the first
wall (FW) panel. It is required to accommodate all the components located on the vacuum vessel (in particular
the in-vessel coils, blanket manifolds and the diagnostics). The conceptual, preliminary and final design
reviews (FDR) have been completed in the framework of Blanket Integrated Product Team (BIPT). Korea
domestic agency (KODA) has been successfully completed not only the final design activities including
thermo-hydraulic and thermo-mechanical analyses for SB02, 06, 08 and 16 but also the SB Full Scale Prototype
(FSP) pre-qualification program prior to issuing of the procurement agreement.
SB #2 and #6 are located at in-board region of Tokamak. The pressure drop was less than 0.3 MPa, and fully
satisfied the design criteria. The thermo-mechanical stresses were also allowable even though the peak stresses
occurred at nearby radial slit end holes, and their fatigue lives were evaluated much more than 30,000 cycles.
The SB #8 is one of the most difficult modules for design, since this module shall endure the severe thermal
loading not only from nuclear heating but also from plasma heat flux at uncovered regions by the First Wall
(FW). In order to resolve the design issue, the Neutral Beam (NB) shine-through module concept was applied
for FW uncovered region, and it has been successfully verified as a possible design resolution. The SB #16 is
located at out-board central region of Tokamak. This module is under much higher nuclear loading than other
modules and is covered by an enhanced heat flux FW panel. In the early design stage, many cooling headers
on front region were inserted to mitigate a peak stress nearby the access hole and radial slit end hole.
However, the cooling headers on front region needed to be removed in order to reduce the risk from cover
welding during manufacturing. Finally, a few cooling headers remained by the effort through several
iterations to remove them and to optimize the cooling channels. The SB #8 FSP has been manufactured and
tested in accordance with pre-qualification program based on the preliminary design, and related R activities
were implemented to resolve the fabrication issues.
This paper provides the current status of final design and relevant R activities of the blanket shield block.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

210 



Poster 4 / 331

RF Discharge for In-Situ Mirror Surface Recovery in ITER
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Plasma cleaning is considered as a most promising method for in-situ recovery the surface of diagnostic
mirrors installed inside ITER vacuum chamber. The engineering and physical aspects of plasma cleaning
technique, being developed for Thomson scattering system in the divertor, is presented with the focus on
general issues common for all optical diagnostics in ITER.
The parameters of capacitively coupled RF discharge, designed for optical surface recovery in the divertor
region, are measured as a function of applied power frequency in the range 80-400 MHz. To fix the ion
maximal energy in the desirable range under fast variation of neutral gas pressure in ITER the remote control
of the discharge is to be provided by the RF power variation. The deuterium ion energy depending on RF
power and pressure were measured for 81.3 MHz power frequency. The experimental results on magnetic field
influence on ion flux parameters are also discussed.
To estimate the efficiency of the suggested system the experiments of aluminum (as Be-proxy) film removal
were performed in D2 and D2/O2 glow discharge. The sputtering yield of Al was found to be 0.003 for D2+
ions with mean energy ~80 eV. It was shown that addition of 2% of oxygen increases sputtering rate by 4
times. The impact of metal deposits on the performance of diagnostic mirrors is discussed. It was shown that
metallic film with a thickness as low as few nm may cause significant degradation of the diagnostic mirrors
with transparent oxide coating.
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Advance in Japanese Superconductor for ITER
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Japan Atomic Energy Agency (JAEA) has been manufacturing superconductors for ITER Toroidal Filed (TF)
coils and Center Solenoid (CS). Since CS will be operated in the pulse mode, development of conductor that
has stable performance against cyclic electromagnetic force was necessary. Conductor with shorter twist pitch
cable to yield higher cable stiffness was successfully developed and no degradation against cyclic
electromagnetic force was observed in a full-size conductor test. This result allowed JAEA to start CS cable
manufacturing in 2013 consequently. At the end of 2013, manufacturing of 91% of Japanese TF conductors was
successfully completed. All superconducting strand for TF whose total length is 23,000 km has completed in 6
years. It was demonstrated that strand performance has maintained stable from the initial to the final
production.
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In this paper numerical simulations of tokamak disruptions in the framework of 3D single fluid visco-resistive
magneto-hydro-dynamics (MHD) in full toroidal geometry are presented. The progresses achieved in the last
few years by employing the M3D code will be summarized and reviewed. Similarities and differences between
simulations and the experimental behavior in existing devices will be also outlined.
New simulations relevant for the ITER device will be presented. In particular the problem of the mode and
halo current slow rotations during the current quench phase will be addressed for its implications to the
stresses transmitted on the ITER mechanical structure that could be possibly amplified by resonant effects.
Moreover, open critical issues, such as the Lundquist number or wall penetration time scaling of the
simulations to ranges of values fully relevant for the ITER device, the necessity or not of a detailed simulation
of the thermal quench phase and the correctness/relevance of various normal velocity boundary conditions
will be addressed. New directions in disruptions simulations and also, if possible, new strategies for
disruptions control/mitigation will be also discussed.
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Progress on HIT-SI and Imposed Dynamo Current Drive
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Increasing the Imposed Dynamo Current Drive (IDCD) frequency up to 68.5 kHz on the HIT-SI experiment
produced, for the first time, sustained spheromaks with high-pressure confinement (beta > the MHD beta
limit). Equilibrium profiles of the driven spheromak are stable to the n = 1 kink instability. The injectors drive
the edge of the plasma to a high lambda (= mu_0 j/B) with a low lambda region forming in the center. This
produces a q profile that is stable to the ideal n = 1 kink mode for operations at all frequencies. Pressure
confinement is achieved as the injector drive frequency is increased above the sound transit time (omega_inj >
v_i/a, where a is the minor radius). The high, Mercier unstable, beta and stability to ideal kink modes indicate
imposed fluctuations may be interrupting the growth of pressure driven modes keeping the instability local
and preserving global confinement. Toroidal currents of 90 kA and current gains of nearly 4, a spheromak
record, have been achieved. Computational advances include NIMROD simulations of a larger, hotter
experiment showing closed flux for many injector cycles at dB/B of approximately 6% and the validation of an
extended MHD code capable of simulating the full HIT-SI geometry including injectors. If a larger machine
can repeat this result at higher temperatures, this method could provide an economical path to fusion.
Provided the method scales, power-efficient, steady-state sustainment of a plasma at the MHD beta limit is a
major achievement for fusion research.
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Experimental methods for resistive wall modes studies utilizing external magnetic perturbations have been
developed in the reversed field pinch experiment EXTRAP T2R. This work describes experimental techniques
that employ external magnetic perturbations to estimate the resistive wall magnetic diffusion times for
non-axisymmetric fields, to asses the machine error field and to extract resistive wall mode dynamics. The
techniques are experimentally implemented in the EXTRAP T2R reserved-field pinch. The extension of the
techniques to the tokamak configuration is discussed.
A method based on the application of rotating external fields has been developed for the estimation of the
wall diffusion times for non-axisymmetric fields. The method provides the estimate of the wall diffusion time
for each Fourier harmonic. This technique intrinsically incorporates the effects of three-dimensional structures
such as shell gaps.
A machine error field assessment technique utilizing externally applied controlled magnetic perturbations has
been developed. The method is based on the generation of stable or marginally stable external RWMs, and
sustaining their rotation by means of a rotating external magnetic perturbation. Due to the machine error
field, the RWMs rotate non-uniformly and are modulated in amplitude. This behavior is utilized to infer the
amplitude and the toroidal phase of the corresponding error field harmonic. The technique is tested against
externally applied, as well as intrinsic machine error fields.
Resistive wall mode dynamics is extracted from a set of experiments using randomized low amplitude
external magnetic perturbations. Stable and unstable non-resonant modes are accurately identified. Previous
work on this method at EXTRAP T2R using a 2x32 sensor array were suggestive of RWM spectrum spatial
under-sampling, potentially leading to aliasing of mode numbers. This work presents new results with a 2x64
sensor array that is dense enough to avoid the aliasing problem. The RWM growth rate spectrum obtained
from the generically estimated linear time-invariant system compares well to the ideal MHD model
calculation. Using an extended sensor array of 2x64 coils, the method has provided the first generic and
simultaneous measurement of the full RWM dispersion relation in reversed field pinch plasma.
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Windows and first mirrors are essential plasma-facing components in all optical spectroscopy and imaging
systems used for plasma diagnosis in a reactor-class machine. To recognize the extent of changes in the mirror
performance a thorough First Mirror Test (FMT) has been carried out at the JET tokamak. The major goal is to
assess the optical performance, and – by surface analyses – to determine causes of reflectivity changes. Up to
date, FMT has been the most comprehensive study program of mirror behaviour in fusion environments. This
paper summarises recent results from JET-ILW and provides a brief comparison to the operation with carbon
walls (JET-C).
20 mirrors were exposed in JET-ILW for 18.9 h with 13.1 h of X-point operation. Divertor: Reflectivity of
divertor mirrors was degraded by 50-85% because of the deposit formation: 60 – 600 nm thick layers (in JET-C
carbon deposits over 20 µm were formed). Be is the main element inco-deposits, the others are: D, C, N, O,
inconel components and traces of W. Main Chamber Wall: The majority of Mo mirrors (7 out of 8) from the
main wall retained high total reflectivity, i.e. the decrease was below 5%. The surface region (15-30 nm) of
wall mirrors contained only light impurities. The results obtained so far for the main chamber mirrors allow
some optimism regarding the reliability of diagnostics in ITER. To ensure the best possible predictions the
FMT is continued in JET with the increased heating power. There is no doubt, however, that in ITER
long-term exposure and off-normal events may change properties of the mirrors. A practical solution for
maintaining high mirrors’ performance in the main chamber diagnostics may be based on a periodic
evaporation of a fresh Mo layer on the mirror surface. This approach can be applied in-situ and it is more
realistic than photonic cleaning, protective filters, local plasma or gas puff or other methods critically assessed
in Ref. [1].

[1] Rubel M et al 2009 J. Nucl. Mater. 390-391 1066

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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External Control of Energetic-Ion-Driven MHD Instabilities by
ECH/ECCD in Heliotron J Plasmas
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Energetic-ion-driven MHD instabilities such as Alfven eigenmodes (AEs) and energetic particle modes (EPMs)
have been studied in NBI-heated Heliotron J plasmas. We clarified the characteristics of the observed EPMs
such as mode structure and observation region. We demonstrated that EPMs could be controlled by means of
both positive and negative magnetic shear induced by electron cyclotron (EC) driven plasma current in
Heliotron J plasmas.
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Design Finalization and R Activities before the Start of Manufacture of
ITER Thermal Shield
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ITER Thermal Shield (TS) plays the role of reducing the heat load transferred by thermal radiation and
conduction from warm components to the magnet structures that operate at 4.5 K. Thermal radiation to the
magnet structures is minimized by cooling the TS at 80 K helium temperature and by providing the TS
surfaces with low emissivity using silver coating.
Korea Domestic Agency (KODA) has performed the TS design with the collaboration of industries since 2007.
The final design of TS main components was approved in October 2012. After the approval of the TS final
design, fine tuning of the final design had been performed considering the interface with the adjacent
components and the updated assembly schemes. The manifold pipes around the TS main components are to be
installed in the tokamak to supply helium gas to the TS. The final design of the manifold was performed after
the final design of the TS main components had been completed. The manufacturing drawing was approved in
April 2014.
Full-scale mock-up of Vacuum Vessel Thermal Shield (VVTS) 10 degree sector was developed to prevent
possible risks of manufacturing. All the manufacturing processes except the silver coating were tested and
verified in the fabrication of mock-up. Pre-qualification tests were conducted to find proper processes for
forming and welding. Welding joint shape between panel and flange was validated by the mock-up. Shell
thickness change was measured after bending, forming and buffing processes. Sequential press-bending was
successfully tested for the fabrication of complex VVTS ports. Bending jig for the 3D shape of cooling tube
routing was also developed in detail and tested for the VVTS port cooling tube.
This paper shows the key results from final design and R of ITER TS performed by Korea before the start of
manufacturing. The manufacturing of VVTS is now on-going and the first two 40 degree sectors of the VVTS
will be manufactured until the end of 2015.
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Global Gyrokinetic Simulations of Electromagnetic Instabilities in
Tokamak Plasmas
Dr. HOLOD, Ihor 1; Mr. FULTON, Daniel 1; Dr. LIU, Dongjian 2
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Plasma confinement and stability can be significantly affected by large scale electromagnetic processes, while
the last ones can be triggered by microscopic wave-particle interactions. Thus non-perturbative treatment of
kinetic effects is needed for fully self-consistent description of tokamak plasmas. In this work we present
recent progress in gyrokinetic simulation of electromagnetic instabilities excited at plasma edge region, using
global gyrokinetic particle-in-cell code GTC. We also demonstrate new extended GTC capabilities allowing
simulation of tearing and internal kink modes.
Gyrokinetic simulations of plasma edge region have been done using realistic DIII-D equilibrium and profiles.
The electrostatic simulations in the middle of the pedestal recover instability with a mode structure peaked at
$\theta=\pm\pi/2$ rotating in the electron diamagnetic direction. As $\beta_e$ increases, the electromagnetic
simulations recover unstable mode with similar mode structure, but rotating in the ion diamagnetic direction,
which is similar to kinetic-ballooning mode.
The fluid-kinetic hybrid electron model used in GTC has been extended to include a parallel force balance
equation, which permits magnetic perturbations with even (tearing) parity. Extension of the simulation radial
domain to the magnetic axis allows simulations of the internal kink mode. Linear behavior of both resistive
and collisionless tearing mode, as well as kink mode is verified in a cylindrical geometry.

Work is supported by U.S. DOE theory grant DE-SC0010416, and DOE SciDAC GSEP Center.
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Numerical Code "TOKSCEN" for Modeling of Plasma Evolution in
Tokamak
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The description of the code TOKSCEN (TOKamak SCENario) for modeling of plasma evolution will be
presented in the report. The modeling bases on numerical solving of Grad-Shafranov equation of plasma
equilibrium and circuit equations for eddy currents for every time step.
Circuit equations for eddy currents are solved in matrix form using technique of matrix inversion. Plasma
current distribution proposed to be given. The code has the possibility to calculate increment of vertical
instability for every time step of the plasma evolution.
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Global gyrokinetic particle-in-cell simulations of Alfvenic modes
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We give an overview of recent developments in electromagnetic simulations based on the gyrokinetic
particle-in-cell codes GYGLES and EUTERPE. The code GYGLES is a linear global (full radius, full flux
surface) gyrokinetic particle-in-cell code that is able to simulate up to three kinetic species (ions, electrons, fast
ions). It solves the field equations for the electrostatic and parallel vector potentials. The code EUTERPE is an
extension of the GYGLES code which permits nonlinear and non-axisymmetric (stellarator) simulations based
on numerical (VMEC) equilibria.
Both codes have been applied to simulate Alfvenic instabilities in plasmas of fusion interest. Global Alfven
Eigenmodes, Toroidal Alfven Eigenmodes (TAE), their interaction with fast particles and the Alfvenic
continuum, and modification of TAE instabilities into Energetic Particle Modes (EPM) have been successfully
considered with the GYGLES code. Recently, the gyrokinetic internal m = 1 kink
mode and m = 1 reconnecting mode have been simulated with GYGLES in screw pinch geometry.
The EUTERPE code contains a hierarchical collection of numerical tools of increasing complexity, including a
simple perturbative scheme (CKA-EUTERPE), based on the reduced-MHD eigenvalue solver CKA; the more
advanced hybrid self-consistent fluid-electron gyrokinetic-ion model; and the most comprehensive, but
also most computationally expensive, fully-gyrokinetic model. The perturbative CKA-EUTERPE tool has been
implemented in stellarator geometry
(Wendelstein 7-X and HELIAS reactor) to study the interaction of fast particles with Alfven Eigenmodes. The
fluid-electron gyrokinetic-ion hybrid model has been extensively used to simulate internal kink modes and
fishbones in tokamak geometry. The fully-gyrokinetic electromagnetic model of the EUTERPE code has been
verified using
the International Tokamak Physics Activity (ITPA) benchmark and further improvements of the cancellation
scheme have been considered.
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Structural Analysis of the ITER Coil Power Supply System
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The ITER Coil Power Supply and Distribution System (CPSS) serves for operation of the ITER tokamak
magnet system. The CPSS is the complex system which consists of electrical equipment of different purpose
and the busbar system used for electrical connection between this equipment and the coils of the magnet
system. In accordance with the Procurement Arrangement the Russian Federation is responsible for design,
manufacturing, delivery, installation, initial commissioning and corresponding tests of the CPSS components.
The Efremov Institute is in charge of this activity. The compliance with structural design criteria is the
common practice when designing the plant equipment. In contrast to other ITER subsystems no special
structural codes are mandatory or specified for the busbar system.
This paper presents the approach used for mechanical analysis and strength assessment performed in the
course of design, manufacturing and tests of one of the main CPSS component – the busbar system. Based on
the proposed approach structural analysis of the busbar system of the ITER CPSS has been performed in
support of design and manufacturing of the busbars, their connection zones (compensators, jumpers) and
busbar supporting system.
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Numerical Study of Energy Transfer Mechanism of Magnetic
Reconnection/Torus Plasma Merging under High Toroidal Magnetic Field
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The high-power reconnection heating has been studied in TS-3, TS-4 and MAST merging spherical tokamak
(ST) experiments as a promising solenoid (CS)-free startup with significant heating. The magnetic
reconnection plays an important role to ramp-up high temperature ST plasmas, which converts magnetic
energies to plasma kinetic energies, increasing poloidal beta value of produced main plasma. An important
question is how the magnetic reconnection converts magnetic energy of two ST plasmas into thermal / kinetic
energy of the produced ST and whether the high toroidal field decreases the conversion rate or not. We
performed the first 2D PIC simulation [1] for reconnection region of two merging ST plasmas and found (1)
significant ion heating and (2) its fast conversion from poloidal magnetic energy into ion kinetic energy under
high toroidal field condition. We also found that the kinetic effects plays important role for its energy
conversion. Electrons are accelerated by the reconnection electric field with existence of the toroidal field,
forming the quadrupole structures of electrostatic (ES) potential. The electrostatic potential optimizes ion
current profiles against new in-plane electromagnetic electric field, causing significant energy conversion
from magnetic energy to ions kinetic energy. The physical origin of ES potential is parallel acceleration of
electrons, indicating that the Hall MHD regime is not sufficient to describe phenomena. Second, we scanned
the toroidal field from 1/4 to 4 of the constant poloidal field in the simulation. We found that the peak ion
temperature slightly increases with toroidal field. Finally, the TS-3 merging experiment also reveals that the
ion temperature weakly depends on the toroidal field under the constant inflow condition. The series of
numerical and experimental results agree well with the recent MAST experiment under collisionless and high
toroidal field condition.

[1] H. Ohtani, et. al., Plasma and Fusion Research, 4, 024 (2009).
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Influence of ECR Heating on NBI-Driven Alfvén Eigenmodes in the TJ-II
Stellarator
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Controlling the amplitude of Alfvén Eigenmodes (AE) in fusion plasmas is an open issue with paramount
relevance for ITER and beyond, because the fast-ion losses associated to these modes might be deleterious for
plasma performance as well as destructive for the plasma facing components. Experiments in TJ-II have
demonstrated a clear effect of the ECRH application on the NBI driven AE activity. Moderate values of ECH
power produce the onset of a chirping mode whose amplitude is strongly dependent on plasma density and on
the power and the launching direction of the injected ECRH waves. When the power of a second gyrotron is
added the chirping mode amplitude is reduced and, depending on the density conditions, it may even be
suppressed. CNPA measurements show that ECRH power enhances the detected steady neutral flux.
Dependence on plasma density: experiments are restricted to a range of low plasma densities, in which the
ECRH impact on the AEs is observable in TJ-II. The amplitude of the bursting AE rises with increasing density
for moderate ECRH values but appears to be independent of plasma density in the mitigated AE state
resulting from switching-on a second gyrotron.
Dependence on power deposition location and magnetic configuration: rotational transform as well as ECRH
launching direction scans have been carried out. The main finding is a clear relation between the ECRH effect
and the power deposition location. For a given magnetic configuration, strong chirping occurs for specific
deposition locations that depend on the magnetic configuration.
Dependence on ECRH power: for a given magnetic configuration and low plasma density, a clear reduction of
the chirping mode amplitude occurs when ECRH power is decreased. Moreover, the quasi-periodic character
of the chirping repetition frequency is progressively lost. For slightly higher plasma densities the mode
amplitude becomes weakly dependent on power and no regular repetition frequency is observed.
Dependence of the AE amplitude on NBI parameters: in the absence of external ECH perturbation, the NBI
parameters can be varied to explore the mode properties. Using the TJ-II Doppler reflectometer, the density
fluctuations amplitude at the AE frequency has been measured. The result shows that the mode amplitude
depends weakly on neutral beam energy while it increases notably with the beam current.
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A systematic and significant recent effort in diagnosing energetic ion driven instabilities and related transport
of the energetic ions on MAST is setting a stage for new understanding of such instabilities relevant to the
next-step burning plasma experiment. The fast ion-driven Alfvenic instabilities are detected on MAST in the
frequency range up to ~5 MHz with magnetic coils and with Doppler backscattering system. The fast ion
population on MAST is represented by D NBI injected at Eb ≈ 60-70 keV, and it is studied with a four-channel
neutron camera and energetic proton detector measuring the two branches of the beam-thermal DD fusion
reactions, and fast ion Dα emission produced by beam ions. The instabilities driven by the beam are seen over
a wide frequency range: i) fishbones at 10-50 kHz, ii) TAE at 50-150 kHz, Alfven cyclotron instabilities at 400
kHz-3.8 MHz. Special attention was paid on MAST to establishing the link to NSTX data on beam-driven
“avalanches” consisting of several coupled TAEs with strong downward frequency sweep and higher
amplitudes than un-coupled TAEs.Based on measurements from the neutron camera, as well as the FIDA and
proton detector measurements, the effects of fast ion-driven instabilities on the beam profile are assessed, and
modelling is performed with the HAGIS code. A search for plasma scenario minimising the effect of fast
ion-driven instabilities on the beam radial profile was performed by scanning plasma density. Together, these
studies aim at providing the data base to design experiments on MAST-Upgrade with its higher BT and
off-axis beams, which will test extensively theories and models used for ITER and DEMO.

This work was part-funded by the RCUK Energy Programme and by EURATOM and carried out within the
framework of European Fusion Development Agreement. The views and opinions expressed herein do not
necessarily reflect those of the European Commission
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Pellet fuelling is studied using top-high field side pellet injection into NBI heated H-mode plasmas, in both
single and double null configurations. ELMs are mitigated by external magnetic perturbation coils (RMPs).
Pellet-triggered Thomson scattering, visible bremsstrahlung imaging, fibrescope combined with a fast camera
and BES diagnostics are used to study various aspects of pellet fuelling process.
The ratio of intensities of the Balmer line and the continuum is used to produce 2D images of the density and
temperature of the pellet cloud. The pellet cloud has a size ~5cm with no strong elongation along the magnetic
field lines.
Interaction of pellet fuelling with the ELM mitigation has been tested in MAST using RMPs. In the majority of
cases the fuelling pellet is followed by an ELM, either promptly during the pellet lifetime or with a small
delay. Unfavourable cases exist with post-pellet compound ELMs which promptly remove all pellet material.
There are however favourable examples with conventional post pellet ELMs allowing longer pellet retention
times. In these cases the size of the post-pellet ELM is correlated with the size of the pre-pellet ELM suggesting
that the post-pellet ELM loss is controlled by RMPs, though some correlation with pellet size exists. Profiles of
electron density loss during post-pellet ELMs show a characteristic shape extending up to r/a~0.7. This area
encompasses the region of inverted density gradient raising the question about the character of core particle
transport during the post-pellet ELM. To elucidate this mechanism of particle loss, BES data have been
analysed.
To assess post-pellet inter-ELM particle transport, a micro-stability survey is performed using the linear
gyrokinetic GS2 code. It is shown that in the region of large inverted density gradient caused by the pellet ITG
and ETG modes can be stabilised. In this region TEMs are also stable due to the stabilising effect of opposing
electron diamagnetic and precession drift velocities. In the outer zone, where dn/dr<0, ITG modes are also
stabilised but they are replaced by TEMs and micro-tearing modes.

This work was funded by the RCUK Energy Programme under grant EP/I501045 and by the European Union's
Horizon 2020 research and innovation programme. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.
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Radiation resistant sensors and magnetic measuring instrumentation have been designed and its performance
in the conditions of fusion reactors have been demonstrated, by the international research collaboration
between researchers from different countries supported by STCU (Science and Technology Center in Ukraine)
projects and funded from the EU, USA, Japan and Canada.
Created radiation-resistant semiconductor sensors of magnetic field have received an experimental evaluation
during their testing in nuclear research reactors, and showed their performance under the conditions of
neutron fluences several times higher than the maximum neutron fluence in steady-state sensor locations in
ITER reactor (>10х18 n/cm^2).
3D probes with Hall sensors have been successfully tested in European reactors TORE SUPRA and JET.
Notably, long-term operation of sensor and equipment has been demonstrated over the period of 5 years
(2009-2014) at JET.
Works targeting further increase in radiation resistance and measurement accuracy of magnetic measuring
equipment with Hall sensors are currently underway, namely:
• New radiation modification methods of semiconductor sensors have been developed for their parameter
stabilization in ITER-like neutron fluxes.
• Materials for sensors with new properties and high sensitivity to magnetic field have been created on the
basis of nano-size InAs/i-GaAs heterostructures.
• High precision 3D magnetometers have been created to measure the spatial distribution of magnetic
induction vector.
Conducted studies have confirmed the long-term operation of the developed magnetic measuring sensors in
ITER-relevant conditions and promising qualities of these development products for DEMO.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

224 



Poster 4 / 557

Structure and Scaling of Fluctuations in the MHD Range in the H-1NF
HELIAC
Dr. BLACKWELL, Boyd 1; Mr. HASKEY, Shaun 1; Prof. HOWARD, John 1; Dr. PRETTY, David 1; Mr. THORMAN, Alexander 1; Dr.

BERTRAM, Jason 1; Dr. HOLE, Matthew John 1; Dr. KOENIES, Axel 2; Dr. NUEHRENBERG, Carolin 2; Prof. DEWAR, Robert 1

1 Australian National University
2 Max-Planck-Institut für Plasmaphysik, Greifswald

Corresponding Author: boyd.blackwell@anu.edu.au

The H-1 flexible heliac with its wide range of magnetic configurations is an ideal device for studying
instabilities in the low to mid Alfvenic range – low to hundreds of kHz, in H/He RF-produced plasma around
0.5T. More than 80 magnetic probes in three arrays, and several optical imaging diagnostics provide data on
poloidal, helical and radial mode structures. Sensitive multi channel interferometry, framing cameras
synchronised with the mode, and gas puff illumination techniques provide density fluctuation data in two
dimensions. The vast data set acquired shows very clear dependences on transform and density, made possible
by the low shear and precise control of configuration. Electron density fluctuation profiles from a new, high
sensitivity 21 chord interferometer, will be compared with tomographically inverted fluctuation mode
structures from synchronously acquired images of CII impurity line emission. Mode structure and dispersion
data are compared with predictions of several codes, notably CAS3D, and CONTI, and show both Alfvenic
GAE-like and/or acoustic-like (BAE) behaviour in different regimes. Scaling with magnetic field and mass
density will be compared with expectations for Alfvenic and GAM and other modes.
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Microtearing modes (MTMs) have been predicted to be unstable at the top of the H-mode pedestal in MAST
plasmas [1], playing a role in determining pedestal transport between Edge Localized Modes (ELMs), and
therefore of pedestal structure and ELM stability. This is a deepening of the understanding embodied by the
widely applied model EPED [2], which relies only on Kinetic Ballooning Mode (KBM) stability to account for
inter-ELM transport. We present a novel diagnostic technique, combining Doppler Backscattering (DBS) and
cross-polarization scattering. This has enabled measurements sensitive to local, internal magnetic field
fluctuations at the radial location and wavenumber range where MTMs have been predicted to be unstable in
MAST.
Doppler backscattering is a diagnostic technique, which is typically used to measure intermediate and high
wavenumber density fluctuations and their lab frame propagation velocity. Two 8-channel DBS systems and a
flexible quasi-optical system with 2D steering and a rotatable polarizer were installed at MAST in 2013, which
enabled either standard or cross-polarization scattering.
Results show a significant level of magnetic field fluctuations at the top of the pedestal, with a different
temporal evolution than density fluctuations, at locations and wavenumbers where microtearing modes are
predicted to be unstable.

[1] Dickinson et al., Phys. Rev. Lett. 108, 135002 (2012)
[2] Snyder et al., Nucl. Fusion 51, 103016 (2011)

This work was part-funded by the RCUK Energy Programme [grant number EP/I501045], the European
Union’s Horizon 2020 programme, and the US Department of Energy under DE-FG02-99ER54527. The views
and opinions expressed herein do not necessarily reflect those of the European Commission.
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To withstand a surface heat load up to 4.7MW/m2 in a life time of 16000 cycles, the enhanced heat flux (EHF)
ITER FW panel uses a hypervapotron (HVT) CuCrZr/316L(N) cooling channel and small Beryllium tiles. R
have been carried out in China on manufacturing and testing of EHF FW mock-ups towards the final
provision of series FW products for ITER. A hot iso-static pressing (HIP) technology was successfully
developed and qualified to join the FW materials of Beryllium, CuCrZr alloy and 316L(N) stainless steel (SS).
Alternatively an explosion bonding technology is qualified recently to provide bimetallic CuCrZr/SS plates.
This technology provided enough margins for both tensile strength and grain size of the Copper alloy to ITER
requirement.
Various small scale mock-ups have been manufactured to evaluate the size effect of Be tiles and the
manufacturing variants for optimization. The mock-ups were tested in Efremov Research Institute at 4.7
MW/m2 for 7500 cycles and 5.9 MW/m2 for 1500 cycles. According to the test result, the maximum Be tile size
shall be less than 16x16 mm2 while the 12x12 mm2 Be tile is acceptable. Post-HHFT examination showed
cracks along Be/Cu interface in the Ti and Cu diffusion layers for the failed mock-up. The crack may initiated
from coated pure Copper at the Be tile corner, where oxidization was observed and thermo-mechanical
analysis showed higher stress than other areas. To improve the HHFT performance, the thickness of the
compliant Cu layer should be optimized.
The acceptable Be tile is too small for manufacturing large scale FW panel. Possibility to use 51x12mm2 Be tile
by castellation was investigated. Mock-ups have been manufactured and the HHFT was done at 4.7 MW/m2
for 16000 cycles. In addition, more mock-ups will be manufactured to evaluate the effect of artificial defects at
Be/Cu interface for the purpose to establish an acceptance criteria for the future series products. At the same
time, in parallel an EHF FW semi-prototype is being manufactured and will be qualified by HHFT in 2015. The
semi-prototype is manufactured by a combination procedure of explosion bonding, HIP joining, laser welding
and TIG welding. Various R have been carried out and the technologies have been qualified according to the
relevant ITER specification and standards.
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Tungsten is considered as the plasma facing material of the ITER divertor. High power density plasma
irradiation of tungsten initiates the number of processes (see for instance [1, 2]) resulting in its accelerated
destruction. Application of the in situ renewable protecting boron carbide (B4C) coating was shown can keep
tungsten tiles from plasma irradiation, and by this means prevent development of the above mentioned
processes [3].
The report presents the first results of investigation of the important aspects of the B4C coating application in
ITER have not been investigated yet. Among them there are the regime and conditions of high adhesive
plasma deposition of B4C on tungsten; testing of B4C coating ability to withstand the thermal cycling and
high power density irradiation by plasma ions and electrons; the method of removal of the products of B4C
erosion from the vessel.

[1] V.A.Makhlaj, I.E.Garkusha, N.N.Arsenov, et al. J.of Nucl.Mater. 438 (2013) S233-236
[2] G.Putnik, Th.Loewehoff. J.of Nucl.Mater. 438 (2013) S945-S948
[3] O.I.Buzhinskij, V.G.Otroschenko, D.G.Whyte et al., J. of Nucl. Mater. 313-316 (2003) 214.
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Studies of Protection and Recovery Techniques of Diagnostic Mirrors for
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Mirrors will be used in optical diagnostic systems of ITER to guide the light from plasma towards detectors
and cameras. In the severe particle and radiation environment, the mirrors will be subjected to the erosion due
to fast particles and to deposition of impurities from the plasma. These processes affect adversely the mirror
reflectivity and therefore must be suppressed or mitigated at the maximum possible extent. The use of shutters
and shaped diagnostic ducts for mirror protection represent the passive protection techniques. Among the
active recovery techniques, in-situ cleaning of mirrors by the plasma is the most promising candidate option.
The first positive results of experiments and the predictive modeling envisage the successful suppression of
deposition in the diagnostic tubes with fins trapping the impurities on their way towards the mirrors located
in the end of these tubes. To benchmark the modeling predictions, cylindrical and cone-shaped diagnostic
tubes were exposed in TEXTOR for about 140 hours of plasma operation. After exposure, the deposition
ranging 50-150 nm was found on the mirrors located in the cylindrical tubes. No drastic suppression of
deposition was observed in the cylindrical tubes with fins. At the same time, no detectable deposition was
found on the mirrors located at the end of cone-shaped tubes outlining the advantages of the cone geometry.
Active cleaning by plasma sputtering was performed on molybdenum mirrors pre-coated with the aluminum
film with the 100 nm thickness. Aluminum was used as proxy of beryllium in these studies. Electron-cyclotron
resonance-generated plasmas were used for plasma exposures. The mirrors were biased to increase the
effectiveness of plasma sputtering. During the exposure in helium plasma, the entire coating was sputtered
within nine hours, leaving no trace of aluminum and leading to the full recovery of the specular reflectivity.
Remarkably, the diffuse reflectivity of the mirror substrate did not increase in the wavelength range of
250-2500 nm demonstrating the complete recovery of the mirror surface by plasma sputtering of the coating
without detrimental effects on the mirror itself. The analyses of passive and active mirror recovery efforts will
be provided in the contribution.
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R Status on Remote Handling Technology for ITER Blanket Maintenance
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In the ITER, the blanket must be replaced remotely for maintenance because of high radiation field. This study
demonstrated two of three steps of blanket positioning process, a Virtual Reality (VR) system and final
positioning because the other step, a robot vision system has been demonstrated in the previous study.
Regarding the VR system, positioning accuracy of 46.7 mm was achieved. Regarding final positioning, the
blanket module could be positioned without gaps and errors. As a result, feasibility of the positioning strategy
for the blanket module has been verified.
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In this paper, we extend the indirect approach using Instantaneous Frequency Method (IFM) on the density
fluctuations measured by the CO2 laser collective scattering diagnostics in HT-7 tokamak to estimate the
velocities of plasma poloidal rotation. The error analysis shows that the estimated poloidal rotation velocities
are very reliable with high signal-to-noise ratio. A coherent mode is observed in the fluctuations of poloidal
velocities with the mode frequency from 10kHz to 20kHz. It is identified as geodesic acoustic mode (GAM)
zonal flow with poloidal symmetry (m=0) andits mode frequency coinciding with the theoretical expected
GAM frequency, which is decided by the local plasma temperature. In the meantime, the envelope analysis is
carried out on the high frequency density fluctuations. The relative amplitude of GAM in the envelope
depends on the filter band of density fluctuations. In addition, the phase shift between the GAM radial electric
field and the envelope of density fluctuations is proved to be radians. These results strongly recommended
that the envelope modulation on the density fluctuation only reflects the shearing effect by the GAM. The
results confirm that the envelope modulation in the high frequency density fluctuations only comes from the
shearing by GAM.
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The GOL-3 Multiple Mirror Trap is an 11-m-long solenoid with an axially-periodical (corrugated) magnetic
field. In the basic operation regime, the solenoid consists of 52 magnetic corrugation cells with Bmax/Bmin =
4.8/3.2 T. Deuterium plasma of 1020÷1022 m-3 density is heated up to ~ 2 keV ion temperatures (at ~1021 m-3
density and τE~1 ms) by a high power relativistic electron beam. The new source of intense long-pulse
electron beam with a plasma cathode was developed at BINP for the experiments on a quasi-stationary beam
injection in GOL-3. The injector was installed in the end tank of GOL-3 multiple mirror trap, and tested to
produce 20 MW, 100 keV electron beam with a sub-ms pulse duration. The new data will be presented
including that on electron beam transport, on the plasma stabilization by controlled both the radial current
profile and the plasma potential.
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This paper describes the parallel flow dynamics experimentally obtained in NBI plasmas of Heliotron J and its
comparison with neoclassical transport analysis. In this study, two magnetic configurations with different
magnetic ripple strength (gamma), core gamma of 0.031 m^-1 for the standard and 0.073 m^-1 for the high
ripple configurations, have been adopted to investigate the effect of gamma on the parallel flow velocity. The
experiments were carried out in the plateau regime. In the configuration having a high gamma strength, the
parallel flow velocity of carbon at the core region is measured to be 2-3 times smaller than that in the standard
ripple case. The dependence of the flow velocity on gamma shows that the damping force by the neoclassical
(NC) parallel viscosity is much higher in the high gamma case. On the other hand, in the region of r/a > 0.6,
the flow velocity was measured to be around 2-4km/s for both the co- and counter-NBI plasmas. It was also
observed that the flow velocity of r/a > 0.6 was not so sensitive to gamma. Since a Fokker-Planck analysis
expects that the external torque is small in the region of r/a > 0.6, the insensitivity of parallel flow both to the
NBI direction and gamma implies a spontaneous flow. The measurement results are compared with a NC
transport calculation based on the Sugama-Nishimura method with taking the external NBI force into
account. The numerical analysis estimates the flow velocity by solving the parallel force balance for
multi-species (electron, deuterium and carbon ions) which includes the collisional interactions between the
species. The experimentally observed flow velocity in the core region is consistent with that predicted based
on the NC prediction. However, some discrepancy is seen between the two outside the core region. The
deviation of the effective parallel viscosity calculated by the experimental result from the NC prediction
increases with radius. This indicates some damping mechanisms, viscosity by turbulence or neutral, should be
taken into account to interpret the deviation.
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In support of our goal to develop a predictive capability for turbulent transport close to threshold, a 2D BES
diagnostic has been used to study the structure and dynamics of the ion-scale turbulence in MAST. Our
previous work has shown this turbulence to be critically balanced, i.e. exhibiting a balance of linear
timescales. Here, this work is extended to study the influence of flow shear on the radial/poloidal structure of
the turbulence. The resulting eddy ‘tilt’ is found to increase with the product of the shearing rate and
correlation time, while the poloidal wavenumber decreases and the radial correlation length unexpectedly
remains quite constant. These observations are consistent with a concomitant decrease of the turbulent ion
heat flux.
Local, non-linear, gyro-kinetic simulations using GS2 for the periphery of an L-mode plasma, in which the
flow shear is varied while holding other gradients fixed, show that the turbulent heat flux reduces sharply
close to the experimental shearing rate. Furthermore, turbulence is excited even below the ion temperature
gradient required for linear instability, indicating that this turbulence is sub-critical. For comparison with
observations, the simulated density turbulence is processed using a ‘synthetic’ BES diagnostic and
subsequently analysed with similar correlation techniques to those used for the experimental data. Initial
results exhibit a similar increase of the eddy tilt with flow shear to that found experimentally.
Work is also underway to determine the properties of ion-scale zonal flows from the BES and other turbulence
data. Such zonal flows are due to radially localized potential fluctuations, constant on a flux surface, which
are believed to play an important role in the turbulent dynamics, particularly under conditions close to
marginality. Initial results from L-mode plasmas indicate significant power in perpendicular velocity
fluctuations at frequencies below 2 kHz, which is also observed in data from a Doppler Back-Scattering (DBS)
reflectometry system. Detection of significant coherence between these toroidally displaced measurements is
also required to confirm whether the observed velocity fluctuations are due to zonal flows.

This work was part funded by STFC, the RCUK Energy Programme, the European Union’s Horizon 2020
Programme, the US DOE DE-FG02-99ER54527 and HAS.
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Stable plasmas in Mercier unstable magnetic configurations are obtained in TJ-II, which is unexpected
according to the MHD stability theory. The most feasible explanation is that the plasma tends to self-organize
in the unstable regions avoiding the instabilities. This result is relevant for new stellarator design, since the
magnetic well is strongly related to the plasma shape, created by complex coils. Relaxing the Mercier stability
criterion allows one to build simpler coils, which is easier and cheaper. Moreover, these stellarator results can
help to understand the role of triangularity and elongation in tokamaks, since these quantities are related to
magnetic well.
Stability Mercier criterion takes into account magnetic well, shear, plasma current and geodesic curvature.
Since TJ-II is an almost shearless stellarator, the Mercier stability is governed by the magnetic well and the
curvature. Taking advantage of TJ-II flexibility we have varied the magnetic configuration keeping almost
constant the rotational transform profile while varying the magnetic well. The heating method was NBI in
order to have non negligible eta. The experimental results show that we get confined plasmas even in
Mercier unstable configurations. The confinement time, normalized to the plasma volume, is similar in all the
configurations, once the radiated power is substracted. It is also shown that the shear layer moves accordingly
to the position of the theoretical LCFS as the magnetic well scan is performed, showing that the plasma edge
confinement is not severely affected. The plasma turbulence presents changes as the scan is performed, as
shown by both the probe and fast cameras, with an increase of fluctuations as the magnetic well is decreased.
The Doppler reflectometer does not show significant changes either on the turbulence amplitude or on the
spectrum at radial positions of r/a≈ 0.4-0.6. The resonance (n=8, m =5) is located in the edge: the Thomson
scattering measurements show a flattening of pressure profiles in the positions close to the rational in some
cases without magnetic well, showing that the pressure profile reacts to the destabilization of the mode. The
non-linear evolution of the modes could lead to self stabilization phenomena in stellarators, which could
explain that plasmas are well confined even in Mercier-unstable configurations.
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Diagnostics imaging spectral line emission at visible wavelengths are widely used in the fusion community to
gather a wealth of information about plasma conditions and transport processes particularly in the cooler
regions of the scrape-off layer (SOL). Visible imaging diagnostics have been used extensively on MAST to
diagnose the plasma boundary as the open vacuum vessel and divertor design offer significant access for
wide-angle camera views. These diagnostics have provided insight into filamentary cross-field transport
processes in the SOL and divertor, distortion of the magnetic topology by application of resonant magnetic
perturbations (RMPs) and imaging of the flow of impurity species. High-speed imaging (>100kHz) of the
divertor is providing insight into the effects of an x-point on the propagation of filaments in the common flux
region from upstream to divertor strike points in L-mode and H-mode confinement regimes. There is evidence
for the existence of filaments in the private flux region of the inner divertor leg, emerging near the X-point
and moving toward the inner divertor target. Fast imaging has been used to study filament motion upstream
in the main chamber across the whole poloidal cross-section of the region between the X-points. Fast imaging
of ELMs both upstream and in the divertor show these transients propagate through the SOL in the main
chamber and show the propagation of the heat pulse to plasma-facing surfaces. A wide-angle coherence
imaging diagnostic has been developed for use on MAST to image impurity flows in the SOL with up to 1kHz
time resolution and 1-2mm spatial resolution. Flows of C1+, C2+ and He1+ impurity charge states have been
measured in the divertor and main chamber. Notable first results from this new diagnostic include
observations of the poloidal position of stagnation point moving in response to vertical shifts of the plasma
away from a balanced double-null magnetic configuration. These measurements are in broad agreement with
interpretive modelling results. Moreover coherence imaging has provided the first measurements of impurity
flows with X-point lobe structures due to RMPs. These data support EMC3-EIRENE code predictions that the
ion flow velocity within the lobes differs from the unperturbed SOL.

This work was part-funded by the RCUK Energy Programme and by Horizon 2020 programme.
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We are pursuing a cross-benchmarking and validation initiative for tokamak 3D equilibrium calculations,
with 11 codes participating: the linearized tokamak equilibrium codes IPEC and MARS-F, the time-dependent
extended MHD codes M3D-C1, M3D, and NIMROD, the gyrokinetic code XGC, as well as the stellarator codes
VMEC, NSTAB, PIES, HINT and SPEC. A full day of dedicated experiments on the DIII-D tokamak for the
purpose of generating data for validation has been scheduled for May. The data will allow us to do validation
simultaneously with cross-benchmarking. Initial cross-benchmarking calculations are finding a disagreement
between the VMEC stellarator equilibrium code and the tokamak linearized 3D equilibrium codes IPEC and
MARS-F. Investigation of the source of the disagreement has led to new insights into the domain of validity of
linearized 3D equilibrium codes and of the VMEC code. The initial case being studied is DIII-D shot number
142603, which was part of a campaign to study ELM suppression using externally imposed nonaxisymmetric
fields. We are working with stellarator-symmetric equilibria to allow us to do cross-benchmarking between
stellarator and tokamak codes. One approach to understanding the differences between the VMEC and
linearized solutions has been to compare the solutions of the two codes for simple model equilibria. For a large
aspect ratio plasma with a circular boundary perturbed by a single m=2, n=1 harmonic, there is a large
localized current near the rational surface. The IPEC solution readily captures this feature, but the VMEC code
requires an impractically large number of radial grid surfaces to arrive at a reasonable approximation to it,
leading to a substantially altered global solution when VMEC is run with even the highest radial resolutions
that are normally used in VMEC calculations. On the other hand, it has been found that the approximation
used in the linearized equilibrium codes can break down at surprisingly small perturbation amplitudes due to
the overlap of the calculated perturbed flux surfaces. The MARS-F and IPEC linearized equilibrium codes
assume nested flux surfaces. For the linearized equilibrium solutions for shot 142603, roughly everything
outside of the q = 3.5 surface satisfies the overlap condition, despite the fact that the perturbation amplitude,
delta-B/B, is of order .001 at the plasma boundary.
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In the European Fusion Roadmap ITER is followed by a Demonstration Fusion Power Reactor (DEMO), for
which a conceptual design is now under development. The relevant physics knowledge need for the concept
design analysis – referred to as DEMO Physics Basis – is incomplete. This contribution reports first results of a
coherent effort to develop the DEMO Physics Basis, carried out by European experts. Based on an earlier
assessment this program has been started in recent years and expanded in 2014 towards a more systematic and
broader activity.
To give an example, the vertical stability of a DEMO plasma has been investigated. Especially for typical
ramp-down conditions critical growth rates have been found. Furthermore employing a realistic feedback
control system, the required installed power to control the ramp-down plasma after an initial perturbation has
been found to be out of the acceptable range. In order to quickly resolve this, it is planned to start already at
this stage searching for a stable ramp-down trajectory.
The program to develop the DEMO Physics Basis includes investigations in the areas of transport, MHD, fast
particles, plasma wall interaction and disruptions. In this phase of the program it is essential to have an
intense discussion with the international fusion science community on various aspects of DEMO modelling
and extrapolation of experimental results to DEMO.
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Axially symmetric magnetic mirror device, Gas-Dynamic Trap (GDT, Budker Institute, Novosibirsk) has
recently demonstrated a tangible increase of the electron temperature with application of ECR heating.
According to Thomson scattering data, the electron temperature exceeding 0.4 keV has been achieved thus
demonstrating twofold increase. Additionally to standard device operation with 5 MW neutral beams, a newly
installed electron cyclotron resonance heating (ECRH) system was employed (54.5 GHz, 0.4 MW). The
reported increase of the electron temperature along with previous experiments, which demonstrated plasma
confinement with beta as high as 60%, provide a firm basis for extrapolating to a fusion-relevant high-flux
neutron source based on GDT.
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The ITER In-Vessel design includes coolant water interfaces with the copper alloy CuCrZr exposed to high
water velocities. For reasons of structural integrity, the formation of activated corrosion products as well as
the need for water purification, it is important to assess the erosion corrosion susceptibility of CuCrZr. In
ITER, the materials will be subjected to different water chemistry conditions depending on whether the
plasma is active or not. The present work, organized by F4E via a task agreement with ITER IO, was
performed at Studsvik. Experimental studies at oxidizing conditions were recently finished, while a similar
test at reducing condition is ongoing. Exposure of CuCrZr and CuCrZr/316L(N)-IG specimens was performed
in two consecutive autoclaves, operating at different temperatures, where the specimens were subjected to
impinging coolant water flow. Each campaign was divided into four exposure periods allowing for specimens
to be taken out for intermediate inspections. The first test campaign was performed under oxidizing
conditions in order to simulate operational conditions during plasma burn. Specimens weight were measured
after each exposure period. Specimen surfaces and oxide cross sections were analyzed by HR-SEM after the
final period after which erosion corrosion and release rates were calculated. The corrosion rates at oxidizing
conditions were 25 and 37 micrometer per year at 110ºC and 150ºC respectively. The rates were constant with
exposure time. At 250ºC the rate was much higher, 1600 micrometer per year. Erosion corrosion rates recorded
for CuCrZr under simulated ITER coolant water conditions are disturbingly high. For comparison it can be
mentioned that corrosion rates of structural materials in LWR reactors generally are considerably lower than 1
micrometer/year. The ongoing test campaign comprises exposure under reducing conditions representing
nominal off-plasma operational condition. Although preliminary results indicate much lower corrosion rates,
the effect of alternating corrosion potential may be destructive. Erosion corrosion of CuCrZr can thus
potentially cause serious problems for the ITER coolant systems.
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One of the most challenging issues of fusion research is the development of DEMO scenario which satisfy
simultaneously the requirement of sufficiently high power amplification with the needs for sustainable power
exhaust. Independently of the plasma facing materials in DEMO impurity seeding seems to be an unavoidable
element of operation to protect the divertor from excessive heat loads.
The presented approach is based on integrated numerical modelling of DEMO discharges using the COREDIV
code, which self-consistently solves 1D radial transport equations of plasma and impurities in the core region
and 2D multi-fluid transport in the SOL. The model is self-consistent with respect to both the effects of
impurities on the alpha-power level and the interaction between seeded and intrinsic impurities. This
interaction leads to a significant change in the intrinsic impurity fluxes and energy power balance, and it is
found to be essential for a correct evaluation of the average power to the target plates. The code has been
successfully benchmarked with a number of JET ILW and ASDEX-U discharges.
Calculations are performed for DEMO inductive scenario, characterised by rather conventional physics and
technology assumptions.Preliminary results show significant difference in the reactor performance for
different plate materials. It has been found, that the fusion performance in the terms of fusion factor Q is quite
similar for W and Mo plates, whereas it is slightly reduced for Ni target. It is mostly related to the stronger
dilution effect in the case of Ni impurity. Second important finding is that for Ni divertor, even without
seeding, the divertor heat load is at the acceptable level. In the case of W and Mo seeding is always required to
reduce power load to the target plates. With tungsten divertor, most of the radiation comes from the core,
whereas in the case of Mo and in particular for Ni target significant fraction of the power is radiated in the
edge region. Therefore, for Mo and Ni targets the power crossing the separatrix is well above the PLH
threshold. It should be noted that for Ni target the radiation fraction is always large (>0.85%) independent on
the level of seeding.For all targets however, the core radiation (line+bremsstrahlung+synchrotron) remains the
main energy loss channel.
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GLAST is a small spherical tokamak having vacuum vessel of dielectric material (Pyrex glass) with aspect
ratio of 1.67, BT=0.4 Tesla and discharge time=10ms. This device is indigenously developed in Pakistan and is
designed to study the breakdown avalanche, plasma startup and current formation using inductive and
non-inductive processes in the presence of dielectric walls of the vessel having no issues of the eddy currents.
As a starting point, we have studied the preionization, the transition from pre-ionization to breakdown
avalanche and then to the plasma current column formation. We first obtained the pre-ionization using ECR
and then build up plasma current by central solenoid and with small vertical magnetic field.
A 1.5kW, 2.45 GHz magnetron microwave system with a pulse of 5msec has been used to facilitate the startup
of plasma current on GLAST spherical tokamak. The applied toroidal field was so adjusted for the ECR layer
to form at the inboard side close to the central pipe. The width and the intensity of resonance layer were
optimized by changing the gas pressure, orientation of the waveguide and relative delay between TF and
microwave pulse. A high speed camera was used for these studies.
Two pairs of vertical field coils were used in series with the central solenoid to generate null magnetic flux
inside the vessel at the center of the resonance layer (R=6cm). The ohmic heating system and the TF coil
system were fired with suitable relative delays in the presence of pulsed microwave. A plasma current of
about 2kA was produced for about 0.5msec. A small vertical field was then added with the help of three pairs
of coil systems without changing other operating parameters. We were succeeded to enhance the plasma
current with the maxima at 5kA by scanning the field in both directions and also by varying the current
through the vertical coil system. The optimum values of the vertical magnetic field were experimentally
determined and found to be between 40-50 gauss.
The direction of plasma current was changed with changing the direction of vertical field provided an
evidence of plasma current by vertical field drift effect. The diagnostic systems such as Rogowski coil, flux
loop, fast photo-diode, spectrometers and a high speed camera were used to record the signatures of plasma
current and also to estimate some plasma parameters.
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Because fast waves in the ion cyclotron range of frequency (ICRF) have been used successfully to sustain and
control the plasma performance, they will play an important role in the ITER experiment. Recent experimental
studies of high harmonic fast wave (HHFW) heating on the National Spherical Torus eXperiment (NSTX) have
shown that substantial HHFW power loss (up to 60% of the coupled HHFW power can be lost) can occur along
the open field lines in the scrape-off layer (SOL). This paper examines the power loss by using the full wave
code AORSA, in which the edge plasma beyond the last closed flux surface (LCFS) is included in the solution
domain. A collisional damping parameter is used as a proxy to represent the real, and most likely nonlinear,
damping processes, and it is applied to specific NSTX discharges in order to predict the effects and possible
causes of this power loss. Full wave simulations demonstrate a direct correlation between the location of the
fast wave cut-off layer, the large amplitude of the RF fields in the scrape-off region, and the power losses in
the SOL (driven by the RF field) observed in the NSTX experiments. A strong transition to higher SOL power
losses has been found when the FW cut-off is moved away from in front of the antenna by increasing the edge
density. When evanescent waves become propagating waves in the SOL, due to higher density in front of the
antenna, the power losses start to increase significantly, commensurate with the amplitude of the RF field
found in the SOL. This same behavior is also confirmed by 3D AORSA results where the full antenna
spectrum is reconstructed. Moreover, the 3D simulations show that the absorbed power in the SOL is largest
near the LCFS and near the front of the antenna, as experimentally observed. Numerical simulations for
“conventional” tokamaks with higher aspect ratios, such as DIII-D, are also performed showing similar
behavior found in NSTX and NSTX-U. A prediction for the NSTX-U experiment is also presented indicating a
favorable condition for the experiment due to a wider evanescent region in edge density.
This work is supported by U.S. DOE Contract # DE-AC02-09CH11466
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With careful control of a short pulse high-intensity gas fueling (HIGP) scenario in a novel magnetic
configuration with a lower toroidicity in Heliotron J, high-density (n_e ~ 10^20 m^-3) NBI plasma is realized
with an improved confinement mode in the edge. A condition of low neutral density attained by the fueling
cut-off after HIGP and suppression of the edge turbulence opens a new high-density operation window in
Heliotron J.
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Neoclassical tearing modes (NTMs) can severely degrade plasma confinement and thus prevent the
achievement of high values of in ITER. Recent experimental observations from some tokamaks indicate that
equilibrium sheared-toroidal flows have a beneficial influence on NTMs: thus, an increase in the equilibrium
flow [with shear] leads to an increase of the NTM excitation threshold and also decreases the size of the
saturated island size. In the present work, motivated by such considerations, we examine effects of flow shear
on the stability of tearing modes. We have used a cylindrical model computation using the CUTIE code and
asymptotic analysis to study the (2,1) mode stability in the presence of sub-Alfvenic toroidal and poloidal
sheared flows. Sheared toroidal flows appear to have a destabilizing effect, whilst moderate poloidal flows
tend to be stabilizing. We have derived scalings and associated symmetries involving both resistivity and
viscosity. The model equations will next be enlarged to include two fluid and poloidal flow effects to study
their influence on the tearing growth rate. The final phase of CUTIE studies will involve nonlinear simulations
to study the scaling of the island size with the size and sign of flow shear. In contrast to the cylindrical results,
our simulations with the toroidal MHD code, NEAR, for a toroidal flow show stabilizing effects on the
evolution of a single (2, 1) tearing mode both in the linear stage as well as in the nonlinear saturated state. The
principal component of this stabilizing effect is identified as arising due to a flow induced ‘Shafranov’ like
shift in the profiles of the equilibrium current (q profile) and the pressure profile. This results in a stabilizing
change in �the stability index. Other stabilizing effects arise from poloidal flow, toroidal geometry, toroidal
mode coupling and viscosity contributions. A quantitative assessment of their relative contributions is
currently in progress.
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The European TBM Programme will generate experimental data for development and validation of tritium
transport simulation tools which are essential for predicting the tritium processing performance of a breeding
blanket in DEMO or power reactor. In this ambit, two European TBS (Test Blanket Systems)will be tested in
ITER under a wide range of operative conditions and neutron irradiation scenarios.
The modelling tool, developed in the frame of a contractual collaboration between F4E and
CIEMAT/Empresarios Agrupados, is based on the customization of the EcosimPro simulation platform. It
implements a 1D dynamic mathematical model, without including any multiphysics coupling effect (e.g.
MHD, heat generation and temperature variation over the time, thermal-hydraulics etc.). The physics of
tritium transport is comprehensive, as it fully takes into account the phenomena of tritium transport at
gas-metal interface and at the liquid metal boundary layer. For any selected operating scenario and for a
selected time window, the simulation tool gives an output consisting of: a) the amount of tritium permeated
from the TBM breeding region into the main coolant; b) the amount of tritium solubilized inside the
functional and structural materials of the TBM as well as in all TBS ancillary systems; c) the tritium
permeation rate through the piping of the ancillary systems into the ITER rooms; d) the percentage of tritium
accounted at the end of the TBS chain and sent to the ITER Tritium Systems over the tritium generated in the
TBM per unit time.
The paper describes first the characteristics and main equations of the simulation tool. Then, it presents and
discusses the preliminary simulation results covering a wide interval of TBS operating conditions and plasma
irradiation scenarios isolated inductive pulses, back to back plasma pulses, long pulses). The test matrix has
been arranged to make possible a check of the internal consistency of the code and, at the same time, to have a
preliminary performance prediction of the two TBS in terms of tritium recovery capability and inventory
distribution. Last but not least, the paper provides the main lines of development of tritium transport
modelling from this preliminary phase up to the final one when the predictive capabilities have to be exploited
at the maximum extent in support of the DEMO breeding blanket design.
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A necessity to address a wide spectrum of engineering problems in ITER determined the need of efficient tools
for modeling of the magnetic environment and force interactions between main components of the magnet
system. The assessment of the operating window for the machine, determined by the electro-magnetic (EM)
forces, and the check of feasibility of particular scenarios play an important role for ensuring the safety of
exploitation. Such analysis-powered prevention of damages forms an element of the Machine Operations and
Investments Protections strategy. The corresponding analysis is a necessary step in preparation to the
commissioning, which finalizes the Construction phase. It shall be supported by the development of the
efficient and robust simulators and multi-physics/multi-system integration of models. The developed
numerical model of interactions in the ITER magnetic system, based on the use of pre-computed influence
matrices, facilitated immediate and complete assessment and systematic specification of EM loads on magnets
in all foreseen operating regimes, their maximum values, envelopes and the most critical scenarios. The
common principles of interaction in typical bilateral configurations have been generalized for asymmetry
conditions, inspired by the plasma and by the hardware, including asymmetric plasma event and magnetic
system fault cases. The specification of loads is supported by the technology of functional approximation of
nodal and distributed data by continuous patterns / analytical interpolants. The global model of interactions
together with the "meshless" analytical format of output provides the source of self-consistent and transferable
data on spatial distribution of the system of forces for assessments of structural performance of the
components, assemblies and supporting structures. The used numerical model is fully parametrized, which
makes it well suitable for multi-variant and sensitivity studies (positioning, off-normal events, asymmetry,
etc.). The obtained results and matrices form a basis for a relatively simple and robust force processor as a
specialized module of a global simulator for diagnostic, operational instrumentation, monitoring and control,
as well as a scenario assessment tool. The paper gives an overview of the model, applied technique, assessed
problems and obtained qualitative and quantitative results.
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The phenomenon of a pressure profiles self-consistency in tokamak plasmas is interpreted in the framework of
a “thermodynamic” approach, used successfully in complex non-equilibrium systems studies. Plasma is
considered as the self-organized system and self-consistent solutions correspond to the minimum of the free
energy. The solutions for the self-consistent pressure profiles are in accordance with experiments. The
deduced energy confinement scaling law is in a good agreement with the empirical so called IPB98(y,2)
scaling. Basing on the Smoluchowski linear relaxation equation, the dynamic of the system in the vicinity of
the free energy minimum is analyzed. The important features of the dynamics, such as inward energy pinch
and density pump-out effect, are deduced in the analysis.

Authors gratefully acknowledge Maksimov L.A. and Mukhovatov V.S. for helpful comments. Work is
supported by ROSATOM contract № H.4x.44.90.13.1101.
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Gamma-ray Spectrometer (GRS) is as a part of the diagnostic system built around neutral particle analyzer
(NPA). Viewing the same plasma area in the equatorial plane as the rest components of the system, GRS can
significantly improve its diagnostic abilities.
Line integrated diagnostic of gamma-ray emission over this area can support NPA data on the following key
ITER measurements (parameters) [1]:
• 11: Fuel ratio in plasma core (020: n_d/n_t core);
• 28: Ion temperature profile (064: Core T_i);
• 30: Confined alphas and fast ions (069: Alpha Energy Spectrum)
with time resolution of up to 100 ms each. Also detailed data on fast ions velocity distribution functions and
some other parameters not mentioned in [1] can be obtained. Finally, application of GRS in NPA system could
support tomographic measurements provided by Vertical and Radial Gamma ray Spectrometers.
GRS consists of high resolution germanium (HPGe) and scintillation LaBr_3 detectors installed inside a
neutron dump of NPA system. Direct neutron fluxes suppressed with LiH attenuator. This report is dedicated
to the latest developments of the gamma ray diagnostic techniques. Monte Carlo calculations of neutron and
gamma-ray fluxes in EQ11 Port Cell and in the places of allocation of gamma-detectors have been carried out.
Gamma and neutrons emissions in the tokamak for different scenario were modelled and spectra calculated.
Latest diagnostic justification and development results also includes new processing codes implementations
which are capable of real-time processing of LaBr_3 signal with count-rates up to 10^7 1/s, tritium production
in LiH attenuator studies and others – to be discussed in details in the report.

The work was supported by contract No. 05-12 between “Technoexan, Ltd” and Institution “Project Center
ITER” and No. 02-12 between Ioffe Institute and Institution “Project Center ITER”.

[1] Costley, A.E., et al. SRD-55, 2012.
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We report high-resolution detection of the time-evolving, three-dimensional (3D) magnetic structure of
wall-stabilized tokamak discharges in the HBT-EP device[1]. The time-evolution of unstable and saturated
wall-stabilized external kink modes are studied in detail with and without applying magnetic perturbations
with non-axisymmetric control coils[2,3]. Naturally occuring external kinks are composed of independent
helical modes that are seen to modulate each other in time[4]. For limited discharges produced with a rapid
plasma current ramp, strong multimode kink behavior is excited whenever modes resonate with the edge
safety factor, q(a), m/n = 3/1 and 6/2. In contrast, when the plasma boundary is diverted, we show for the first
time that kink mode dynamics becomes dominated by a single mode in agreement with expectations from
ideal MHD[1]. We observed the dynamic, multimode structure of plasmas with a distributed array of more
than 200 magnetic sensors[5], with high-speed videography of the plasma-wall interactions, and with soft
x-ray detectors. Naturally occuring external kinks and resistive wall modes (RWM) are excited with plasma
current ramps, and we find the kink mode amplitude and dynamics depends strongly on the position of the
adjustable wall and on the application of magnetic feedback[6]. Additionally, experiments are underway with
a newly installed adjustable ferritic wall[1] that will enable systematic investigations of multimode kink
dynamics as the separation between the ferritic wall and the plasma changes, and will also allow first tests of
active control of the ferrtic resistive wall mode (FRWM) using high-speed, multiple-input, multiple-output
control[7]. Initial experiments with rapidly rotating external kink modes show wall stabilization in the
presence of a close ferromagnetic wall (r/a ~ 1.07). Future experiments with slower plasma rotation are
expected to see reduced wall stabilization due to ferritic effects.

[1] D.A. Maurer, et al., Phys. Plasmas 19, 056123 (2012).
[2] D. Shiraki, et al., Phys. Plasmas 20, 102503 (2013).
[3] N. Rath, et al., Plasma Phys. Control. Fusion 55, 084003 (2013).
[4] J.P. Levesque, et al., Nuclear Fusion 53, 073037 (2013).
[5] D. Shiraki, et al., Rev Sci Instrum 84, 063502 (2013).
[6] N. Rath, et al., Nuclear Fusion 53, 073052 (2013).
[7] N. Rath, et al., Fusion Eng Des 87, 1895 (2012).
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During ECR heating microwave power is coupled to the electrons whereas ions are only heated through,
usually weak, collisional coupling because of the cut-off density limitation. However, contrary to what is
expected, significant suprathermal ions have been observed in TJ-II ECRH plasmas by either spectrometry of
H_alpha emission [1] and by means of a luminescent probe capable of detecting those suprathermal ions as
they escape from the confined plasma [2], [3], with very high sensitivity.
The TJ-II luminescent detector used in counting mode and with energy discrimination [4] has allowed
observing changes and spikes in the energy distribution of suprathermal ions, which can be associated with
changes in the plasma parameters. The increase of the luminescent detector count (spikes) around certain
energies is always observed during ECRH operation and never detected during NBI heating. The ion
suprathermal population and its energies are found to strongly depend on whether the ECRH power
deposition is on or off-axis. Also, a change of the shape of suprathermal ion distribution function is found
when the magnetic field configuration is varied during the discharge. In the present work a detailed analysis is
presented on the ion energy spectrum in ECRH plasmas, for fixed and changing magnetic field configuration.

[1] D. Rapisarda, B. Zurro, V. Tribaldos, A. Baciero, et al., Plasma Phys. Controlled Fusion 49, 309 (2007).
[2] D. Jiménez-Rey, B. Zurro, J. Guasp et al., Rev. Sci. Instrum. 79, 093511 (2008).
[3] B. Zurro, A. Baciero, V. Tribaldos et al. Nuclear Fusion 53, 083017 (2013).
[4] B. Zurro, A. Baciero et al., Rev. Sci. Instrum. 83, 10, 10D306 (2012).
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The global plasma confinement in H-mode is connected with the pedestal performance making it essential to
understand the pedestal dynamics. Recent experiments in MAST combined with modelling have given us
insight on the processes governing the pedestal.
A growing mode (n=40, radial extent of 2 cm) rotating in the counter direction is observed using Beam
Emission Spectroscopy (BES) in MAST H-mode pedestal top just before an ELM crash. The mode locks the
edge rotation shear triggering the filamentary structures to exit plasma as ELMs. Local linear gyro-kinetic
modelling finds unstable micro-tearing modes at this region. In the steep pedestal region, where the
assumptions of local gyro-kinetic simulations become challenged, we find in a global simulation that the
global effects have stabilising kinetic ballooning modes there.
Increasing the global beta_p by 20% at the LH-transition leads to a doubling of the electron pressure pedestal
height before the first ELM. The MHD stability modelling shows that increased p_e can be explained by
pedestal stability improvement due to the larger Shafranov shift combined with increased concentration of
impurities.
In single-null experiments with varying plasma current we find that the pedestal width in flux space scales
inversely with the plasma current.

This work was funded by the RCUK Energy Programme under grant EP/I501045.
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In regression analyses for deriving scaling laws in the context of fusion studies, usually standard regression
methods have been applied, of which ordinary least squares (OLS) is the most popular. However, concerns
have been raised with respect to several assumptions underlying OLS in its application to fusion data. We
present a new regression method that allows arbitrary distribution models and regression laws, rendering the
technique particularly useful in the context of fusion research. The method is based on probabilistic modeling
of all variables involved in the scaling expression, using adequate probability density functions (PDFs) and a
natural similarity measure between them (geodesic distance). We hence obtain an optimization-based
generalization of OLS regression, which we term geodesic least squares (GLS). The key advantage over
existing methods is that, while still requiring a proposal for the deterministic and stochastic parts of the
regression model, the dependence on that particular model is greatly reduced, allowing much more flexibility
for estimating the model parameters that best fit the data. We demonstrate this important quality by means of
a synthetic data set and by estimating the scaling law for the power threshold for the L-to-H transition in
tokamaks, using data from the multi-machine ITPA database. The GLS technique indeed displays a greatly
reduced susceptibility to data outliers and model misspecification. Furthermore, the prediction of the power
threshold for ITER is higher than that obtained with OLS on the same database. Future work will address
application of the method to various regression problems in fusion, particularly in cases with substantial and
possibly non-Gaussian error bars.
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A vital part of the commissioning and testing plasma scenarios of the International Thermonuclear
Experimental Reactor (ITER) is predictive simulations for the overall behaviour during operation. Due to the
complexity of the facility and severe constraints related to its cost-efficiency and reliability, a particular
attention should be paid to ensure required performance. The use of dynamic simulators gives an opportunity
to efficiently correlate a large number of parameter on various scenarios and provide general consistency of
the reactor.
The paper presents an attempt to proceed to a simulator for electromagnetic transients in ITER. The basic
software tool is the code TYPHOON. The algorithms and mathematical techniques are described that are
targeted to achieve parallelism in computations.
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The radiation shielding performance of two diagnostic port plugs of ITER, Equatorial and Upper Port Plugs
(EPP and UPP) has been evaluated resulting in several proposals for shielding design improvements. These
improvements were based on the comprehensive optimization of the shielding variants obtained with
parametric analyses of the geometry and material composition of the port structures. The crucial parameter
for the optimization was the value of Shut-Down Dose Rate (SDDR) in the EPP and UPP interspaces inside the
ITER bioshield. The SDDR was minimized following the ALARA (As Low as Reasonably Achievable)
principle taking into account the feasibility to implement the shielding options with the actual hardware in
the vicinity of EPP and UPP. The port plugs are large structures which play the dual and opposite roles of
providing access for the diagnostic systems while being vacuum-tight and ensuring that the vacuum vessel
ports are adequately “plugged” to prevent the leakage of neutron and gamma radiation. The shielding
performance of the plugs should be effective not only against the 14 MeV neutron irradiation from the D-T
plasma and secondary gammas produced by neutron interaction with the structures during the ITER
operation, but also against the decay gamma radiation emitted from the radioactive materials of ITER during
its cooling time. For that reason, SDDR calculations were performed using the state-of-the-art methodology to
provide reliable estimates of SDDR inside the port interspaces where personnel access is assumed after a
cooling time of ~12 days with the target value of 100 microSv/h following the ALARA approach. The
neutronic results presented in this paper can be useful for the development of a common approach for the
shielding arrangement of ITER ports. These results can impact the design of the general-purpose port because
the radiation environment at the ports is mostly related to the gap interfaces between the ports and
components of ITER, such as blanket, manifolds, and vacuum vessel. Design solutions for an improved
shielding have been elaborated taking into account the effect of radiation “cross-talks” between the ports, and
introducing several types of gap labyrinths which can reduce the radiation streaming. Such design options
have been proposed for implementation and their feasibility was checked at the level of port integration.
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An advantage of the Spherical Torus (ST) is the low aspect ratio and so elimination of a central solenoid coil is
required for attractive high-beta fusion reactors based on the ST concept. Thus alternate methods for the
plasma start-up that do not rely on the central solenoid are necessary for the viability of the ST concept. The
non-inductive current drive by the CHI had been demonstrated for spheromaks (SSPX) and ST plasmas (HIST
[1], HIT-II, NSTX). While this method offers the potential for steady-state current drive, it was found that this
approach could not produce the enough amount of the closed flux because it relies on non-axisymmetric
magnetic activity to drive current on closed flux region. Unlike the steady-state CHI (edge current drive)
where dynamo activity is required to relax the current inward, in transient CHI (T-CHI) only axisymmetric
reconnection during plasmoid ejection process from the injector is believed to be adequate for generating a
high quality closed flux. The transient CHI without requiring for dynamo is a promising candidate for the
non-inductive plasma start-up. So far, the T-CHI method has been successfully applied to NSTX for the
start-up followed by inductive ramp-up. This coupled discharge has now achieved plasma currents larger than
1 MA [2]. Understanding the physics of the flux closure during T-CHI still remains as a key issue, which is the
primary purpose of this paper. Internal magnetic field measurements in a smaller machine make it possible to
confirm the generation of closed flux surfaces. Recently, we have for the first time examined the T-CHI
method on HIST (R=0.30 m, a=0.24 m, A=1.25) [3]. In this experiment, T-CHI has generated toroidal currents
up to ~30 kA under the condition of the presence of closed flux. One of main results is to verify the flux
closure after plasmoid ejection by using internal magnetic probes. We have found that the closed poloidal flux
increases proportionally with the toroidal current as increasing the injection voltage across the inner and
outer gun electrodes. The plasmoid injection and reconnection time of ~0.025 ms is much faster than the
resistive time scale.

[1] M. Nagata et al., 24th IAEA Fusion Energy Conference, ICC/1-1Rb (2012).
[2] R. Raman et al., Phys. Rev. Lett., 104, 095003 (2010).
[3] M. Nagata et al., Phys. Plasmas 10, 2932 (2003).

Poster 4 / 50

Turbulent Elasticity and the Physics of Time Delay
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We present a theory of turbulent elasticity---a novel property of drift wave-zonal flow (DW-ZF)
turbulence---which follows from the time delay in the response of DWs to ZF. In this work, we: (1) predict
and calculate a generic time delay (i.e., a new time scale!) from dynamical first principle; (2) predict zonal
shearing wave pattern, in contrast to the dipolar shear layers commonly assumed; (3) calculate the threshold
for the onset of limit-cycle-oscillations in the basic predator-prey feedback system, which governs the DW-ZF
turbulence. This new insight provides a natural framework for understanding temporally periodic ZF
structures in the Dimits shift regime and in the transition from low-confined mode to high-confined mode.
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The ITER Vacuum Vessel (VV) is a torus shaped double wall structure and consists of nine sectors and several
ports. Main functions of the VV are to provide high vacuum for plasma operation and to protect radioactive
contamination as the first safety barrier. Korea Domestic Agency (KODA) has responsibility for procuring of
two sectors including the first sector which will be delivered before others. KODA contracted with Hyundai
Heavy Industries Co., LTD (HHI) to product the VV sectors and major ports.
The design and fabrication of the VV as nuclear equipment shall be complied with the RCC-MR code and
regulations of nuclear pressure equipment in France (ESPN). The manufacturing design has been developed to
fabricate the main vessel and port structures in accordance with the design requirements. All manufacturing
sequences including welding methods are also established to meet the demanding tolerance and inspection
requirement. The manufacturing design of Korean sectors has special design concepts to minimize welding
distortion such as self-sustaining support ribs and cup-and-cone type segment joints. Several mock-ups have
been constructed to verify and develop the manufacturing design and procedures. Qualifications for welding,
forming and NDE have been conducted to verify related procedures according to the requirement.
For fabrication of the VV sectors and ports, 3,000 tons of plates and forgings had been produced by European
steel companies and delivered to HHI. Four poloidal segments (PS) for the first sector are being fabricated
simultaneously in HHI factory. All inner shells were cut, bended and machined for welding. Welding and
NDE of inner shells for PS2 and PS4 are finished. To reduce schedule delay machining of forging blocks are
on-going in parallel. Some of machined blocks are welded on the inner shell by TIG and electron beam
welding.
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ITER is a large experimental tokamak device being built to demonstrate the feasibility of fusion power. The
main scope of this paper is to report the status of the design and manufacturing activities of two major ITER
components, the ITER Vacuum Vessel (VV) and the Cryostat. Both components will provide the necessary
high-vacuum required in the case of the VV for plasma operation and confinement and to allow for cooldown
of the superconducting magnets to cryogenic temperature (Cryostat).
The design of the two systems has been developed by the ITER Organization (IO) with the support of many R
activities carried out by the Parties and is almost complete. Procurement Arrangements (PAs) with four
Domestic Agencies (DAs) have been signed to develop the manufacturing design and manufacture the
components of these systems. Some detailed design on specific components still needs to be completed.
Manufacturing contracts have been placed in 2010-2012 with many preparation and qualification activities.
The production of the full-scale VV sectors and cryostat sections has started in the four DAs with the
procurement of base materials and manufacture of mock-ups or full-scale components. Realistic
manufacturing schedules are being consolidated and the presently expected completion dates will also be
reported in this paper.
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The Radial X-ray Camera (RXC) is designed to measure the poloidal profile of the plasma x-ray emission with
high spatial and temporal resolution. The primary role of the RXC diagnostic is to measure low (m,n) MHD
modes, sawteeth, lock modes, disruption precursors and L-H transition indicators. RXC also provides
supplementary measurements of plasma position, radiative power, runaway electrons, impurity content, etc
[1,2]. The camera consists of two subsystems, i.e. in-port and ex-port cameras which view the outer and core
region respectively through vertical slots in the diagnostics shield module (DSM) of an equatorial port plug
[1]. At present, detailed camera design is in progress and focuses on internal camera whose structure is much
more complicated than that of external camera. Double-tube (inner and outer tube) structure, dove groove,
two-half structure, cooling and shielding are designed. The design facilitates the machining and maintenance.
The structure analysis results showed that in the worst case, even the maximum stress was still less than
allowable stress. Through optimizing layout of shielding, apertures and light path, good balance between
shielding and the signal noise ratio has been obtained. The camera neutronics analysis result indicated that the
detectors can be operated during the whole D-D phase without detector replacement. Simulation of the
camera measurement indicated that the camera satisfy the measurement requirement specified in the
procurement arrangement. In order to measure background noise and accommodate detector position error,
the concepts of blind channel and overlap channels have been implemented in the design. Since beryllium
window is a critical component of RXC which plays the role of vacuum sealing and light filtering, two set of
Be windows with good pressure-resistant performance have been designed and tested. The electronics and
data acquisition (DAQ) and I (Instrumentation and Control) group have also made good progress. The test
results of different circuit scheme showed maximum noise level can be less than 10nA. Besides, the DAQ and I
people have fixed hardware scheme for camera DAQ and plant I

[1] Donné A. J. H., et al., Chapter 7: Diagnostics. Nuclear fusion, 47(2007) S337.
[2] Annex B_55 E7_Radial X Ray Camera (ITER_D_97RVCA v1.2).
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Russian Federation is the initiator and active participant in development and building of International
Thermonuclear Experimental Reactor – ITER. The major element of ITER is its huge superconducting magnet.
Special superconducting cables and conductors had to be developed to satisfy very strict demands for such
conductors. A lot of Research and Development (R) works have been performed in Russia to create our own
production of superconductors, cables and conductors. Russian Scientific R Cable Institute (known by Russian
abbreviation as VNIIKP) has been participating in ITER project since 1993 both at the early stage of R and at
the following stage of Engineering Design Activity (EDA). Tests of several short samples at Sultan test facility
were crowned by successful testing of Toroidal Field (TF) and Poloidal Field (PF) insert coils performed in
Japan in 2001 and 2008 correspondingly. After many R works bow VNIIKP is actively implementing the final
production and delivery stage of cables and conductors. By 2009 the new and modern technological complex
has been accomplished to produce PF cables for both the Russian Federation (RF) and European parts and TF
conductors for RF part. The complex includes several productions such as chemical technology line, cabling
facility and jacketing line. In this review we present a short history of VNIIKP participation in ITER and our
current achievements, including some R results. The technology used and our production line are described in
some details.
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Disruptions present a challenge for ITER to withstand the intense heat flux, the large forces from halo
currents, and the potential first wall damage from multi-MeV runaway electrons. Injecting large quantities of
material into the plasma when a disruption is detected will reduce the plasma energy and increase its
resistivity and electron density to mitigate these effects and thus a system with this capability is needed for
maintaining successful operation of ITER. A disruption mitigation system is under design for ITER to inject
sufficient material deeply into the plasma for a rapid shutdown and runaway electron collisional suppression.
Here we present progress on the development and design of both a shattered pellet injector that produces
large solid cryogenic pellets to provide reliable deep penetration of material [1] and a fast opening high flow
rate gas valve for massive gas injection.
The shattered pellet injector utilizes a multi-barrel pipe-gun type device that forms large cryogenic pellets
in-situ in the barrels. The pellets are accelerated by a high pressure gas burst and are shattered when they
impinge on a bend guide tube in the port plug shield block that is optimized to produce a spray of solid
fragments mixed with gas and liquid at speeds approaching the sound speed of the propellant gas. A prototype
injector has been fabricated and tested with deuterium pellets of 16 mm size for thermal mitigation and is
being upgraded to test and characterize 25 mm size D2 and neon pellets for runaway electron suppression.
A fast opening high flow rate gas valve for massive gas injection has been designed for use in the ITER
environment, which requires a novel eddy current flyer plate design and large diameter tritium compatible
seat material as compared to earlier DMV designs by Juelich [2]. Modeling of the gas flows from the valves
through guiding tubes gives a response time for the MGI design to be less than desired unless the valves are
mounted within port plugs. Implications of the design with respect to response time and reliability are
discussed.

[1] N. Commaux, et al., Nucl. Fusion 50 (2010) 112001.
[2] S.A. Bozhenkov, et al., Rev. Sci. Instrum. 78 (2007) 033503.
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ITER Toroidal Field Coil Winding Pack in Japan
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A heat-treated Nb3Sn cable-in-conduit conductor (CICC) must be inserted into a groove of a radial plate (RP),
which is designed to maintain the mechanical and electrical reliability of the insulation of ITER Toroidal Field
(TF) coil during its 20 years’ operation. The difference between heat-treated conductor length and RP groove
length must be controlled with accuracy of +/-0.05%. JAEA developed high accuracy winding system and
procedure with the order of +/-0.01% in wound conductor length and performed full-scale winding trials. The
target tolerance of +/-0.01% was achieved. In addition, very complicate procedure of RP insertion between
upper and lower windings (pancakes), which consist of unit length conductor, is also qualified by using
full-scale dummy conductor winding and trial insertion of wound dummy conductor into RP groove was
performed, too. Furthermore, proto double-pancake (DP) was successfully heat-treated. These results justify
validity of optimized manufacturing plan and allow us to start TF coil winding pack (WP) manufacture.
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ITER is incorporating two types of In-Vessel Coils (IVCs): ELM Coils to mitigate Edge Localized Modes and VS
Coils to provide Vertical Stabilization of the plasma. Strong coupling with the plasma is required in order that
the ELM and VS Coils can meet their performance requirements. Accordingly, the IVCs are mounted on the
Vacuum Vessel (VV) inner wall, in close proximity to the plasma, just behind the Blanket Shield Modules
(BSM). Fitting the coil systems in between the BSM and the VV leads to difficult integration with diagnostics
and cooling water manifolds. This location results in a radiation and temperature environment that is severe
necessitating new solutions for material selection, as well as challenging thermo-mechanical analyses and
design solutions. Due to high radiation environment, mineral insulated copper conductors enclosed in a steel
conduit have been selected.
The project is being led and managed by the ITER Organization in close collaboration with the Chinese
Academy of Sciences (ASIPP) in Hefei, China, and with the Princeton Plasma Physics Laboratory (PPPL) in
Princeton NJ, USA. Prototype manufacturing has been completed by ASIPP. The aim was to develop suitable
manufacturing procedures and techniques necessary to fabricate the ELM and VS Coils, and to qualify
electrical and mechanical test procedures to meet the acceptance criteria. An extensive set of analyses to
evaluate the effects of the high temperatures and electromagnetic loads on the In-Vessel Coils has been carried
out at PPPL. The design of the IVCs has been finalized, and it takes into account the results from the prototype
manufacturing.
The procurement of the IVCs and their conductors will be done via direct call-for-tenders from the ITER
Organization and preparation has already started.
It is expected that the first call-for-tender will be launched in mid-2014 and the contract signed in early 2015.

This paper will give an overview of the detailed design and prototype manufacturing, procurement and
schedule for the In-Vessel Coils
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Through R for a plasma facing unit (PFU) of a full-tungsten (W) ITER divertor, Japan Atomic Energy Agency
(JAEA) succeeded in demonstrating the durability of the W divertor which endured a repetitive heat load of 20
MW per sqare meter without macroscopic cracks of all W armors. At the beginning of this activity, the
bonding technology armor to heat sink was one of the most important key issues in a manufacturing process.
JAEA improved the bonding process of the W divertor mock-ups. At first the bonding between the W armor
and the copper interlayer (Cu) is performed by using several technologies, such as "Direct casting of Cu" or
"Diffusion bonding" or "HIP bonding". Then the brazing between the Cu and the cooling pipe is done. Then
the rejection rate due to those bonding processes has been significantly been reduced. As a performance test
for the bonding and a heat removal capability, the high heat flux testing was carried out for 6 small-scale
mock-ups for the R of the full-W ITER divertor. Moreover, a W part of 4 full-scale prototype PFUs were also
tested. In the tests, all of the W monoblocks endured the repetitive heat load of 10 MW per sqare meter for
5,000 cycles and 20 MW per sqare meter for 1,000 cycles without the macroscopic crack, which strongly
encourages the realization of the full-W divertor target from the start of the operation in ITER. This paper
presents the latest R activities on the full-W ITER divertor in JAEA.
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Due to severe limitations on the content of He in the plasma, the exhaust of nuclear fusion reactor will mainly
consist of unburned fuel, including expensive and radioactive tritium. If all this exhaust mixture is directed to
the tritium plant for its separation from helium and other impurities (as planned in ITER), this leads to a
significant tritium inventory in the vacuum pumps and processing systems.
To reduce the cost and improve the safety of nuclear fusion power plant it would be desirable to separate the
major portion of D/T mixture from He in the immediate vicinity of the divertor output, compress it there and
direct it back into the plasma by the shortest way passing the tritium plant.
The membranes superpermeable to suprathermal hydrogen particles can be applied for the realization of such
“short way separation” scheme in future fusion machines and first of all in DEMO. Suprathermal hydrogen
particles whose energy (kinetic, chemical or internal) exceeds ≈1 eV are able to pass through the
superpermeable membrane (SPM) almost like an opening of the same area. SPM separates the permeating
hydrogen from any impurities including He as well as automatically compresses it by orders of magnitude.
The combination of SPM with the plasma generation of suprathermal hydrogen appears to be most suitable
technical solution. It would be reasonable to start the experiments with SPM coupled with plasma in favor of
post-ITER devices including DEMO. Such experiments must be mainly purposed for modeling, testing and
optimization of possible arrangements for the short way refueling in fusion machines.
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Our priority for the 2013 JET campaigns was to provide relevant data for the ITER decision on whether to
initially install a full tungsten divertor rather than a design with carbon at the strike points. A key element of
this was an experiment using a specially modified divertor module which was used to study the characteristics
and impact of ELM induced melting of bulk tungsten on JET operation – JET is currently the only machine
with ELMs large enough to perform such experiments. A series of discharges at 3MA plasma current and
23MW of input power were used and resulted in parallel power densities of ~3GWm^-2 during ELMs and
~0.5GWm^-2 between ELMs. A ~2mm vertical step in a not normally used part of the divertor was exposed to
this heat load for up to 1.5s.
Melting was achieved in series of 7 identical discharges and the depth of material moved/removed on each
pulse was very reproducible, at least an order of magnitude less than would be expected from bulk tungsten
melting and equivalent to  10microns per ELM. Tungsten droplets formed and migrated along the exposed
edge to the private region driven by jxB forces. The impact on main plasma was negligible with no
disruptions. Small spikes in spectroscopic tungsten signals were observed and suggest occasional ejection of
droplets with effective radii of at least 80microns.
The JET results provided very positive support for the ITER decision to start with an all W divertor and
provide a valuable benchmark for the transient induced melt layer models used by ITER. Significant progress
has been made in reproducing the thermal and melt behaviour seen in JET using the MEMOS code.

This work, part-funded by the European Communities under the contract of Association between
EURATOM/CCFE was carried out within the framework of the European Fusion Development Agreement.
The views and opinions expressed herein do not necessarily reflect those of the European Commission or
those of the European Commission or of the ITER Organization. This work was also part-funded by the RCUK
Energy Programme under grant EP/I501045.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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A
We report on the latest BOUT++ studies in the past 2 years which: (1) illustrate the consistent collisionality
scaling of ELM energy losses with ITPA multi-tokamak database; (2) a new nonlinear criterion for predicting
the onset of ELMs. We show that for an ELM crash to occur, the coherence time of the relative phase between
potential and pressure perturbations must be long enough to allow growth to large amplitude. This phase
coherence time is determined by both linear and nonlinear dynamics. (3) a new mechanism for the electron
ELM conductive energy loss dominant over the convective energy loss due to Landau wave-particle
resonances with electromagnetic turbulence caused by the ELM perturbation. A series of BOUT++ simulations
are conducted to investigate the scaling characteristics of the ELM energy losses vs collisionality via a density
scan, while keeping the plasma cross-sectional shape, total stored energy, total plasma current, pressure
profiles fixed. The neoclassical collisionality at peak gradient position increases by a factor of 3262 from 0.0019
to 6.197. As the edge density decreases, the unstable mode spectrum shifts to lower n, both initial bursts and
the turbulent spreading increase in both radial and poloidal extent and in intensity. This leads to larger
relative pedestal energy loss during ELM crash evolution for several thousand Alfven times. The Landau-Fluid
simulations further show that the electron pedestal temperature height plays a major role in determining the
electron conductive energy loss in nonlinear phase, even though the characteristics of linear P-B modes are
the same for a density scan with fixed pressure profile, pedestal density width, and density and temperature at
the peak gradient position. The increasing electron pedestal temperature height leads to (1) an increasing
radial turbulence correlation length and large turbulence spreading; (2) larger electron conductive energy loss.
We demonstrate that ELMs can be mitigated by reducing the phase coherence time without changing linear
instability. As an example, we show that the large RF-induced poloidal flow shear near the separatrix tears
apart P-B filaments, increases mode-mode energy coupling, decreases the mode cross-phase coherence time,
and generates a broad turbulence fluctuations, avoiding large ELMs.

B
Standard divertor and exact snowflake, snowflake-plus and snowflake-minus divertor configurations of
HL-2M are designed. The potential properties of these divertors are analyzed and presented: low poloidal field
area around X-point, connection length from outside mid-plane to the primary X-point, target plate design
and magnetic field shear. The results show that the snowflake configurations not only can reduce the heat
load at divertor target plates, but also may improve the magneto-hydrodynamic stability by stronger magnetic
shear at the edge. According to the vacuum vessel geometry of HL-2M, a divertor target geometry which is
suitable for HL-2M divertor configurations (standard divertor, snowflake divertor and tripod divertor
configurations) has been designed to reduce the peak heat load on the target to an acceptable level. The heat
load on divertor targets with different core plasma parameters and divertor configurations are investigated by
SOLPS5.0. The linear characteristics of peeling–ballooning (P–B) modes, transient heat flux bursts up due to
ELMs and the distribution and evolution of the heat load on targets of HL-2M tokamak for the different
divertor configuration will be presented using BOUT++.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

259 



Divertor & SOL Physics / 171

First-Principle Theory-Based Scaling of the SOL Width in Limited
Tokamak Plasmas, Experimental Validation, and Implications for the ITER
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The steady-state heat load onto the plasma facing components of tokamak devices depends on the SOL width,
which results from a balance between plasma outflowing from the core region, turbulent transport, and losses
to the divertor or limiter. Understanding even the simplest SOL configurations, like circular limited plasmas, is
a stepping-stone towards more complicated configurations, with important implications for the ITER start-up
and ramp-down phases. Here we present a first-principle based scaling for the characteristic SOL pressure
scale length in circular, limited tokamaks that has been obtained by evaluating the balance between parallel
losses at the limiter and non- linearly saturated resistive ballooning mode turbulence driving anomalous
perpendicular transport. It is found that the SOL width increases with the tokamak major radius, the safety
factor, and the density, while it decreases with the toroidal magnetic field and the plasma temperature. The
scaling is benchmarked against the flux-driven non-linear turbulence simulations that have been carried out
with the GBS code. This code solves the drift-reduced Braginskii equations and evolves self-consistently
plasma equilibrium and fluctuations, as the result of the interplay between the plasma injected by a source,
which mimics the plasma outflow from the tokamak core, the turbulent transport and the plasma losses to the
vessel. GBS has been subject to a verification and validation procedure unparalleled in plasma physics. The
theoretical scaling reveals good agreement with experimental data obtained in a number of tokamaks,
including TCV, Alcator C- MOD, COMPASS, JET, and Tore Supra.
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Assessment of Scrape-off Layer Simulations with Drifts against L-Mode
Experiments in ASDEX Upgrade and JET
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Recent results of validating scrape-off layer simulations with drifts are summarized, based on detailed
comparisons between 2D SOLPS5.0 fluid code solutions and L-mode experiments in the full-metal devices
ASDEX Upgrade and JET. The effects of drifts in various divertor power exhaust scenarios are analysed in
extensively characterized discharges, in which the levels of deuterium fuelling, seeding of N impurities, and
magnetic field direction are varied. In-out asymmetries in the plasma conditions are observed throughout the
divertor legs when the ion grad-B drift is towards the divertor, and these asymmetries are observed to reduce
with the field reversal. In the modelling, the effects of the various drift terms are analysed in comparison to
the geometrical effects, and a pronounced role of the ExB drifts is identified in the resulting asymmetries. At
the lowest densities, the simulations with fully activated drift terms reproduce the Balmer line emission and
radiation in the JET divertor, several poloidally distributed temperature profile measurements in ASDEX
Upgrade, as well as a high-density region in the inner divertor of ASDEX Upgrade. In conditions with strong
power dissipation, the modelling captures the incremental effects of impurities on the divertor radiation, but
high levels of fuelling and seeding lead to discrepancies between the modelled and measured target
conditions. At low levels of fuelling and impurity radiation, the simulations tend to underestimate the strong
scrape-off layer flows measured in forward field in ASDEX Upgrade, although a satisfactory agreement is
obtained with measurements of the scrape-off layer radial electric field.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Near-Field Physics of Lower-Hybrid Wave Coupling to Long-Pulse, High
Temperature Plasmas in Tore Supra
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Interaction of radio-frequency waves with the edge plasma of tokamaks from which the wave is launched is
now well recognized for waves in the Ion Cyclotron Range of Frequency (ICRF) but also in the range of Lower
Hybrid Current Drive (LHCD) frequencies.
A dynamic Stark spectroscopic measurement was carried out near a Tore Supra LHCD antenna,
demonstrating that indeed the electric field oscillating at 3.7GHz, in the range of 1-2kV/cm for high power (1-4
MW/antenna) experiments, could be measured with a reasonable accuracy in the vicinity of the antenna. The
spectroscopic sightline was provided by an endoscope viewing a region around the left-hand side of the
antenna, including the lateral protection limiter (LPL). D-beta spectral line profiles were measured and the
data were fitted to an all orders spectral line profile model. The spatial region from which the light is mostly
collected near the antenna, determined from simulation, has a typical radial extension of 6cm from the LPL.
Experimental spectral profile of the D-beta line fits very well the simulated profile only when a radial
polarization of the electric field is considered, as expected when the slow wave penetrates more dense
plasmas. This measurement has been performed on numerous Tore Supra pulses with power launched by the
LHCD antenna varying between 0.1MW and 3MW. It is found a good quantitative agreement between
measured and modeled ERF (from full-wave coupling modelling) as long as the power launched by the upper
modules (half of the total power) exceeds 0.5 MW. Noticeably, when the most outer waveguides are switched
off, the measured field does not vary significantly as would be expected from the model. This unexpected
result is thought to be the consequence of the bending of the rays during the propagation, with those
originating from the outer waveguides evading the main emission region.
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Fuel Retention and Erosion of Metallic Plasma-Facing Materials under the
Influence of Plasma Impurities
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The fuel retention and the lifetime of plasma-facing components are critical factors potentially limiting the
availability of a magnetic fusion reactor. It is necessary to test how plasma-facing materials perform with
respect to hydrogen retention and erosion under the realistic mixed species plasma conditions including
impurities like helium and argon. This contribution summarizes the experimental studies on the linear plasma
devices PSI-2, Magnum-PSI and PISCES-B. Both plasma-facing materials foreseeing for ITER, tungsten and
beryllium, were investigated. Aluminium was tested as a potential surrogate for toxic beryllium for
plasma-material interaction studies. The fraction of helium or argon added to deuterium plasma was in a
range of ~1-10%. Typical exposure parameters were an electron density of ~10^18-10^19 m^-3 for PSI-2 and
PISCES-B and ~10^19-10^20 m^-3 for Magnum-PSI, an electron temperature of ~10 eV, an ion flux to the
target of ~10^22-10^23 m^-2s^-1 for PSI-2 and PISCES-B and ~10^23-10^24 m^-2s^-1 for Magnum-PSI, an
incident ion energy of ~10-100 eV and a sample temperature of 400-1000 K. In pure deuterium plasmas the
deuterium retention was higher at the lower flux for sample temperatures of 530 and 630 K. At 870 K, the
deuterium retention was found to be higher at the high flux. Blisters of about 40 – 50 nm size were formed in
the high flux exposures, while no blistering was observed at the low flux. The influence of helium and argon
on the deuterium retention in tungsten was investigated in PSI-2. For a sample temperature of 380 K and a
fluence of 10^26 m^-2, the retention dropped by a factor of three to 1x10^20 m^-2 when 5% helium was added
to deuterium plasma. The addition of argon did not significantly affect the total deuterium retention. A
comparison of beryllium and aluminium with respect to the deuterium retention and erosion properties was
performed in PISCES-B and PSI-2. In general, aluminium exhibited similar phenomena to beryllium with
respect to the evolution of the surface morphology and sputtering when exposed to deuterium and mixed
deuterium-argon and deuterium-helium plasmas. However, the TDS characteristics of the aluminium targets
indicated different deuterium retention mechanisms than in beryllium.
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Effects of Ion Diffusion on Fusion Burn at the Shock Flash in
Inertial-Confinement Fusion Implosions
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Understanding the physics responsible to the disagreement between experimental results and numerical
simulations are of fundamental importance to inertial-confinement fusion (ICF) implosions, and particularly
to the ignition-scale layered implosions currently taking place at the National Ignition Facility (NIF). The
plasma kinetic effects, which have been overlooked in the conventional single-spices-averaged hydrodynamic
codes, are attracting increasing attentions. It has been realized that such effects, including the ion diffusions,
play important roles particularly in the early implosion phase and can potentially affect the dynamics in the
later implosion phases. To quantitatively study the effects of ion diffusions at the early implosions, we have
imploded a series of thin-glass shells filled with tritium-helium-3 (T^3He) gas or deuterium-trium-helium-3
(DT^3He) gas. For the first time, spectra of multiple charged-fusion products from these implosions are
obtained at the time of shock flash and used to infer stratification of ions with different electric charge states
(Z), ion masses (m) and charge-to-mass ratios (Z/m). These experiments provide useful information to verify
the recent theoretical work by Amendt et al [1] on plasma diffusion crossing the shock front due to the
thermodynamic gradients. While there are a number of diffusion sources, including the conventional
concentration diffusion (due to concentration gradient), barodiffusion (due to pressure gradient),
electrodiffusion (due to electric field), and thermodiffusion (due to temperature gradient), the preliminary
analysis suggest that barodiffusion and electrodiffusion are the dominant sources in these implosions. These
experiments provide new physical insight into the effects of the ion diffusion on species stratification in
shocked/reshocked hot plasmas and have important implication to the ongoing experiments at the NIF.

[1] P. A. Amendt et al., Phys. Rev. Lett. 109, 075002 (2013).
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A series of experiments were carried out to evaluate energy coupling efficiency from a heating laser to a fuel
core in the fast-ignition scheme of laser-driven inertial confinement fusion. Here we break down the
efficiency, which is governed by enormous interactions and instabilities among intense laser,
high-energy-density plasma, and relativistic electron beam (REB), into three measurable parameters: (i) energy
conversion efficiency from a laser to a REB, (ii) probability of collision between the REB and a fusion fuel
core, and (iii) fraction of energy deposited in the fuel core from the REB. These three parameters were
measured in the basic experiment under mimic plasma circumstances of the integrated fast-ignition
experiment. In the heating experiment, fusion neutron yield was measured to understand the heating
mechanism by comparing the yield with a two-dimensional Fokker-Planck computation of the REB transport
in the core plasma. The experimental results indicate that ‘unstoppable’ and ‘diverging’ problems of the REB
must be solved for heating the fuel core efficiently with the REB. Guiding of the REB by > 1 kT magnetic field
produced by a laser-driven capacitor-coil target is essential to overcome these difficulties.
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Effect of Pre-Plasma on Intense Electron Beam Generation by Relativistic
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Recent experiments [1,2] and modeling [3,4] have shown that the large-scale preplasma significantly affects
the laser-plasma interaction (LPI) dynamics and the resultant fast electron energy distribution, where the fast
electron energies are much higher than the ones predicted by ponderomotive scaling due to additional
stochastic acceleration in the low density region. We have carried out comprehensive numerical simulations
using the Large Scale Plasma (LSP) code to investigate the dynamics of LPI and fast electron source generation
as a function of laser pulse length, and preplasma density scale length. We confirmed that the most energetic
electrons are generated through the synergistic effects of the interaction of electrons with both electrostatic
potential well in preplasma and laser radiation. We have performed 2D simulations showing both formation
of deep electrostatic well and very energetic electrons with spectra similar to we obtained in 1D simulations.
These effects were more prevalent for pulse durations longer than1 ps. We also found filamentation of the
laser field causing an increase of the radiation field intensity. However, this increase was insufficient to
significantly alter the high-energy part of electron distribution. We have carried out experiments using the
Texas Petawatt Laser to validate modeling predictions. In these experiments we used an artificial laser
prepulse to create well-defined prepalsma. We used a proton beam produced from a second short-pulse laser
to probe the electric field in the extended plasma and its correlation with fast electron energies. Both
experimental results and comparison with numerical simulations will be presented at the meeting and its
relevance to fast ignition inertial confinement fusion will be discussed.

[1] S. D. Baton et al., Phys. Plasmas 15, 042706 (2008).
[2] T. Yabbuchi et al., Phys. Plasmas, 17, 060704 (2010)
[3] B. S. Paradkar et al., Phys. Rev. E 83, 046401 (2011).
[4] B. S. Paradkar et al., Phys. Plasma 19, 060703 (2012).

The work has been supported by the Department of Energy under contract DE-NA0001858
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A central feature of an inertial fusion energy (IFE) power plant is a target that must be delivered to the target
chamber center at a rate of about 1–15 Hz.
A high rep-rate target supply system, which operates with moving free-standing targets (FST) is the
culmination of a 25-year science-&-technology effort of the Lebedev Physical Institute (LPI) in collaboration
with other Russian Institutes.
This report provides an overview of our research activities towards realization of the FST target supply system
for IFE including high rep-rate cryogenic target production, transport and tracking:
1. Cryogenic target mass production: the FST layering method has been developed for rapid fuel layering via
heat conductivity in moving free-standing targets. A batch mode is applied, and high cooling rates (q = 1-50
K/s) are maintained to form isotropic ultra-fine solid layers inside free-rolling targets. The total layering time
is typically less than 15 seconds, which has a side benefit in the view of tritium inventory minimization. A
spherically symmetric layer with a uniform thickness and acceptable surface quality have such a structure,
which supports the fuel layer survivability under target injection and transport through the reaction chamber.
2. Cryogenic target transport:
-Gravitational target transport was demonstrated at cryogenic temperatures, including the assembly of a
couple “target -and- sabot”. A design of the corresponding devise was developed.
-Electromagnetic target transport in the couple of “target -and- sabot” was demonstrated at cryogenic
temperatures. A devise for injecting the fusion cryogenic targets at the laser focus of a reaction chamber was
developed.
-Magnetic levitation transport. Our recent results (successfully made at Т = 6-to-80 К) have shown that
maglev transport systems based on using high-temperature superconductors (HTSC) is an excellent
springboard for the development of IFE cryogenic target positioning and transport systems, including a new
type of cryogenic target accelerators − a magnetic levitation accelerator.
3. Injected target tracking: the Fourier holography was proposed and examined in the computer experiments
for on-line characterization and tracking of a flying target.
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A High-Energy and Highly Repetitive fs/ps Laser Using Optical
Parametric Chirped-Pulse Amplification with a ns Beam Combined
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The authors propose the high-energy and high repetitive fs/ps laser system which uses the output beam of a
coherent beam combination laser using stimulated Brillouin scattering phase conjugate mirrors (SBS-PCMs) as
the pump beam of optical parametric chirped-pulse amplification (OPCPA). To verify the feasibility of the
OPCPA system, the authors will utilize 4 kW(4 x 0.1 J @10 kHz/10 ns) Kumgang laser for the pump beam of
the OPCPA. The authors expect that fast ignition can be realized with the coherent-beam combination laser
for compression and the fs/ps laser using the OPCPA system for ignition.
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Simulation of Energy-Dependent Stochastic Transport Induced by
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To extend the capability of RE mitigation is an urgent issue towards the safety operation of ITER. We
investigate the RE losses induced by low-order MHD instabilities and clarify a dominant mechanism for
determining the energy dependence of the onset of RE orbit stochasticity. This is due to that for highly
relativistic REs, sideband resonance of the orbit shift with macroscopic modes is much stronger than what is
expected for non-relativistic particles. We demonstrate that the sideband resonance can cause both the
enhancement and the suppression of orbit stochasticity at high energy relevant to the Dreicer-generated REs,
depending not only on perturbation amplitudes but also on phase differences between the modes. We also
report the development of a new 3D guiding-centre code for simulating the RE generation during major
disruptions. To study the RE mitigation scenarios, we have developed, for the first time, a guiding-centre
Monte-Carlo code including the RE generation process, which extends an original 3D guiding-centre orbit
code ETC-Rel to include the RE source model as well as collisions and radiations. It also takes into account
time-evolving loop voltage in a self-consistent way with generated RE current. Different energy spectra
between existing tokamaks and ITER indicate that the RE control strategies must be based on detailed
understanding of energy dependence of the RE transport. While Dreicer-generated seed REs tend to accelerate
towards high energy, secondary REs that develop slowly on the timescale of current quench are dominant in
ITER. Consequently, the effectiveness of the RE control by inducing the prompt loss will depends on the
energy dependence of the onset of RE orbit stochasticity that is explained in this paper.
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Discharge wall conditioning is an effective tool to improve plasma performance by (i) reducing the generation 
of plasma impurities liberated from the wall and (ii) controlling the recycling of hydrogenic fluxes. On ITER 
discharge wall conditioning will be employed as well for (iii) mitigating the tritium inventory build-up, for 
which one relies mostly on the removal of tritium-rich co-deposited layers. Ion cyclotron wall conditioning 
(ICWC) is a well-studied discharge wall conditioning technique having the advantage over Glow Discharge 
Conditioning (GDC) that it is applicable in the presence of magnetic fields. The ICWC mode of operation is 
included in the functional requirements of the ITER ion cyclotron resonance heating and current drive system, 
and is envisaged for use between ITER plasma pulses, in the presence of the toroidal magnetic field. 
Ion Cyclotron Range of Frequencies (ICRF) plasma production employing ICRH antennas designed for Fast 
Waves excitation is studied extensively on JET in the frame of fuel removal experiments by isotopic exchange 
aiming at the development of ICWC scenarios for ITER. This contribution presents an overview of these 
ICWC experiments with focus on (i) establishing safe and reliable operation of the ICRF antennas in plasma 
production mode at ITER full field (JET 3.3T, 25MHz) and half field scenario (JET 1.65T, 25MHz) and (ii) 
achieving high conditioning efficacy in isotopic exchange scenarios. The experimental results are 
complemented by modeling results using the recently upgraded 1D (along major radius) transport code 
Tomator1D for ICRF plasma production in a torus in presence of a toroidal magnetic field, the Monte Carlo 
code RFdinity1D simulating ICRF discharge initiation at omega_{pe} < omega, and a 1-D full wave RF code, 
together providing insight on ICRF plasma production physics as well as on ICRF plasma parameters which 
are outside measurement limits of JET density and temperature diagnostics. 
 
This work was supported by EURATOM and carried out within the framework of the European Fusion 
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
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A novel plasma confinement concept in which plasma is confined in a dynamic steady state by a pressure of
rotating magnetic field in a toroidal geometry will be presented. The confining rotating magnetic field is
created by AC currents driven by applying oscillating voltages to toroidal and poloidal gaps (insulated
horizontal and vertical cuts) in the shell of the torus with 90 degrees phase shift between these voltages. The
toroidal component of magnetic field is created by oscillating poloidal current in the shell and the poloidal
component of the field is created by toroidal image current on the plasma surface. The confining rotating field
is localized in the vacuum layer between the plasma and the toroidal shell, it penetrates plasma on a few skin
depths. Plasma discharge is created by the inductive electric field when the gap voltages are applied or by a
preionization pulse. Toroidal plasma equilibrium and stability in this concept are achieved due to the realized
constraint of conservation of the amplitude of the oscillating magnetic flux through any section of the vacuum
layer between the plasma and the conducting shell. The fast rotating magnetic field penetrates plasma and the
conducting shell only on a few skin depths such that the magnetic flux is mostly localized in the layer
between the plasma and the shell. Toroidal plasma equilibrium in this concept is modeled by: 1) calculating
time evolution of plasma column in the torus when the oscillating voltages are applied to the gaps and 2) by
calculating the time averaged magnetic pressure on the plasma boundary due to these voltages. These 2-D
results will be presented along with the results of 3-D modeling of equilibrium which includes realistic gaps.
Plasma stability is analyzed in a simplified cylindrical geometry, demonstrating that plasma boundary is MHD
stable under nonrestrictive conditions. Similar results, but somewhat modified by the toroidal effects, are
expected in the toroidal geometry. Limitation on the plasma pressure is due to the RF power dissipation in the
skin layer of the conducting shell such that a superconducting shell is required for operation at high plasma
pressures. Possible application of this concept to efficient fusion reactor depends on availability of
superconductors (for the shell material) which can operate in magnetic field 1 T in the MHz frequency range.
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The ITER Q=10 baseline scenario requires good confinement (H98≈1) at sufficiently high density (≥0.85×nGW,
where nGW is the Greenwald density). In JET-C (with CFC plasma facing components), raising the plasma
triangularity (averaged triangularity>0.4) was the only way found to increase the plasma density near the
Greenwald density while maintaining good confinement (H98>0.9). The situation in JET with the new
ITER-like wall (ILW) is somewhat different. Whilst the confinement degradation with gas fuelling appeared to
be compatible with that measured in JET-C, the positive influence of triangularity on confinement has not
been yet recovered. High triangularity H-mode plasmas in JET-ILW exhibit lower betaN (<1.5) and lower
pedestal pressure (mainly pedestal temperature) compared to JET-C with similar input power and D fuelling
levels, and the confinement is strongly reduced to values close to those measured in the type III ELM regime
in JET-C (H98<0.8). The lower pedestal temperature measured in JET-ILW appears to be linked to the high
recycling conditions at which the experiments were conducted, with signs of inter-ELM divertor detachment.
In order to shed some light on the mechanism responsible for this unexpected result, systematic comparisons
of an extended database of JET-C and JET-ILW discharges have been carried out. Experiments in JET-C show
the key role played by the pedestal temperature in the access to good confinement at high density. This is
consistent with peeling-ballooning stability predictions, where the increased pedestal stability resulting from
plasma shaping disappears at low edge currents (low pedestal temperature, high collisionality). The studies
presented here focus on specific aspects of the highly shaped plasmas in JET-ILW, such as the impact of betaN
in the edge stability at high triangularity, the different ELM dynamics seen in JET-C and JET-ILW, the
increased plasma-wall interaction on the top of the vacuum vessel and the link between ELM frequency, W
source and W accumulation which is particularly relevant for high triangularity plasmas where low ELM
frequencies are expected.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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The routine operation of ITER leads to retention of a sufficient fraction of the tritium fuel. This requires an
inventory of radioactive material which must be limited and monitored. As a nuclear device, ITER must limit
in-vessel tritium retention to minimize the consequences of potential accidents during normal operation and
maintenance as well as to reduce the potential for environmental contaminations. Even if safety is not a key
issue, the economy of a fusion reactor ultimately depends on comparison of the tritium consumed by retention
and by fusion.
A well-established way to extract the retained hydrogen is heating. The recently proposed in-situ technique
for measuring hydrogen isotope retention in the tokamak first wall is based on the first wall local baking with
the use of cw laser and analysis of thermally extracted gas components. The power density required to heat
the tungsten ITER walls up to the ~350 °C is of 0.1 – 0.4 kW/cm^2, depending on thickness and thermal
conductivity of the deposited films. Two different methods are considered for detecting the quantity of
released gas: 1) mass spectrometry and 2) atomic spectroscopy. Detection by mass spectrometry requires that
the contribution to the torus pressure due to the heated spot is detected by a residual gas analyzer. To use
instead atomic spectroscopy, it is necessary to locally concentrate the released gas. To accumulate the gas we
propose to surround the heated target with a buffer gas (e.g., He, Ne or Ar) of 100 Pa pressure significantly
exceeding that of hydrogen to be extracted. The extracted gas density and composition can be
spectroscopically measured in locally generated plasma. Two local plasma sources, laser torch and ECR
discharge, are discussed with the focus on their implementation in large fusion machines. To get absolute
density from spectral line radiation without modeling of excited level populations, the intensity of hydrogen
isotope lines has to be normalized to the radiation of known minor hydrogen additive.
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Advances in Modeling of Nonlinear Effects in LHCD Experiments
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The concept of lower hybrid current drive (LHCD) in fusion reactors has been recently supported by the
experimental evidence that lower hybrid wave power can penetrate at reactor-relevant plasma density. The
control of plasma-wave nonlinear interactions occurring at the plasma edge allowed to overcome the density
limit observed in previous LHCD experiments. Suitable antenna designs, optimised spectra and operating
conditions for efficient current drive in fusion reactors should be based on an accurate modeling of the
nonlinear effects. The main nonlinear effect involved in LHCD experiments is the parametric decay of the
launched ‘pump’ waves into LH sidebands. The latter emerge from the thermal noise and are amplified by
parametric instabilities (PI) involving ion-acoustic quasi-modes. We propose, here, a full-wave analysis of the
nonlinear interactions, considering full LH spectra. We include the effects of the collisions and introduce an
accurate modeling of the LH waves produced by the thermal noise. The new modeling significantly improves
the standard approach to treat PI in inhomogeneous plasmas, which is based on the eikonal approximation
and is limited to 4-wave interactions in collisionless plasmas. We derived from the Maxwell-Boltzmann
system, utilising the perturbation theory, the coupled nonlinear equations for the electric field in the high
frequency (LH waves) and low frequency (ion-acoustic quasi-modes) ranges. Numerical solutions have been
obtained by an iterative method. The frequency spectra of the LH waves calculated for typical LH
experimental scenarios confirmed the broadening effect measured by the RF probes. The new model also
confirms the result of the standard PI theory that the broadening of the LH frequency spectra is reduced by
increasing the density gradient and the electron temperature. In addition, we have found that the nonlinear
effects are reduced by increasing the mass/charge ratio of the plasma ions. This suggests a possible, beneficial
effect of the lithization, considering that single ionization of Li atoms is expected in the peripheral plasma
region where PI occur. The relevant results are discussed and compared with the measured RF spectra in
LHCD experiments performed in the FTU tokamak.
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Review of the Safety Concept for Fusion Reactor Concepts and
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During the last decades a safety concept for fusion power plants (FPP) has been developed which is based on
the defence-in-depth safety concept of installations with radioactive inventories, especially nuclear fission
power plants.
We present the main findings of a thorough literature study to reveal the current state of the fusion safety
concept. The safety concept for FPPs like the concept for nuclear (fission) power plants (NPP) applies the
concept of defence in depth. However, specific differences were identified between the implementations of the
safety concepts due to the physical and technological characteristics of fusion and fission.
In safety concepts based on the concept of levels of defence, postulated initiating events (PIE) are identified
and assigned to different levels of defence, covering the range from normal operation to very rare events.
We also examine the transferability of the current German nuclear fission safety requirements to the concepts
of FPPs and especially the transferability of the fundamental safety function “confinement of the radioactive
materials”, “cooling” and “reactivity control”.
Like in a NPP in a FPP measures and installations are foreseen to limit the consequences of PIEs to the
radiological criteria of the applicable level of defence. Inherent physical principles, as well as passive and
active safety systems are used for these measures and installations. Due to the current level of detail for the
design of future FPP, the criteria for the measures and installations on the different levels of defence are not
yet as detailed as for a fission power plant.
The safety analyses in the reviewed fusion literature have focused on plant-internal events. According to the
current developments in the safety concepts of NPPs external hazards, e. g. earthquakes and flooding, or very
rare human-induced hazards, e. g. the crash of a large air plane, have to be considered in safety analyses.
These advanced requirements will also be applicable to future FPPs. Therefore, together with the development
of more detailed plant concepts also events resulting from external hazards or very rare human-induced
hazards have to be taken into account in more detail.
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Hysteresis in the flux-gradient relation (similar to what has been revealed by the dynamical response to the
heating modulation [S. Inagaki, et al., Nucl. Fusion 53 (2013) 113006.]) is found in the global nonlinear
turbulence simulation for the first time. Here we report (i) the abrupt increase of the heat flux after the
gradual change of the flux and pressure gradient on the onset of the additional heating, and (ii) the
simultaneous response of the flux associated with the radial width of fluctuations and their nonlinear
couplings, which spreads the pressure response from core to edge with a speed of ten times faster than the
diffusion velocity. The nonlinear simulation demonstrated the counter-clockwise hysteresis in the
flux-gradient relation contrary to the experimental observation. This result implies the possibility that variety
of hysteresis responses will be observed in fusion plasmas, and it is necessary to extend the approach from
local to global nonlinear simulations with new degrees of freedom.
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Safety of tokamak DEMO cooled by pressurized water has been studied for the first time. We have
quantitatively assessed consequences of two types of accidents: ex-vessel and in-vessel loss-of-coolant
accidents (LOCAs) of the first wall/blanket cooling channels. As for the former case, we have analyzed
ex-vessel double-ended break of the cooling channel. The analysis result suggests that the reactor building has
a mitigation function of tritium release to the environment against the ex-vessel LOCA. As for the latter case,
we have analyzed multiple, double-ended outboard first wall cooling pipe break in the vacuum vessel of the
whole perimeter in the toroidal direction. The analysis result suggests that the pressure in the vacuum vessel
reaches the design value even though the pressure suppression system is in operation. Possible safety
provision for such a major in-vessel LOCA is proposed.
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Two-fluid effects on pressure-driven unstable modes are studied numerically to understand physics in linear
and nonlinear evolution of them in a heliotron device. Full 3D simulations show that the introduction of the
two-fluid term can bring about the deterioration of the stabilizing effect of the parallel heat conduction
through generation of large magnetic perturbations, to lead to a saturation profile worse than that in
single-fluid MHD. Possible contributions of the gyro-viscosity to the saturation of the modes are also shown
based on the complementary 2D simulations.
Two-fluid effects in simulations of the Large Helical Device are studied by the use of the MINOS code for the
initial equilibrium of Rax=3.6m and beat=5%. Both the two-fluid MHD and the single-fluid MHD equations
are solved in the helical-toroidal coordinate for the fully toroidal system. It is shown that the two-fluid term
can enhance the perturbation spontaneously, and change the constitution of dominant Fourier coefficients in
the exponential growth. Many of the Fourier coefficients in the two-fluid MHD acquire larger amplitudes than
those in the single fluid MHD simulation, either because their exponential growth is not stabilized by the
parallel heat conduction or because they acquire large amplitude spontaneously by the two-fluid effects.
The deterioration is also closely related with the nonlinearity of the two-fluid term which causes energy
transfer from a large to a small scale and broadens the energy spectrum distribution. Our 3D simulations as
well as the complementary 2D simulations show that the two-fluid MHD plasma acquires larger amplitudes
and wider distribution of the spectrum than the single-fluid MHD plasma. Especially, it is shown that the
two-fluid effects broaden the spectrum through the nonlinear energy transfer and the gyro-viscosity does not
necessarily suppress the high wave number region sufficiently. Thus, the two-fluid term can cause a strong
magnetic field perturbation by the large amplitudes as well as by the wider spectrum, weakening the
stabilizing by effect of the parallel heat conduction in the nonlinear stage.
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The electron component is the main channel for anomalous power loss, and the main indicator of transient
processes in the tokamak plasma, thus electron temperature and density profiles mainly define the operational
mode of the machine. All these things impose high requirements on precision, spatial and temporal resolution
of the Thomson Scattering (TS) measurements. Future tokamak-reactors will be equipped with high power
heating complexes including neutral beam injection, electron and ion cyclotron resonance heating (ERCH and
ICRH) providing the temperatures as high as 40 keV both for electrons and ions. Pronounced relativistic
effects in the TS spectra are expected in such plasma, and the complexity of TS measurement interpretation in
tokamak reactors is associated with the deviation of electron velocity distribution (EVD) from a Maxwellian
that can take place under a strong ECRH/ECCD. The ill-posed inverse problem of reconstructing the EVD
parameters from the measured TS spectra can be solved by assuming moderate anisotropy of the EVD in
electron pitch angles in the thermal and weakly/moderate super-thermal energy range and giving more
freedom for a strongly non-Maxwellian, more energetic component of the super-thermal EVD.
The second problem is concerned with restrictions on the spectral window for TS spectra measurements. The
blue boundary is determined by the possible strong background line radiation of Be (<550 nm). In addition, the
range shorter than 450 nm is forbidden because of glass darkness due to intensive neutron/gamma irradiation
effects and W and He lines. Thus, high temperature measurements are impossible for 1064 nm probing
wavelength since the TS signal in the frame of the operational window weakly depends on Te. The analyses of
the expected errors demonstrate that the proposed multiple probing wavelengths of Nd:YAG lasers, 1320 nm,
1064 nm, and 946 nm allow to cover a wide electron temperature range 0.5-40 keV.
Such an approach is essential in the presence of inaccessible optical components on the large fusion machines
where spectral characteristics may change with time, posing a problem for the calibration of the TS diagnostic.
In this paper, a particular example of the ITER core plasma TS system design is considered, and a comparative
analysis of conservative and advanced approaches is given.
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ELMs and Sawteeth, located in different parts of the plasma, are similar from a control engineering point of
view. Both manifest themselves through quiescent periods interrupted by periodic collapses. For both, large
collapses, following long quiescent periods, have detrimental effects while short periods are associated with
decreased confinement. It is of interest to implement control systems to maintain the collapse frequency in the
desired range. Two control strategies can be considered. In pacing control, exemplified by pellet ELM
triggering, the plasma is perturbed periodically at the desired frequency. Continuous control schemes,
exemplified by ECRH or ICRH control of sawteeth, modify the underlying plasma parameters which
determine the collapse frequency. Both pacing and continuous control techniques have been developed on
JET, using pellet and gas injection for ELM frequency control and ICRH for sawtooth control. Avoidance of
tungsten accumulation has become a major challenge following the installation of the all metal ‘ITER like
wall’ on JET and sawteeth and ELMs play an important role by expelling tungsten from the core and edge of
the plasma respectively. Control of tungsten has therefore been added to divertor heat load reduction, NTM
avoidance and helium ash removal as reasons for requiring ELM and sawtooth control. JET experiments have,
for the first time, established feedback control of the ELM frequency, via real time variation of the injected gas
flow. Using this controller in conjunction with pellet injection allows the ELM frequency to be kept as
required despite variations in pellet ELM triggering efficiency. JET Sawtooth control experiments have, for the
first time, demonstrated that low field side ICRH, as foreseen for ITER, can shorten sawteeth lengthened by
central fast ions. The development of ELM and sawtooth control could be key to achieve stable high
performance JET discharges with minimal tungsten content. Integrated control of a range of mutually coupled
plasma instabilities and properties, including ELMs and sawteeth will be required in future tokamaks and
gaining such experience on current tokamaks is essential.
This work, supported by EURATOM, was carried out in the framework of the European Fusion Development
Agreement. The views and opinions expressed herein do not necessarily reflect those of the European
Commission.
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The two dimensional momentum transport of the mean field (i.e. low frequency compared to the turbulence)
ExB toroidal and ion poloidal velocities are modeled with both collisional and turbulent contributions to the
transport equations. The radial and temporal evolution of the edge barrier is modeled. It will be shown that
there are both normal one-step L/H transitions to suppressed turbulence and newly discovered limit cycle
oscillations, from this two dimensional system, without the aid of oscillations from turbulent zonal flows. The
results of the new model will be compared with recent high resolution measurements of L/H transitions and
limit cycle oscillations, or dithering transitions, which have given unprecedented detail of the dynamics and
spatial structure of the plasma velocities and turbulence. The properties that govern which type of transition
occurs in the 2-D momentum equations are the collisional poloidal velocity damping force and the Reynolds
force (radial derivative of the Reynolds stress). Over a range of ExB velocity shear, the effective momentum
diffusivity due to the turbulence is negative, which provides the drive for the instability. The linear stability of
the two dimensional momentum equations admits purely growing and finite frequency instabilities.
Non-linear gyro-kinetic turbulence simulations are shown to have a zonal electric field energy that is a
fraction of the total electric field energy of the turbulence as the mean field ExB velocity shear is increased.
The L-mode is a state of high turbulence and zonal electric field energy and the H-mode has suppressed
turbulence and zonal flow electric field energy. The new momentum transport modeling has a low mean field
ExB velocity in the L-mode and a poloidal velocity that departs from the neoclassical value due to the high
momentum transport driven by the turbulence. In the H-mode barrier region, the modeling gives mean field
ExB and ion poloidal velocities that approach neoclassical levels. These properties compare well with the
measured radial structure of the L- and H-mode plasmas.

This work was supported by the US Department of Energy under DE-FG02-95ER54309 and
DE-AC02-09CH11466.
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The transition from a full carbon wall to tungsten components in the divertor and beryllium components
plasma facing components in JET has been an essential step in 2011 for demonstrating the compatibility of
ITER scenario with a metallic environment. Specific exploration of the divertor geometry have been
conducted in JET in 2013 to identify the divertor conditions showing the optimum confinement and thermal
neutron rate for both the baseline scenario (BetaN=2) and the hybrid scenario (BetaN=3). The global
confinement in the baseline scenario (2.5MA/2.75T) is maximised when the strike points are located in the
divertor corner close to the pumping throat where pumping is maximised. It is the lowest when the strike
points are located on the vertical target which is also the ITER divertor configuration. The height of the
density pedestal drops by a factor of 2 when the outboard pumping gorge is located in the private flux region,
suggesting a change in the effective particle source. The electron temperature profile changes are small,
however for discharge run in the divertor corner the pedestal and core ion temperature profile is increased by
typically 30%. Record neutron rate pulses have been achieved in the hybrid scenario with low triangularity at
2.35T/2MAs BetaN~3.2 and H98y2~1.4 with the outer strike point located in the pumping throats in
comparison to similar discharges with the strike point away from the divertor corner.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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The migration of first wall material due to erosion, plasma transport and re-deposition is one of the key
challenges in current and future fusion devices. To predict erosion/re-deposition patterns and to understand
the underlying principal processes, the global simulation code WallDYN was developed that couples the
evolution of the first wall surface composition to plasma impurity transport. To benchmark the WallDYN
model, it was applied to the JET ITER-Like Wall experiment (JET-ILW), which mimics the ITER first wall
material configuration and is thus an ideal environment to validate the predictive significance of WallDYN
calculations for ITER application. WallDYN simulations were performed for L-mode and H-mode plasma
scenarios used in global retention studies both during the JET-ILW campaigns and previous JET-Carbon
(JET-C) campaigns. The WallDYN calculations show good qualitative agreement with the Be deposition
patterns determined from JET-ILW post-campaign wall tile analysis, with no Be layer growth on the W
divertor targets but strong Be deposition on the inner divertor baffle and the lower part of the main wall
limiters. A comparison of the calculated retention results for C and Be first wall configurations with the
experimental results even shows a quantitative agreement when long term outgassing is taken into account.
Applying the same model and process physics as for the JET calculations, the impurity migration and resulting
fuel species co-deposition in ITER for different wall configurations and background plasmas was calculated.
The simulations show that wall configurations including C feature on average a 10 and 100 times higher
retention rate than wall configuration only containing Be and W. For C containing configurations only 100 to
700 full 400 sec. ITER discharges would be possible before hitting the 700g T-limit. In contrast for Be and W
only configurations, between 3000 and 20000 full 400 second ITER discharges are possible. Independent on the
wall material configuration, the different background plasmas result in a factor ~ 10 variation in co-deposition
despite similar total wall fluxes. These strong variations show that a simple wall flux scaling is not enough for
predicting retention in ITER for various plasma conditions. Still, for the current ITER material choice (Be wall
& W divertor) co-deposition will not limit the ITER operation.
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In recent years there has been an increasing worldwide effort in the development of the so-called hybrid or
improved H-mode scenarios as a hybrid between an AT and a baseline plasma. In these scenarios, by
optimising the current density profile, an enhanced normalised confinement can be achieved, as compared to
the ITER baseline scenario, the ELMy H-mode. During the 2008-2009 experimental campaigns at the JET, a
remarkable improvement in the normalised confinement was achieved in hybrid scenarios (H98(y,2)~1.3-1.4)
in both high (delta =0.4) and low (delta=0.2) triangularity plasmas [1]. However, the underlying physics basis
for the observed increased normalized confinement remain somewhat unclear, making the hybrid plasmas an
interesting choice for modelling and trying to explain the underlying mechanisms responsible for their
deviation from the "known'' H-mode confinement. Therefore, in this work we investigate the core
micro-instability characteristics of hybrid and baseline plasmas in a selected set of JET plasmas with carbon
wall through local linear and non-linear gyro-kinetic simulations with the GYRO code [2]. We find that a
good core confinement due to strong stabilisation of the micro-turbulence driven transport can be expected in
the hybrid plasmas due to the stabilising effect of the fast ion pressure that is more effective at the low
magnetic
shear of the hybrid discharges. While parallel velocity gradient destabilization is important for the inner core,
at outer radii the hybrid plasmas may benefit from a strong quench of the turbulence transport by ExB
rotation shear.

[1] M.N. A Beurskens et al, Nucl. Fusion, 53, 013001 (2013).
[2] J. Candy and E. Belli, General Atomics Report, GA-A26818 (2011).
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Experiments have been performed under the coordination of the ITPA on several tokamaks, including ASDEX
Upgrade (AUG), JET & DIII-D, to characterise the increased ICRF antenna loading achieved by optimising the
position of gas injection relative to the RF antennas. On DIII-D, AUG and JET (with the C-wall and recently
the ITER-Like Wall) a 50% increase in the antenna loading was observed when injecting deuterium in ELMy
H-mode plasmas using mid-plane inlets close to the powered antennas and, in the case of JET, with smaller
improvement when using inlets located at the top of the machine. The gas injection rate required
(~0.7×1022el/s in AUG, ~1.5×1022 el/s in JET) is compatible with good plasma energy confinement and no
degradation of confinement was observed when using the mid-plane or top inlets instead of divertor valves.
Optimized gas injection was also found to be beneficial for reducing tungsten (W) sputtering yield at the AUG
antenna limiters. On JET, a reduction of the plasma W content is also observed when using mid-plane or top
gas inlets during ICRF heating. Electron density measurements in the scrape-off layer (SOL) at the outer
mid-plane were made on AUG, JET and DIII-D. On all machines an increase in the SOL density was measured
when puffing gas from the mid-plane and from the top in the casae of JET. With nearby midplane inlets, the
antenna loading increase is however higher than the predictions based on antenna coupling analysis using the
SOL electron density measured at distant toroidal locations, pointing towards toroidal asymmetries in the SOL
density. Modelling the specific effects of divertor/top/mid-plane injection on the outer mid-plane density is
being carried out using EDGE2D for JET; preliminary simulations indeed indicate that outer mid-plane gas
injection maximizes the density increase in front of the antennas. The extrapolation of these experimental
results and modelling to ITER will be discussed and the requirements for further modelling highlighted.

This work was part-funded by the RCUK Energy Programme and by EURATOM and carried out within the
framework of the EFDA. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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In high confinement mode plasmas with edge localized modes in JET [1], the fluid edge code
EDGE2D/EIRENE predicts transition to nitrogen induced detachment at the low-field side target plate when
more than 40% of the power crossing the separatrix is radiated. This is observed both in the ITER-like wall and
in the previous carbon wall environments and is consistent with experimental observations. When the carbon
wall is replaced with the ITER-like wall, a factor of two reduction in the divertor radiated power and 60%
increase in the power deposited to the outer plate is predicted by EDGE2D/EIRENE for unseeded plasmas
consistent with the experiments. This observation is attributed to the higher radiative potential of carbon
compared to beryllium in the simulated divertor conditions. At the radiation levels required for detachment,
EDGE2D/EIRENE shows that nitrogen is radiating 80% of the total divertor radiation with the ITER-like wall
with beryllium contributing less than a few %. With the carbon wall, nitrogen radiation contribution is around
65% with carbon providing 20% of the total radiation. When the divertor radiation levels in the ITER-like wall
simulations due to nitrogen injection reach the predicted carbon wall levels, the outer divertor temperatures
and total plasma currents are the same within 10% between the two materials configurations through the
following nitrogen injection scan. Therefore, the lower intrinsic divertor radiation with the ITER-like wall is
compensated by stronger nitrogen radiation contribution in the simulations leading to detachment at similar
total divertor radiation fractions, as well as to very similar outer plate conditions, as is predicted in the full
carbon environment. The neutral deuterium flux crossing the separatrix in the carbon wall simulations exceed
those in the ITER-like wall simulations by 5 – 10%, due to a factor of 2 higher molecular fractions in the
recycling fluxes emitted from carbon surfaces.

[1] C. Giroud, et al., Nucl. Fusion 53 (2013) 113025

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Core turbulence in tokamak plasmas is driven by two main instabilities: Ion Temperature Gradient (ITG) and
Trapped Electron Modes (TEM). Experimental identification is challenging because both instabilities are
unstable in the limit of long wavelengths. Analysis of Tore Supra and Textor discharges suggest a link
between the onset of quasi coherent modes, a broad secondary peak on the reflectometry signal, and the
destabilization of TEM. First studied on T-10 and Textor Tokamak, its wavelength is lower than the inverse of
the ion Larmor radius. It was termed quasi-coherent due to marked poloidal and toroidal correlation. On Tore
Supra and Textor, this extra peak which is centred between 40-120 kHz with a bandwidth of few tens
kilohertz, could be observed from the edge to the core on the low field side; stabilized on the high field side, its
amplitude is damped at the top of the machine. All these characteristics point to a link with drift wave
instabilities.
In ohmic plasmas in Tore Supra and Textor, quasi-coherent modes are detected only in Low Ohmic
Confinement (LOC) regime. They are stabilized at LOC SOC transition and they disappear in the Saturated
Ohmic Confinement (SOC) regime where one expects TEM stabilization. Perpendicular velocity
measurements made from the top of TEXTOR by correlation reflectometry show that QC modes rotate 300
m/s faster in the electron diamagnetic direction than density fluctuations at lower frequency. In Tore Supra,
quasi-Coherent modes destabilization by Electron Cyclotron Resonance Heating has also been observed.
Quasi-coherent mode amplitude increases during the ECRH phase. Moreover, they are observed only in region
where quasilinear simulations predict TEM to play an important role. Thus both in terms of amplitude and
radial localization, quasi-coherent mode observations coincide with the excitation of TEM instabilities.
Although the nature of these modes is still under investigation, these observations support a link between
quasi-coherent mode and an enhanced electron transport due to TEM destabilization.
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The mechanism and control of spontaneous toroidal spin-up of a field-reversed configuration (FRC) have been
investigated on the Nihon University Compact Torus Experiment (NUCTE). The FRC has highly favorable
technological features especially as a D-3He fusion reactor core, i.e., extremely high beta, linear device
geometry, natural divertor and axial mobility, allowing separation of start-up and confinement functions. One
of the critical issues of FRC study is to understand the toroidal spin-up which triggers the most dangerous
global instability (the rotational instability) a centrifugally-driven interchange-like mode with toroidal mode
number n = 2.
The radial profile of this self-generated toroidal flow has commonly been described as relaxing toward rigid
rotation, i.e., toward uniform angular rotation frequency v_theta/r, with the driving torque acting from
outside in. Surprisingly, detailed observation of toroidal flow revealed that, rather than tending toward rigid
rotation, the profile showed slower rotation in the edge region, thus indicating the transmission of toroidal
torque directly into the interior rather than by a diffusive “viscous” process. This suggests the action of the
flux-loss spin-up mechanism.
Toroidal rotation eventually causes a destructive instability reflected by a deformation of the toroidal
cross-section. In the experiments, plasmoid injection from each end by “magnetized coaxial plasma guns”
(MCPG) has been conducted aiming to mitigate the spin-up. Each MCPG generates a spheromak-like plasmoid
which travels axially to merge with the pre-existing FRC. The particle inventory of the plasmoids is less than
1/50 of the target FRC in these experiments. The toroidal fluxes of the two plasmoids are opposed so that the
MCPGs add no net toroidal flux. Since the MCPG discharges form isolated plasmoids, the open field lines do
not electrically connect the FRC core to the gun electrodes. Nevertheless, the injection has a dramatic effect to
limit toroidal spin-up: it halts the rise of angular velocity and delays the onset of the n = 2 deformation from
25 to 35 micro seconds. This instability may also be suppressed through non-magnetized plasma injection by
end-on plasma guns. However, the possible refluxing effect by the magnetized plasmoid injection indicates an
advantage of MCPG for both current drive and stabilization.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

286 



Poster 5 / 273

Beryllium Migration in JET ITER-like Wall Plasmas
Dr. BREZINSEK, Sebastijan 1; Dr. PHILIPPS, Volker Philipps 1; Dr. BARON-WIECHEC, Alexandra 2; Dr. COAD, Paul 2; Mr.

GARCIA-CARASCO, alvaro 3; Dr. HEINOLA, Kalle 2; Dr. KIRSCHNER, Andreas 1; Mr. KRAT, Stepan 4; Prof. LINSMEIER, Christian 5;

Prof. LIPSCHULTZ, Bruce 6; Dr. PETERSSON, Per 7; Mr. MATTHEWS, Guy 8; Dr. RUBEL, Marek 9; Dr. BORODIN, Dmitiriy 10; Dr.

SCHMID, Klaus 11; Dr. WIDDOWSON, Anna 2; Dr. MAYER, Matej 4; Dr. STAMP, Mike 2; Dr. LIKONEN, Jari 12

1 Forschungszentrum Jülich
2 CCFE
3 KTH
4 IPP
5 FZJ
6 University of York
7 VR
8 Culham Centre for Fusion Energy
9 KTH, Royal Institute of Technology
10 Forschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung IEK-4: Plasmaphysik
11 Max-Planck-Institut für Plasmaphysik
12 TEKES

Corresponding Author: s.brezinsek@fz-juelich.de

The understanding of material migration is a key issue for a successful and safe operation of ITER. JET is used
as test bed to investigate the process cycle which is connected the lifetime of first wall components by erosion
and the safety due to long-term retention.
Divertor configuration: The current understanding of Be migrationin the JET-ILW can be described as follows:
neutral Be and BeD from physical and chemical assisted physical sputtering by CX neutrals and residual
plasma flux at the recessed wall enters the plasma, is dissociated, ionised and transported by SOL-flows
towards the inner divertor where significant deposition takes place. The amount of Be eroded at the first wall
and the amount of Be deposited in the inner divertor are almost comparable (~12-15g). The primary impurity
source in JET-ILW is by a factor 5.3 reduced in comparison with JET-C resulting in a lower divertor material
deposition by more than an order of magnitude. Within the divertor, Be performs much less re-erosion and
transport steps than C due to an energetic threshold for Be sputtering and inhibits by this the transport to the
divertor floor and to remote areas at the pump-duct. The low migration is also consistent with low fuel
inventory and dust production.
Limiter configuration: Be gross erosion yield was determined by spectroscopy between 0.03 (E=35eV) and
above 1 caused by self-sputtering (E=200eV). Chemical assisted physical sputtering via BeD has been
identified to contribute to the effective Be yield, i.e. at E=75eV about 1/3 enhanced erosion with respect to bare
physical sputtering. An effective Be gross yield of 10% is representative for limiter plasmas in the initial
campaign. This is equivalent to an average erosion rate of 4.1E18Be/s or 1.5g Be sputtered from one midplane
tile. The corresponding net erosion rate amounts 2.3E18Be/s. This is equivalent to 0.8g Be revealing a factor
two between net and gross erosion. The primary impurity source in limiter configuration in JET-ILW is only
25% above the JET-C case. The main fraction of eroded Be stays within the main chamber and only a small
part of Be escapes geometrically from the main chamber into the divertor.

This work was supported by EURATOM and carried out within the framework of the EFDA. The views and
opinions expressed herein do not necessarily reflect those of the European Commission.
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The problem of thermal equilibrium and density limit in contemporary tokamaks has been discussed by many
authors. As it is well known a part of disruptions is related to the radiation collapse [1,2]. However, the
influence of the fusion energy production has not yet been investigated. The problem for a tokamak-reactor is
analyzed in the present paper. The empirical Greenwald criterion n_c~I [3] determining the critical plasma
density may be exceeded in tokamaks with an auxiliary heating. Here I is the total toroidal current. An
auxiliary heating increases the value of n_c by factor 1.5 and more [1, 4-6]. One may expect that the fusion
power also can increase the critical plasma density. The thermal balance in tokamaks plasmas is discussed in
the present paper. The critical density is defined by the equality of the heating power (auxiliary plus fusion)
and the radiation losses at the edge. The influence of the fusion power input as well as the auxiliary heating
on the critical density is studied. The simplified analytic model and the numerical one are presented both. The
analytic model is based on some simplifying assumptions. The auxiliary heating as well as the fusion one is
assumed to be localized at the center of the plasma column. It is shown that the fusion input for D-T mixture
increases the critical density in comparison with the critical density in pure deuterium plasmas. The reason is
following. The fusion reaction rate is proportional to the value of n^2. Also, it rises together with the
temperature. Hence, the critical density rises up increasing the fusion output drastically. Numerical results
confirm the analytical ones qualitatively.

This work was partially supported by the grant No. 3328.2014.2 of President of Russian Federation for Leading
Scientific Schools.

[1] Wesson, J.A. et al 1989 Nucl. Fusion 29 641
[2] De Vries, P.C. et al 2011 Nucl. Fusion 51 053018.
[3] Greenwald, M., Terry, J.L., Wolf, S.M. et al. Nucl. Fusion, (1988) 28, 2199.
[4] Alikaev, V.V., Bagdasarov, A.A. et al., Proc. of 17th EPS Conf. on Plasma Phys. and Contr. Fus.,
Amsterdam (1991) v. 14B., Pt. III, 1080.
[5] Stabler A., McCormic, K., et al. Nucl. Fusion, (1992) 32, 1585.
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By means of a newly developed 5D toroidal global gyrokinetic code with heat source/sink, we investigated the
nonlocal characteristics of flux-driven ITG turbulence to clarify the underlying mechanism of avalanches,
profile resilience and their dynamic responses in toroidal system.
We found that the turbulent transport and associated profile relaxation are dominated by two processes. One
is the fast-scale intermittent bursts resulting from the instantaneous formation of radially extended potential
vortices, whose size ranges from meso to even macro-scale (~L_T) across the E×B staircase. Such potential
structures are considered to trigger the non-Gaussian PDF (probability density function) tails of turbulent heat
flux, which becomes longer as heat input power increases. The other is the slow-scale radial convection of
temperature corrugation coupled with the meso-scale E×B staircase, which propagates from half-minor radius
to edge. Ascribed to these events with long correlation lengths, a self-organized resilient profile keeping the
exponential function form is found to be established even in the presence of mean flows.
We also investigated the dynamic response of such transport processes by step-up/down switching test for
heat input power, P_in. A hysteresis nature in the gradient-flux relation is found to be observed, which
originates from a time delay of the E×B staircase to the step-up/down event. We further found that the
partition of the mean flow energy to that of the total fluctuation, i.e. eta=E^(mean)/[E^(mean)+E^(turb)] is
proportional to P_in^(-1/2) in a quasi-steady state. This suggests that stronger intermittent bursts due to high
input power lead to weaker mean flow level, which is considered to be a reason that the profile can keep the
function form even in high input power regime, while typical scale length L_T weakly depends on P_in.
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Theoretical model suggested for ITER H-alpha High-Resolution Spectroscopy (HRS) is validated against recent
JET ITER-like wall (ILW) experiments. The model assumes reconstruction of neutral hydrogen isotopes
density in the SOL, and evaluation of the recycling flux from the main chamber first wall, via solving a
multi-parametric inverse problem with allowance for (i) strong divertor stray light (DSL) on the in-vessel
lines-of-sight (LoS), (ii) substantial deviation of neutral atom velocity distribution function from a Maxwellian
in the SOL, (iii) data for direct observation of divertor. The developed “synthetic” Balmer-alpha diagnostic is
tested on the example of data from the SOLPS4.3 (B2-EIRENE) code predictive modeling of the flat-top of
Q=10 inductive operation of ITER. The JET-ILW HRS data on resolving the power at deuterium spectral line
D-alpha with direct observation of the divertor from the top and with observation of the inner wall along
tangential and radial LoS from equatorial ports are analyzed. These data allow to evaluate the spectrum of the
DSL and the signal-to-background ratio for D-alpha light emitted from the far SOL and divertor in JET ILW.
The results support the expectation of a strong impact of the DSL upon the H-alpha (and Visible Light)
Spectroscopy Diagnostic in ITER.

This work is supported by the RF State Corporation ROSATOM and EURATOM, and carried out within the
framework of the European Fusion Development Agreement. The views and opinions expressed herein do not
necessarily reflect those of the European Commission and ITER Organization.
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Analysis of Tritium in Divertor Materials
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The accumulation of tritium in fusion devices, especially divertor region, has always been a major difficulty.
The 15 – 25 micrometres tungsten W coating with Mo or Rh interlayers for carbon fibre composite (CFC)
material is proposed as the latest upgrade for pure CFC divertor tiles used before. Coating should decrease the
sputtering of plasma facing materials, accumulation of tritium on the surface and in the bulk of divertor
materials.
To analyse the efficiency of W coating the series of experiments were conducted evaluating the effect of W
coating on reducing surface and bulk tritium accumulation. Samples from JET fusion device MkII-HD and
MkII-HD ILW divertor configurations were analysed – particularly floor tiles 4 and 6 and lower outer divertor
circle tiles 7.
To determine the total amount and location of tritium were used full combustion and liquid scintillation
counting methods.
For floor tiles 4 with applying W coating, surface tritium activity reduced by a factor of 20, also reducing bulk
tritium activity by more than 4 times. As a result of less divertor material erosion and further tritium
accumulation in erosion materials, bulk activity is also diminished.
W coating on floor tiles 6 reduces the total amount of tritium collected, yet the effect is much less significant
than for tile 4 being under more frequent plasma interaction during fusion. Bulk activity remains almost the
same for samples of this tile. It can be concluded that kinetic collision-like tritium access through the surface
of divertor tiles is much less influent for the bulk activity. Tritium bulk activity levels are most likely driven
by diffusion processes. The reducing effect of W coating is even smaller for tile 7 samples. While coating
slightly decreases the tritium surface activity, the bulk activity remains similar to previously described tiles.
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Physics Design and Economic Assessment of a Long-Pulsed Fusion Power
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A fusion power plant based on long-pulsed operated tokamak fusion reactor was proposed to avoid the issues
of steady-state operation of non-inductive current driven methods. The plasma current, excepting the
bootstrap current, is only driven inductively to sustain several hours. The burning stage can be sustained by α
heating and started by ohmic and radio frequency wave heating methods. Thus, the axillary heating methods
was cut in order to save about 1/3 of gross electric power supply to them. With 0.8 of plant capability
assumed, the capital cost and cost of electricity (COE) were assessed and minimized to search feasible physics
designs with stable power balance and under feasible engineering conditions. The plasma equilibrium and
charge evolution were analyzed with TSC (Tokamak Simulation Code) to verify the magnetic flux
requirement and stability of self-sustained heating and inductive current driven. The COE was also compared
with the case of steady-state operation with sensitivity analysis of duty ratio and efficiency of non-inductive
current driven methods. The results indicated that the feasibility of the periodic operated fusion reactor
depends on its duty ratio and can be an alternative scenario for future demonstration reactor and fusion
power plant.
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Helicons Current Drive System in Tokamak T-15
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The innovative efficient current drive scheme in the tokamaks using the Helicons radiation has recently been
proposed [1] to stabilize high normalised beta strongly shaped reactor relevant plasmas. The scheme has
shown broad current profile tailoring capabilities in modern tokamaks, reactors FNSF-AT, ITER and DEMO,
and uses reliable RF CW technique developed for large accelerators. This paper describes the conceptual
design of RF systems for tokamak Т-15 and proposal for JT-60AS in order to check the predictions [1] in the
experiments, to analyse commercially available RF power sources and their efficiency, transmission RF energy
lines, matching elements and RF energy launch into tokamak chamber.
In this paper we consider a new system for the scheme to maintain CW current by fast waves, at frequencies
of 500-700 MHz, being lower of so-called Lower Hybrid (LH) frequency. In this frequency range there are
commercially available CW klystrons of megawatt level, running stationary. The advantages of the scheme
(partially tested at lower frequencies in tokamaks) are the use of electrically strong antennae of
resonator/waveguide type and substantially greater coupling antenna-plasma (frequency 10 times greater of
IC frequency).
Apart of impressive ITER project in final signing stage there is the bilateral NRC KI – DIII-D GA Agreement
for joint testing of the proposed Innovative Off-axis CD scheme on operating tokamak DIII-D with its high
electron beta plasmas needed for helicons scenario. It appears that Russia can fulfill its ambitious 4 MW
Helicons CD project on T-15 tokamak after pioneering 1 MW testing on DIII-D tokamak: of highly effective
method of Off-axis current generation via a quasi-stationary fast waves (helicons), which provides a reliable
way of CW operation in DEMO and fusion Power Plant, combining a clear physical mechanism and the
developed technology for large accelerators in previous 40 years in the range of 350 - 1000 MHz. The T-15
Helicons system project will be presented by demonstration of Advanced Traveling Wave Antennae (TWA) to
be used for Helicons excitation and 4 MW 509 MHz 1.2 MW klystron based RF complex with four TWA
antennae, each fed by 1 MW waveguide transmission line (totally 4 lines), circulators etc.

[1] Vdovin V., Plasma Physics Reports vol.39 (2013) #2, 125
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The global full f nonlinear gyrokinetic code ELMFIRE is used for simulating geodesic acoustic modes (GAMs)
over a wide range of parameters. For radial wavelength of GAMs, the agreement between analytic value and
simulation results is shown to be good for low collisional regime which is not the case with high collisionality.
The isotope scan considering hydrogen, deuterium, tritium and helium was done changing the isotope while
keeping all the other parameters fixed. The speed of the radial GAM propagation is shown decrease and radial
wavelength is shown to increase as a function of mass. Results are compared to analytic estimates and
experimental measurements at the FT–2 and Textor tokamaks.
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The toroidal plasma flow, and/or flow shear, plays a critical role in affecting the macroscopic
magnetohydrodynamic (MHD) instabilities (e.g. the resistive wall mode, the tearing mode, etc.) as well as the
plasma confinement. A finite toroidal plasma rotation generated without external momentum input is very
important for ITER, since its momentum input is expected to be small in relation to the plasma volume. In this
work, it is shown that an intrinsic steady-state toroidal rotation can be generated by the neoclassical toroidal
viscous (NTV) torque, which results from an unstable tearing mode(TM) in tokamak. The preliminary results
show that a toroidal rotation of 17 krad/s (28 km/s) can be reached in the HL2A-like plasma. At the initial
state (t=0), the plasma is static. The steady state solution is achieved in about 46ms , during which the initially
unstable TM reaches saturation due to the non-linear coupling to the self-generated plasma flow. The above
results indicate that a TM may give considerable contribution to the generation of the plasma flow in the
absence of the external momentum input.In addition,the achieved steady-state rotation (both amplitude and
the rotation profile) is insensitive to the given initial perturbation amplitude (as long as it is small), the
ion/electron temperature ratio, and the distance between the resistive wall and plasma surface. On the other
hand, the saturated rotation amplitude is significantly increased with increasing the plasma resistivity. We
also find that the saturated rotation is much slower than that of the NTV theory predicted off-set rotation,
which is comparable in magnitude to the ion diamagnetic flow speed.
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Tokamak with an Ergodic Central Area
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A possibility to organize in the center of a tokamak the large ergodic area surrounded by nested magnetic
surfaces is discussed. The ergodicity of the area dense fulfilled by the magnetic field lines provides the
constancy of plasma pressure that mostly removes some drift and current instability in the area. The
surrounding magnetic surfaces commonly response for the plasma thermal insulation. The general
Hamiltonian approach is used to show that such magnetic configuration can be realized either by external
current windings or by the special profiling of plasma current. The charged particles trajectories in the ergodic
area can be similar to the trajectories in the conventional tokamak.
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This paper deals with combined magnetic and kinetic control for advanced tokamak (AT) operation, using the
ARTAEMIS model-based approach, a method that relies on two-time-scale semi-empirical system
identification and near-optimal control theory. It is applied here to the control of AT scenarios on DIII-D, in
which the safety factor profile and the normalized pressure parameter, betaN, play a crucial role in governing
plasma confinement and stability. A control-oriented state space model was identified from simulated data
obtained using a rapidly converging plasma transport code, METIS, that includes an MHD equilibrium and
current diffusion solver, and combines plasma transport non-linearity with 0-D scaling laws and 1.5-D
ordinary differential equations [J. F. Artaud, et al., Nucl. Fusion 50 (2010) 04300]. A number of open-loop
simulations were performed, in which four independent heating and current drive (H) sources were randomly
modulated around the typical values of a reference AT discharge on DIII-D: on-axis co-current neutral beam
injection (NBI) power, off-axis co-current NBI power, electron cyclotron current drive power with an off-axis
current deposition, and plasma surface loop voltage. Using these simulated data, a two-time-scale model was
obtained for the coupled evolution of the poloidal flux profile and betaN, from which the controller was
synthesized. The paper discusses the results of closed-loop nonlinear simulations, using this controller for
steady state AT operation. These simulations are predictive of what would happen if DIII-D were able to run
longer pulses, or in steady state devices such as EAST or Tore Supra/WEST. They were run with various sets
of target profiles and controller settings, and with perturbations of the actuator values and plasma parameters.
With feedforward plus feedback control the steady state target profiles and betaN parameter are satisfactorily
tracked despite large disturbances applied to the feedforward powers and other plasma parameters. The
effectiveness of the ARTAEMIS algorithm to simultaneously control the plasma poloidal flux profile, safety
factor profile and betaN in steady state, fully non-inductive AT discharges is thus demonstrated. Its robustness
with respect to disturbances of the H actuators and of plasma parameters such as the H-factor, plasma density
and effective charge, is also shown.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

294 



Poster 5 / 122

An Overview of Erosion-Deposition Pattern in JET with ITER-like Wall
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Since August 2011 the JET tokamak has been operated with the ITER-Like Wall (JET-ILW): beryllium in the
main chamber and tungsten in the divertor. i.e. the material configuration decided for ITER. Material erosion
and fuel inventory studies are priorities of the JET-ILW programme. A large number of diagnostic tools was
developed and installed to elucidate the overall material migration scenario. They are based either on
transport tracers (limiter and divertor tiles) or on deposition monitors (wall probes). Following results have
been obtained after the first ILW operation. Beryllium limiters and upper dump plates The central part of
inner wall limiters in the mid-plane zone was identified as the main erosion area of Be: up to 80 microns. The
sides of limiters are covered by deposits up to 50 microns thick. On all types of Be tiles there are regions of
shallow melting and arcing. The deuterium content is in the range from 0.02 x10˄18 cm˄-2 in the eroded to
4.5x10˄18 cm˄-2 level in the deposits. Divertor The deposition pattern is not uniform. The deposition is found
mainly in the inner divertor with maximum at the top of the divertor: Be-rich layers up to 15 microns thick.
Remote areas in the divertor The maximum thickness of deposits does not exceed 1 micron what is nearly
three orders of magnitude less than measured in some deposits in JET carbon walls.
Ex-situ analyses of components have shown that the overall fuel inventory in JET-ILW is low, both absolute
(below 5x10˄18 cm˄-2) and relative: Be/D concentration ratio > 10 in thick deposits. The absolute amount of
carbon in co-deposits is low. This result is consistent with spectroscopy data. The lack of a major carbon
source reduces transport and corresponding fuel accumulation in shadowed areas. No flaking deposits were
detected. The amount of dust retrieved during the shut-down was below 2 g. The results clearly indicate a
significant reduction of fuel retention and dust formation in a metal-wall machine in comparison to the
operation with carbon walls.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Magnetic and current structures arising due to resonant perturbations of an equilibrium current-carrying
magnetic configuration are analyzed using the Hamiltonian formalism. Special attention is paid to
axisymmetric tokamak and pinch configurations. It is shown that, due to the very different dependencies of
the magnetic and current rotational transforms on the plasma pressure, the resonances (islands) of the
magnetic field may not coincide with those of the current. The perturbed force-free equilibrium of a
cylindrical pinch in which the field and current islands overlap is analyzed. The long-lived ribbon structures
observed in the JET tokamak are explained as a manifestation of a force-free magneto-current island.
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In ICRF heating experiments, impurity influx has been a serious problem from the early phase of fusion
research. It was thought that the RF electric field parallel to the magnetic field line near the antenna caused
the impurity influx, and Faraday Shield (FS) was thought to be necessary to shield out such an electric field. If
the FS is possible to be removed, the design and the construction become much easier. It will have an impact
on the designing of the antenna for the steady-state devices. On the other hand, high-power injection is an
important subject in the reactor, which limits the number of the ports for the heating devices. The results
presented in this research provide important guideline for the design of the ICRF antenna for future devices.
Some experiments without FS have been carried out in short pulse length in tokamak devices. The results
were different from the device-to-device and high-power and long-pulse experiments have been awaited.
Faraday Shield of one strap of ICRF antenna was removed in LHD. The loading resistance without FS antenna
was increased twice or more than that of with FS antenna. It means the higher power can be injected from the
FS less antenna when the same power is supplied from the transmitter. Behaviors of the impurities and
radiation loss power were almost same. Heating efficiency is lower in the without FS antenna. The power,
which is not contributed to the plasma heating, may cause harmful effect in the plasma periphery in high
power and steady-state operation. However, there is no serious problem in LHD experiment so far.
Aiming at a high-power and steady-state heating, new antenna was installed in LHD. The strap is tilted and
Faraday Shield is aligned to the magnetic field line (Field-Aligned). Impedance Transformer is incorporated
between the antenna head and the vacuum feedthrough. Then, we named this antenna FAIT antenna. This is
designed to increase the loading resistance and reduce the RF voltage of the transmission line and
feedthrough. The loading resistance was compared with the existing antenna, which had the same structure at
the antenna head. It was more than twice higher and higher power was easily injected in FAIT antenna. It
means the impedance transformer is working well as we expected. FS less and FAIT antennas were used for
high power and steady-state experiment without any problem.
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Plasma current start-up in the iron core STOR-M tokamak (R=0.46 m, a=0.12 m and Bt=0.6 T) without the
central solenoid (CS-less) has been demonstrated. The plasma current can be maintained during the iron core
saturation phase. In particular, effects of the turn number of the outer OH coils (N=4 or N=6) on the CS-less
discharges have been compared. The plasma current start-up is reproducible due to a wide null field region in
the absence of bias OH coil current for both cases.
For the N=4 case, the plasma current is ~10 kA, and the plasma current can be sustained after the additional
3rd capacitor bank is applied near the iron core saturation phase. Slow transition from the unsaturated to
partially saturated phase has been observed in the iron core tokamak.
For the N=6 case, the plasma current is increased up to 18 kA for the same fast bank voltage. It has also been
noticed that the main discharge is shortened from 35 ms to 20 ms. After the 3rd bank is applied at 18 ms when
the magnetizing current was 0.5 kA, the plasma current quickly reached a constant value and then terminated
shortly. Although more optimization is needed to prolong the plasma current driven by the 3rd bank, the
magnetizing current is smaller due to stronger coupling between OH coils and the iron core. Therefore, the
transition time from the unsaturated to saturated phase is shorter, adding slightly more difficulties to the
plasma control and optimization.
The experimental results suggest a feasible operation scenario in a future ST. A reliable plasma current
start-up can initiated by the outer OH coils with an iron core and the current can be further ramped up to a
steady state value by additional heating power and vertical field coils after iron core saturation. A smaller turn
number may be beneficial to achieve smoother transition from the unsaturated to saturated iron core phase.
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Assessing the amount, type and energy of radiation encountered requires knowledge of radiation source and
the shielding effect of the type of material between the radiation source and the area of interest. The choice of
elements in structural materials such as stainless-steel can reduce the radiation levels due to particle
activation. The dose rate to workers and electrical components are managed from the material used for
radiation shielding. This work analyses concrete-steel composites as a radiation material for the ITER neutral
beam duct. Quantitative analysis of radiation effects in the vicinity of the Neutral Beam Injection (NBI) was
carried out using MCNP5 simulation. The MCNP5 simulation is used to determine the gamma photon flux at
a reference position outside the shield. The flux is the then used to calculate the dose rate for a reference
position outside the composite shield.
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The database on runaway electrons (RE) collected in JET with plasma facing components based on
carbon-fibre composite tiles (JET-C) has been updated by recent results of experiments on disruptions and RE
generation in JET with full-metal ITER-like wall (JET-ILW). Unlike the first operations of JET-ILW, which
didn’t reveal the probability of runaway electron generation, new experiments with Massive Gas Injection
(MGI) did. In these studies the runaway generation process has been mapped on following JET operation
parameters - toroidal magnetic fields, pre-disruption plasma densities and on fractions of argon used at MGI
in mixture with deuterium (10÷100%) - for future RE suppression experiments. New results on runaway
generation trends and disruption physics have been obtained. A significant extension of runaway electron
generation boundary to the lower magnetic fields (up to 1 T) was found. RE current (up to 150 kA) has been
measured already at 1.2 T. Temporal and spatial dynamics of RE beams have been studied using measured
hard and soft X-rays emissions during RE stage. Energy spectra of RE have been measured. Data is used to
contribute into the enhancement of the model of RE generation in the presence of spatial dynamics of current
carrying channel and to the analysis of the interaction of RE beams with plasma facing components.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement and of the Contract of Association between the EURATOM and Instituto Superior
Tecnico and has also received financial support from Fundação para a Ciência e Tecnologia (FCT), Portugal.
The views and opinions expressed herein do not necessarily reflect those of the European Commission or the
ITER Organization.
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In ITER, isotopic exchange by deuterium could be envisaged as a method for minimising the tritium inventory
in the vessel. In JET ITER-Like Wall (JET-ILW) an isotopic plasma wall changeover experiment has been
carried out to determine the amount of particle accessible by changing the plasma from H to D. The results of
this series are presented and discussed in this paper.
Starting with a wall devoid of D2 and preloaded in H2, change over experiments from H2 to D2 has been
carried out in JET-ILW. 13 repetitive pulses have been performed under conditions of: Ip=2.0MA, BT=2.4T,
=4.5x1019m-3, a gas injection of 6.0x1021Ds-1 and 0.5MW of ICRH. During the plateau phase, the strike points
were moved from vertical to horizontal divertor targets.
The gas balance analysis integrated over the experimental session shows that the total amount of H removed
from the wall is in the range of 1-3x1022H. The H concentration is shown to be lower than 10% in the plasma
after 4 pulses and below 4.5% after 13 pulses. These results are compared with the T-D change over
experiments performed during the DT campaign in JET-C which exhibits an amount of T removed from the
wall of 2x1023T with 10% of T concentration after 10 discharges.
Finally, evaluation of isotopic plasma wall changeover as a method for minimising the fuel inventory in full
metallic devices like JET-ILWand ITER is discussed.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Asymmetrical disruptions may occur during ITER operations. It is possible that they may be accompanied by
large sideways forces and by toroidal rotation. This is of particular concern because resonance with the
natural frequencies of the vacuum vessel and in-vessel components could lead to the high dynamic
amplification of the forces.
Roughly half of all JET disruptions have toroidally asymmetric halo currents i.e. they have asymmetric
currents that flow partly inside the plasma and partly inside the surrounding wall. The presented analysis
covers 1634 JET disruptions from 2005 up to 2014, with both C-wall and ITER like wall. The unique magnetic
diagnostics at JET, namely a full set of poloidal coils and saddle loops recorded from four toroidally
orthogonal locations and two poloidal in-vessel loops recorded from two toroidally opposite locations, allow
for a comprehensive analysis of asymmetrical disruptions with a large scale database.
The observed 3D structures (asymmetries) usually rotate toroidally. Various types of rotation were identified
on JET: nearly uniform multi-turn rotations, trapped (or locked) toroidal rotations, reversal rotations and
others. The observed rotation of the Ip asymmetry is in the range from -5 turns to +10 turns, where rotation is
most commonly seen in the electron drift direction.
A 3D JET vessel model is being developed to calculate the asymmetrical vessel poloidal current by using the
measured poloidal voltages. The phase correlation between the toroidal and poloidal vessel current
asymmetries will allow the deduction of the relationship between toroidal and poloidal components of the
asymmetrical vessel currents during disruptions on JET.
The JET study on the 3D effects during the Ip current quench provides unique experimental data that can help
to improve the understanding of disruptions and to develop robust models, which could be used to predict the
loads at future machines like ITER.
This work, part-funded by the European Communities under the contract of Association between
EURATOM/CCFE was carried out within the framework of the European Fusion Development Agreement.
The views and opinions expressed herein do not necessarily reflect those of the European Commission. This
work was also part-funded by the RCUK Energy Programme under grant EP/I501045.
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Operating a fusion reactor requires handling high heat loads on the divertor plasma facing components. In
support of the ITER divertor strategy, the WEST project on Tore Supra aims at studying tungsten monoblocks
behaviour when submitted to heat flux, and high plasma fluence, representative of ITER conditions during
long pulses. A considerable simulation effort is dedicated to properly estimate the power load on the materials
and understand diverted plasma specificities in term of impurity screening. In this context we report recent
results from the SOLEDGE2D plasma transport code coupled with the MonteCarlo EIRENE code for neutral
transport. Complex and realistic geometries can be handled by SOLEDGE thanks to the penalization technique
allowing us to properly taking into account the interaction between the plasma and the multiplicity of objects
located in the vessel. Thanks to these specific numerical capabilities, we can address the synergy between
plasma transport and geometry of plasma facing components on, for example, neutral recirculation or
impurity contamination, with a good insight on the influence of divertor, including the secondary X-point
effect, and baffle geometries. In the perspective of the WEST operation, simulations are performed to address
reference operational domain of the tokamak. We present simulations results for the different plasma density
regimes obtained in the divertor region, from the low density sheath limited regime to the high recycling
regime up to the detachment for higher plasma density. Moreover, we report investigation on supersonic
parallel flows. We demonstrate that supersonic parallel flows into the divertor volume are ubiquitous at low
density and governed by the divertor magnetic geometry. As density is increased subsonic divertor plasmas
are recovered. On detachment, we show that the change in the geometry of the particle source can also drive a
transition to a supersonic regime. The comprehensive theoretical analysis is completed by simulations for the
WEST geometry. Such results are essential in assessing the divertor performance and when interpreting
measurements and experimental evidence.
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There are several plant controls for a power plant in the electric grid system. Electric power supply from a
fusion power plant(FPP) has to be also matched with the grid operation. Moreover, the grid system is now
being renovated to a so-called smart-grid system, and the control functionality of a power plant in the grid
system must be more sophisticated in several ten years. More functionality of FPP in the grid system, more
valuable FPP will become to the grid operation. This paper discusses control requirements for FPP in the grid
system. First, the development priority of plant operation controls for FPP is clarified, and control
requirements on the core plasma and the primary/secondary cooling system are investigated.
The controls for commissioning(COM) and tripping to house load(THL) have to be investigated more carefully
for the DEMO design. COM is a special control to carry out the final demonstration of electric supply and safe
grid connection. THL is considered as a high development priority for FPP in order to re-supply power
immediately after the accident of the grid system, because FPP generally requires a large ramp-up electric
power from the grid system.
Operation flexibility for the plant control of COM and THL is investigated. When the fusion power increases,
the plasma current profile is usually changed from the peaked to the flat/hollow one, because of increase of
bootstrap current. As for plasma equilibrium, flux supply for the current ramp-up is restricted for a small
fusion power operation, due to the peaked current profile and the maximum experienced magnetic field on CS
coils. The position control of divertor strike points consistent with the plasma shape control is also critical
issue. To fix the divertor strike points, the X-point and plasma shape are changed, and triangularity decreases
from the rated value of 0.3 to about 0.2.
Next, several controls of the fusion power are assessed to find an operational space for COM and THL. The
high confinement improvement factor is found to be required. The plasma current control is also found to
prioritize for the fusion power control. From another viewpoint, the tritium ratio control is preferable for
COM, because of reducing the initial tritium loading. Application of the turbine bypass in the secondary
cooling system is also proposed for another control option of the electric output.
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Since 2011 JET has been operating with a full-metal ITER-like wall (ILW), with most of the main chamber 
plasma facing components made from beryllium (Be) and featuring a bulk tungsten (W) divertor [1,2]. In 
H-modes with PNBI>15MW of neutral beam injection (NBI), accumulation of heavy impurities (in particular 
W) has become a concern, since aside from degrading the plasma performance it can - in some cases - lead to 
radiative collapse of the discharges. One efficient way of avoiding this deleterious central impurity 
accumulation is to provide a localized heat source to the plasma core, since the resulting peaked temperature 
profiles have a favourable impact on the transport of the high-Z impurities in this region. The main results 
concerning the use of ICRH for core impurity mitigation in high power H-mode discharges in JET-ILW will be 
discussed. It will be shown that the ICRH scenario has to be optimized for core electron heating (low minority 
concentration, central absorption) and that a minimum RF power (~4MW) is needed for achieving sufficiently 
peaked temperature profiles (Te0>5keV) in typical JET H-mode plasmas (ne0=7-9e19/m3) for effective core 
impurity mitigation to take place. In these conditions, the W concentration profiles as inferred from soft X-ray 
tomography are hollow, as opposed to the NBI only heated H-modes, which show a strongly peaked W profile 
in the plasma centre (r/a<0.2). Aside from assisting the high performance H-mode baseline development and
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from being routinely used to provide a smooth H-L transition for reliable discharge termination, ICRH has
also proven to be essential for achieving steady state nitrogen seeded H-mode discharges in JET-ILW [3]. 
 
This work was supported by EURATOM and carried out within the framework of the EFDA. The views and
opinions expressed herein do not necessarily reflect those of the European Commission. 
 
[1] G. Matthews et al., Phys. Scr. 2011 (2011) 014001 
[2] S. Brezinsek et al., Abs. PSI2014, Karazawa, Japan 
[3] C. Giroud et al., this conference
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The importance of fundamental research for society and economic life has been underscored since the 1990’s.
In addition to scientific advancements, many ‘big science’ institutes such as CERN also generate various types
of economic and innovation benefits for their countries’ economies. The direct and corollary financial effects
generated by procurement activity have been investigated in several studies by CERN. However, in relation to
nuclear fusion, this has not been studied thus far near as much in any country’s fusion research institutes. Big
science, referring to nuclear fusion and accelerators, shares the characteristics of requiring long-term and
massive budget investments, human resources, and extreme technologies. In reality, such projects are often
implemented through the formation of cooperative relations with small and medium businesses (SMBs)
possessing outstanding technological capacities. On the other hand, the reality is that the entry of corporations
into the business ecosystem of big science is not easy and that even those which have entered big science fail
to find sales outlets for their developed technology following the supply of single items, thus leading to a
situation in which their technological capacities lie idle. To enhance the ecosystem of Korean big science, we
review the formation process of the business ecosystem of big science and propose a promotion model of a big
science ecosystem in Korea.
Big science institutes are expected to play a critical role in the building of the technological competence of
domestic industries, especially in developing countries. This study recommends a basis for more systemic
cooperation between big science and industry, which would allow industry and new businesses based on new
technology to work with and benefit from big science in a systematic manner, while also allowing big science
to obtain the latest technologies and capable industrial partners at low cost. Consequently, the present study
seeks to propose strategies for activating the business ecosystem of nuclear fusion and accelerators. It derives
the four policy alternatives of approach, care, expansion, and infrastructure in accordance with the results of
an empirical analysis to activate the business ecosystem of nuclear fusion and accelerators.
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Further steps have been taken in validating predictions of detached divertor simulations with the edge fluid
code EDGE2D coupled to the neutral Monte-Carlo code EIRENE for JET low confinement mode plasmas in
the ITER-like wall configuration. Fully detached and strongly recombining divertor plasmas close to the
density limit were characterized experimentally by bolometry, spectroscopy, and plasma imaging. The
absence of carbon as a primary radiator and carbon chemistry in the sputtering processes greatly simplified
the assessment of the role of deuterium in removing momentum and power from the plasma to achieve
detachment.
Predictions of the line-integrated bolometer signals confirmed the previous observation and consistently show
a factor of 2 to 3 lower power levels than measured, consistent with the previously reported power deficit.
Inclusion of cross-field drifts due to ExB and Bxgrad(B) raises the power from the high field side divertor by
50%. Assuming full coverage of the tungsten divertor with beryllium further raises the total power by another
50%. However, assessment
of the components of power radiated from the divertor in these plasmas showed that deuterium atomic and
molecular line radiation accounts for more than 90% of the radiation, with radiative recombination becoming
important (~30%) at high density. Emission from beryllium, tungsten, oxygen and carbon are measured to be
insignificant in these plasmas, while BeD molecules may produce significant radiation. While predictions of
the Balmer-alpha line intensities across the low field side divertor leg fall short by factors of 2 to 4 when the
divertor plasma is detached, the simulations reproduce line emission from high-n Balmer transitions (10-2,
11-2), which indicate that recombination is a significant process in the low field side divertor plasma at plasma
temperatures of or below 1 eV in front of the target plate.
The predicted two-dimensional profiles of Balmer-alpha line emission in the divertor show the emission being
extended into the divertor plasma both on the high field and low field side, while the measurements reveal
more localised emission at the strike points.
This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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This system of ICRH/CD should provide RF heating and current drive in plasma of tokamak T- 15. A total of 6
MW RF power in the plasma should be initially available from the IC system. ICRH and CD system consists of
three in-port antennas, corresponding transmission lines, delivering RF energy from sources, matching system
, and ancillary subsystems.
Functional requirements in physics • Main heating schemes ICH system should be working on the second
hydrogen harmonic at nominal Bo = 2.0 T (frequency of 60 MHz) . Hydrogen minority ions scenario at
fundamental harmonic near of 30 MHz is also forseen This circuit also includes a scenario minority helium-3
in order to heat bulk ions. • The system must be capable of generating a current near the plasma axis. •
Minority current due to He-3 addition should be created on the outer magnetic surface q = 1 for the control of
sawtooth period at nominal field Bo = 2.0 T (frequency ~40 MHz for the 2nd harmonic of He-3 ) • The system
conditions the chamber wall.
Functional technology requirements • Components RF sources should use the technologies available today.
That's reliability will be determined at the design stage . • RF sources should be able to be effective, a
quasi-continuous under high VSWR change to a maximum value equal to 2 , for any phase of the reflection
coefficient.
Functional Requirements treatment needed • Sources of RF power should match modes of operation: *for
plasma heating and current; * conditioning of the chamber wall; * Antennas conditioning; * Testing of RF
antennas.
ICH Antennae on T-15. ICRF complex has three antennas placed in adjacent horizontal ports. Each antenna
consists of 2 poloidal current-carrying conductors, grounded in the center, transparent FS. The poloidal
limiters are installed on both sides of the antenna to protect it. They are made of blocks CFC tiles. For option
30 sec pulses antenna has water cooling, including Faraday screen and the vacuum chamber wall of the
transmission line. FS is made from 625 inconel (or stainless steel SS316 L) tube coated C4B (back up is CTi).
We are also considering advanced option of low impedance surface multi loop broad antenna with wave
impedance near of 5 Ohm, fed by strip lines in horizontal ports.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

306 



Poster 5 / 476

Preparing ITER Tungsten Divertor Operation in Tore Supra: Physics Basis
for the WEST Project
Dr. TSITRONE, Emmanuelle 1; Mrs. BOURDELLE, clarisse 2; Dr. DECKER, joan 1; Dr. DIF PRADALIER, guilhem 1; Dr. DUMONT, rémy 1;

Dr. EKEDAHL, annika 1; Dr. FEDORCZAK, nicolas 1; Dr. FENZI, christel 1; Dr. FIRDAOUSS, medhi 1; Dr. GARCIA, Jeronimo 3; Mr.

GHENDRIH, Philippe 4; Dr. GIRUZZI, Gerardo 5; Dr. BUCALOSSI, Jérôme 1; Mr. GRISOLIA, Christian 1; Mr. GROSMAN, André 6; Dr.

HENNEQUIN, pascale 7; Dr. IMBEAUX, Frédéric 4; Dr. IVANOVA STANIK, irena 8; Dr. MAGET, patrick 1; Dr. MARANDET, Yannick 9;

Dr. MEYER, olivier 1; Dr. MISSIRLIAN, marc 1; Dr. NARDON, Eric 1; Dr. GUIRLET, rémy 1; Dr. PÉGOURIÉ, bernard 1; Dr. SCHNEIDER,

mireille 1; Dr. ZAGORSKI, Roman 10; Dr. ARTAUD, jean françois 1; Dr. BASIUK, vincent 1; Dr. BECOULET, Marina 6; Dr. BUFFERAND,

hugo 1; Dr. CIRAOLO, guido 1; Dr. CORRE, yann 1

1 CEA
2 CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France.
3 CEA IRFM
4 CEA-IRFM
5 IRFM, CEA
6 IRFM/CEA
7 CNRS
8 IPPLM
9 PIIM, CNRS/Aix-Marseille Univ., Marseille, France, EU
10 Institute of Plasma Physics and Laser Microfusion

Corresponding Author: emmanuelle.tsitrone@cea.fr

Power exhaust is one of the main challenges for next step fusion devices. The WEST project (Tungsten (W)
Environment in Steady State Tokamak) is targeted at paving the way for the ITER divertor procurement and
operation. It consists of implementing a divertor configuration and installing an ITER like actively cooled
tungsten divertor in Tore Supra, taking full benefit of its unique long pulse capability. This paper describes the
physics studies developed to prepare the scientific exploitation of WEST.
WEST provides an integrated platform for testing the ITER divertor components under combined heat and
particle loads in a tokamak environment and allows extending plasma scenarios over relevant plasma wall
equilibrium timescale (~minutes).
Three classes of plasma scenario are foreseen. A standard scenario at medium power (12 MW) will be the
workhorse for testing the ITER like PFCs and demonstrating integrated H mode long pulse operation. For the
study of plasma wall interactions at high particle fluence, a scenario up to 1000 s is foreseen. Finally, a high
power scenario at 15 MW will be developed for 30 s high performance discharges. Ongoing work includes
integrated modelling of the three classes of plasma scenario, studies for RF heating, assessment of power loads
and particle fluence on the WEST divertor, and estimate of the tungsten plasma contamination.
For the 3 scenarios foreseen, ITER relevant heat fluxes (in the range 10-20 MW/m2) are expected on the WEST
ITER like divertor. From preliminary estimates, reaching ITER relevant fluence (~1027 D/m2) for plasma wall
interaction studies would require a few days of operation.
The RF heating will ensure dominant electron heating. The penetration of LH heating is seen to be challenging
for high pedestal plasma density. The ICRH frequency can be tuned, and is optimized to provide central
heating. In scenarios with significant LH current drive, a reversed q profile is obtained, likely accompanied by
an Internal Transport Barrier. Results from COREDIV indicate tungsten core concentrations similar to those
obtained for ASDEX Upgrade simulations.
The above simulations are consolidated by experimental results : a WEST like configuration has been
performed in ASDEX Upgrade, showing that high power H mode operation is possible in a full tungsten
environment with the shallow divertor geometry foreseen for WEST.
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Gyrotrons are used in current and future fusion experiments to heat the plasma with microwaves in the
electron cyclotron frequency range, as well as to drive with a non-inductive mechanism a non-negligible
fraction of the plasma current. For example in ITER, the Electron Cyclotron Heating and Current Drive
system will be made of 24 gyrotrons, operating at 170 GHz with an output power of ~ 1 MW each.
The efficiency of the device is typically of the order of (at most) 50%, so that the rest of the power of the spent
electron beam is lost to the inner surface of a hollow solid cylinder structure called the collector, typically
cooled by water in forced flow. Several constraints characterize the collector design, e.g., the maximum
allowable temperature, the minimum lifetime in terms of cycles related to fatigue, etc. Going towards the
design and CW operation of higher power gyrotrons for the development of DEMO and future fusion devices,
the issue of the heat load received by the collector must be carefully addressed. High performance
thermal-hydraulic (TH) designs for the collector walls, using solutions like the hypervapotron (HV) geometry,
widely studied in recent years for the cooling of plasma facing components, are being considered, together
with ad-hoc sweeping strategies of the electron along the collector surface (longitudinal, transverse,
combined), to make the thermal load as uniform as possible.
Here we concentrate on the investigation of a HV-like structure in a different geometrical configuration -- the
hollow cylinder of the collector. We apply the StarCCM+ commercial CFD code to the analysis of the effect of
different aspect ratios (AR) of the HV cavities on the heat exhaust capabilities of a model collector, computing
a self-consistent estimate of the heat transfer coefficient between collector and coolant, that will have to be
implemented in the structural analyses of the collector walls for the fatigue and collector life time assessment.
Starting from the deep cavities (AR ~ 3), adopted as first reference geometry, an optimum TH performance of
the collector can be achieved with shallower (AR ~ 1) cavities, minimizing the maximum collector
temperature. Also other possible geometrical configurations are considered, for instance zigzag structures, in
order to assess the options for further improvements of the collector TH performance.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

308 



Poster 5 / 434

Overview and Interpretation of L-H Threshold Experiments on JET with
the ITER-like Wall
Dr. DELABIE, Ephrem 1; Dr. MAGGI, Costanza 2; Dr. HILLESHEIM, Jon 3; Dr. MEIGS, A. 4; Dr. MENESES, L. 5; Dr. RIMINI, F. 4; Mrs.

SIREN, Paula 6; Dr. SOLANO, E 7; Dr. STAMP, M. 4; Dr. MEYER, Hendrik 8; Dr. BIEWER, T. M. 9; Mrs. BOURDELLE, clarisse 10; Dr. BRIX,

Mathias 4; Dr. CARVALHO, I. 5; Dr. CLEVER, M. 11; Dr. DREWELOW, P. 12; Dr. HAWKES, N.C. 4

1 EURATOM-FOM association DIFFER , The Netherlands
2 Max Planck Institut fuer Plasmaphysik
3 Culham Centre for Fusion Energy
4 CCFE, Culham Science Centre, Abingdon, UK
5 Associacao EURATOM-IST, Lisboa, Portugal
6 Association EURATOM-Tekes, FIN-02044 VTT, Finland
7 Asociación EURATOM-CIEMAT, Madrid, Spain
8 EURATOM/CCFE Fusion Association
9 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
10 CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France.
11 Association EURATOM-FZJ, Jülich, Germany
12 MPI für Plasmaphysik, Greifswald, Germany

Corresponding Author: e.g.delabie@differ.nl

The expected threshold power (Pth) required to access H-mode operation on ITER is extrapolated from a
multi-machine scaling that is strongly weighted to a dataset of JET carbon wall discharges. To assess
differences in Pth due to the change to a Be/W-wall, a series of experiments has been conducted at JET to
measure Pth as function of plasma density for different Bt/Ip [1]. At medium to high density a reduction in
the threshold power of 30% is found, favourable for ITER. At lower density Pth exhibits a minimum, not
observed with the current divertor in the C-wall. The density at the minimum in Pth scales as Bt^(4/5).
The radial electric field has been reconstructed from the force balance equation before the L-H transition in
the low and high density branch, but no trend has yet been found.
Subsequent experiments have focussed on the effect of the impurity composition and the divertor
configuration. Nitrogen seeding around the minimum in Pth increases the threshold to similar values as in the
C-wall. Pth decreases with increasing lower triangularity and increases with increasing upper triangularity.
Operation with strike points on the vertical targets strongly increases Pth and leads to a loss of the minimum.
Two mechanisms are being explored to explain the observations. The first is proposed in [2], in which the
most unstable modes in the high density branch are identified in gyrokinetic simulations as resistive
ballooning modes which are destabilized by increasing Zeff, in agreement with the observations. A second
possibility is related to changes in the recycling and radiation. Plasmas in the high density branch are partially
detached but re-attach during the heating ramp. This often leads to an oscillatory (sawtooth triggered)
behaviour known as divertor oscillations. Near the minimum in Pth, oscillatory L-H transitions are commonly
observed. They share many characteristics with the divertor oscillations, but have a short H-mode phase.
These observations suggest a link between the divertor regime and the two qualitatively very different
branches of the L-H transition.

[1] C.F. Maggi et al., Nucl. Fus. 54 (2014) 023007
[2] C. Bourdelle et al., Nucl. Fus. 54 (2014) 022001

This work was supported by EURATOM and carried out within the framework of EFDA. The views and
opinions expressed herein do not necessarily reflect those of the European Commission.
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The environment assessment of large inventory tritium in fusion reactor is an important issue before fusion
energy can be considered for commercial use. In this paper, a new approach for assessing the radioactive
consequences of tritium release under accident events has been developed.
Firstly, the tritium fuel cycle in fusion reactor was simulated based on system dynamics method, and the
tritium inventories in each subsystems were evaluated. And combined with FMEA (Failure Mode and Effects
Analysis) of tritium plant, the potential tritium release source and its relevant probability were discussed in
detail. Then, the processes of tritium atmosphere dispersion, dry & wet deposition, HT oxidation in air & soil,
HTO reemission, HT/HTO/OBT transfer among the soil, plants, animals and human beings had been took into
detailed consideration. Gaussian puff model and related corrections were introduced to calculate the accident
emission and reemission, and a virtual point source method was utilized for HTO reemission modeling.
Finally, an integral average of tritium concentration in atmosphere was used for dose assessment of the public.
Using those models, a tritium safety assessment module of Tritium Analysis program for fusion System (TAS)
was developed. A final discussion showed the improved accuracy and many advantages of this “fuel cycle -
environment dispersion” coupling method for tritium safety assessment under accident events.
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The reference scenario for achieving Q=10 in ITER is an integrated type-I ELMy H-mode scenario that 
combines good core plasma performance of H_98_(y,2)~1,beta_N ~1.8, /nGW ~0.85, and high fuel purity 
(Z_eff~1.6), together with edge parameters compatible with the Be/W Plasma Facing Components (PFCs) in 
stationary conditions for t_stat~400s (i.e. 100 times the energy confinement time tauE). With extrinsic 
impurity radiation, the power flowing through the separatrix can be reduced such that only 5% reaches the 
divertor target plate between ELMs. Previously, it was reported that the fuelled JET ELMy H-mode plasmas 
with I_p=2.5MA, B_T=2.7T, q_95~3.3, P_nbi ~18MW, at high triangularity (delta~0.4) had a pedestal pressure 
reduced by 40% with the change of PFCs from carbon (JET-C) to Be/W (JET-ILW). In these plasmas with 
horizontal target divertor geometry, N-seeding partially recovered the pedestal pressure loss. Good plasma 
performance, close the ITER requirements, was achieved but plasma conditions were not stationary 
(t_stat/tauE~ 6) due to the loss of sawtooth activity. Here, new experiments are reported where higher ICRH 
heating power was used to control the plasma core. This paper shows how the operational space for the 
integrated scenario has been expanded to: i) stationary plasma conditions ii) at lower /nGW and iii) plasmas 
with different divertor geometries. The increased pedestal pressure in JET-ILW with N-seeding is confirmed to 
be dependent on plasma triangularity and effect is strongest for high-deltaplasma (40%) than for low-delta 
plasmas (15%). Plasmas with vertical target divertor geometry provide better control of the pedestal density 
and W contamination of the confined plasma than with a horizontal target configuration whilst maintaining 
good core performance of high-delta N-seeded plasmas. Stationary ELMy H-mode were obtained achieving 
plasma conditions of H_98_(y,2)~0.85, betaN ~1.6, /nGW ~0.85, Z_eff~1.6, f_rad~0.55, P_RF~3MW with low 
divertor target power load and partial detachment between ELMs for 7s — an increase of t_stat/tauE from 
previous value of ~6 to ~28. 
 
This work was part-funded by the RCUK Energy Programme and by EURATOM and carried out within the 
framework of the EFDA. The views and opinions expressed herein do not necessarily reflect those of the
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Progress in Theoretical Studies of Resistive Wall Modes for RFP plasmas
and Comparison with Tokamaks
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Recent results of the theoretic studies on Resistive Wall Modes (RWM) in Reversed Field Pinch (RFP) plasmas
are reported. Different features of RWM instabilities between RFP and tokamak are investigated in order to
provide in-depth understanding on RWM physics. The toroidal MHD-kinetic hybrid stability code MARS-K
[1] was applied to the studies, taking into account the full kinetic effects of the thermal particles and the
isotropic/anisotropic Energetic Particles (EP).
A brief summary on the characteristics of RWMs in RFP configuration are presented. Especially, due to the
different mechanisms of the kinetic damping, the stabilization of RWMs in RFPs requires a plasma rotation at
least in the range of the ion acoustic frequency; whereas only very slow, even vanishing rotation is required
for stabilizing the pressure driven RWMs in the tokamak plasmas.
The shaped cross section of the RFP plasmas leads to a lower ideal wall beta limit than that of the circular one;
and does not bring an appreciable benefit in kinetic damping on RWMs. The physics mechanism leading to
the conclusion is provided by the analysis. The energetic particle effects on RWMs in RFP plasmas are also
investigated. Furthermore, a non-resonant fishbone-like mode (FLM) in RFP plasmas is predicted. The FLM
instability is an external kink mode, which can be driven by the resonance of the precession drift of the
trapped EPs under certain condition, even for a RFP with an ideal wall. The kinetic effect of thermal particles
plays a stabilizing role on FLMs in RFPs,. Different features of FLM instabilities in RFP and tokamak plasmas
are discussed. 3-D magnetic perturbation of RWMs can induce neoclassical toroidal viscosity (NTV) in RFP
plasmas. The preliminary results will be presented and discussed.
Example of the experimental study on RWM in RFX-mod, correlated to the theory, will be presented.
In a complementary way, the possibility to exploit the internally non-resonant kink instability to build up 3-D
RFP helical state is studied by means of the 3-D non-linear MHD visco-resistive codes SpeCyl and PIXIE3D
[2].

[1] Y.Q. Liu et al, PoP 15, 112503 (2008)
[2] S. Cappello et al., Proc 24th IAEA FEC(2012)
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Although the spherical tokamak (ST) has the attractiveness of good stability at high beta, it is presently
considered impractical to realize a compact ST fusion reactor unless the central solenoid can be eliminated.
Non-inductive plasma current start-up and sustainment by waves in the lower-hybrid (LH) frequency range
(200 MHz) have been studied on the TST-2 spherical tokamak (major radius R_0 = 0.38 m, minor radius a =
0.25 m, toroidal magnetic field B_t = 0.3 T, plasma current I_p = 0.14 MA) using three types of antenna:
11-element inductively-coupled combline (ICC) antenna, dielectric loaded 4-waveguide array (GRILL)
antenna, and 13-element capacitively-coupled combline (CCC) antenna. The maximum plasma currents of 15
kA, 10 kA and 12 kA were achieved, respectively. The GRILL antenna was used to determine the optimum
range of parallel index of refraction, 1 < n_para <5. The highest current drive figure of merit, eta_CD =
n_e*I_p*R_0 / P_RF where n_e is the electron density and P_RF is the injected RF power, was achieved by
CCC. This antenna has the advantage of exciting a uni-directional LH wave with high directionality and a
sharp n_para spectrum. Up to about 3 kA, the plasma current can be sustained even when waves were excited
in the anti-current-drive direction. At higher I_p, current is carried by high energy electrons accelerated by
waves. Both X-ray response to P_RF modulation and orbit calculations indicate significant orbit losses of high
energy electrons, especially those created near the plasma edge. The efficiency of current drive should
improve by reducing prompt orbit losses. Operation at higher B_t moves the wave damping region to the
plasma core by improving wave accessibility, whereas higher I_p reduces the orbit width and higher n_e
prevents electrons to be accelerated to too high energy. However, since a density limit above which the
current drive efficiency deteriorates is observed experimentally, the density must be kept below this limit. It is
found experimentally that the injection of ECH power is useful to prevent the density from increasing too
much. In addition, a further improvement of the n_para spectrum of the LH wave excited by the CCC antenna
should be possible by reducing the electron density in front of the antenna.
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Development of Over 1 MW and Multi-Frequency Gyrotrons for Fusion
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EC (Electron Cyclotron) scheme is quite promising tool for heating and current drive (H) and plasma control
for present and future devices up to Demo and Commercial reactors. Development of gyrotron is a key to
open this promising door. Multi-MW and multi-frequency technologies are major issues to challenge for
robust and cost effective reactor heating system. In University of Tsukuba, gyrotrons of wide range of
frequencies from 14 GHz to 300 GHz have been developed for this purpose in collaboration with JAEA, NIFS
and TETD. Over-1 MW dual frequency gyrotron of new frequency range (14 – 35 GHz), where the reduction
of diffraction loss and cathode optimization are quite important, has been developed for EC/EBW H for
GAMMA 10/PDX, QUEST, Heliotron J and NSTX-U. Output power of 1.25 MW at 28 GHz and estimated
oscillation power of 1.2 MW at 35.45 GHz from the same tube have been achieved with the cathode angle
improvement. This is the first demonstration of the over 1 MW dual-frequency operations in lower frequency,
which contributes to the technology of wide band multi-frequency/multi-MW tube for Demo EC/EBW H The
output power of 600 kW for 2 s at 28 GHz is also demonstrated. It is applied to the QUEST and has resulted
higher EC-driven current than ever. Further, in the joint program of NIFS and Tsukuba for LHD ECH
gyrotrons, a new frequency of 154 GHz has been successfully developed with a TE_28,8 cavity, which
delivered 1.16 MW for 1 s, 0.3 MW in CW (30 minutes), and the total power of 4.4 MW to LHD plasma with
other three 77 GHz tubes, which extended the LHD plasma to high T_e region. All these gyrotron
performances are new records in each frequency range.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

314 



Poster 5 / 442
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In the ITER NBI for plasma heating and current drive, a 1 MeV, 40 A deuterium negative ion (D-) beam is
designed to be accelerated for 3600 s. The beam energy and the pulse duration of the D- beam are 2-5.5 times
higher and 360 times longer than those in the negative-ion-based NBIs on LHD and JT-60U, respectively.
Thus, to realize higher voltage and longer pulse duration, the generation, transmission and insulation of DC
ultra-high voltage are critical issues for the ITER NBI. In addition, the high-current busbar, cooling water and
gas pipes at -200 kV~ -1 MV potential are simultaneously transmitted through the HV bushing from the
gas-insulated transmission line in the PS to the beam source (BS) to minimize the installation space. Those are
significant differences from that in existing N-NB systems. Especially, a DC 1 MV insulating transformer for
feeding an electric power from the ground to 1 MV potential is one of most challenging components. For
stable power transmission through the HV bushing, 1 MV vacuum insulation and a stiffness to withstand the
maximum pressure difference of 0.9 MPa in a limited space are required. Japan Atomic Energy Agency (JAEA)
is in charge of the procurement of these high voltage parts of the 1 MV PS and the HV bushing. As for the
insulating transformer, a DC long pulse insulation structure and a composite bushing for the isolation of the
high-voltage to the air have been newly developed. The mockup transformer successfully demonstrated a
stable insulation of DC -1.2 MV for 3600 s. The HV bushing serves as the terminal of the HV transmission line.
It is made in five 200 kV stages and a two-stage mockup has been developed, and stable voltage holding at 480
kV for 3600 s was demonstrated. These R results fulfill the ITER requirement, which allows the realization of
the PS and HV bushing for the ITER NBI.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

315 



Poster 5 / 221
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The long pulse generation of the powerful negative ion beams of 500 keV, 22 A (130 A/m^2) and 1MeV, 40 A
(200 A/m^2) is the essential challenge to realize the negative-ion-based neutral beam injectors (NBIs) for
JT-60SA and ITER, where 10 MW D0 beam for 100 s and a 16.5 MW for 3600 s are designed, respectively. In
Japan Atomic Energy Agency (JAEA), after the achievements of the beam current density and energy required
for JT-60SA and ITER with a short pulse duration, the target of R is focused on the extension of the pulse
duration in JT-60 negative ion source and the MeV accelerator.
Significant progress in the extension of pulse duration of the powerful negative ion beams has been made to
realize the neutral beams injectors for JT-60SA and ITER. The pulse duration and the current density of the
JT-60 negative ion source has been successfully improved from 30 s at 80 A/m^2 in the previous operation to
100 s at 120-130 A/m^2, which satisfy the rated values for JT-60SA. This progress has been achieved by
controlling the negative ion production via the surface temperature of the plasma grid. The pulse duration of
the MeV class negative ion beams for ITER has been also extended by more than an order of magnitude in the
MeV accelerator. A long pulse acceleration of 8.7 s has been achieved at 880 keV, 130 A/m^2 by improving the
cooling capability of the extraction grid where the aperture displacement for the beamlet steering is also
modified, so there is no limitation to increase the power density and the pulse duration. This is the longest
pulse duration of the MeV-class negative ion beams in the world.
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The development of a gyrotron and launcher operated at two frequencies, 110 GHz and 138 GHz, has made a
significant progress toward electron cyclotron heating (ECH) and current drive (ECCD) in JT-60SA.
High-power, long-pulse gyrotrons are required for the JT-60SA ECH/ECCD system which has the total
injection power of 7 MW and the pulse duration of 100 s using 9 gyrotrons. The wave frequency in the
original specification is 110 GHz, which is effective for off-axis ECH/ECCD to sustain a high-beta plasma at
the toroidal field of 1.7 T. On the other hand, the higher frequency waves at 130 ~ 140 GHz enables
ECH/ECCD in the core plasma region at the maximum toroidal field of 2.3 T in JT-60SA. However, a dual
frequency gyrotron that can generate the target output power and pulse length (1 MW for 100 s) was not
developed since it requires high oscillation efficiency to obtain high power and low diffraction loss to achieve
long pulse, simultaneously. In 2011, we stared to develop a new dual frequency gyrotron (110 GHz, 138 GHz)
equipped with a triode type electron gun to obtain high oscillation efficiency. High-power, long-pulse
operations of the dual frequency gyrotron have been carried out since the last IAEA FEC. Developments of an
ECH launcher with high reliability based on a linear-motion antenna concept and a polarizer with optimized
groove depth, width, and period for dual frequency operation are also in progress. Main results are as follows:
(i) Oscillations of 1 MW for 10 s were successful at both frequencies for the first time in the world as a
dual-frequency gyrotron by optimizing electron pitch factor using the triode electron gun; (ii) Low diffraction
loss and cavity Ohmic loss enabling 1 MW for 100 s and 1.5 - 2 MW for several seconds were experimentally
confirmed, and a 100 MJ oscillation was achieved (0.51 MW, 198 s, 110 GHz), so far; (iii) An oscillation at 82
GHz was also successful as an additional frequency showing the possibility of the use of fundamental
harmonic waves; (iv) Launcher optics design toward dual-frequency operations showed little difference in the
poloidal beam width for these frequencies; (v) Prototype tests of a wide-band twister polarizer at both low
power (< 1 mW) and high power (~0.25 MW, 3 s) showed promising results.
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To study the operational performance of ITER EC heating and current drive system (H), a mock-up of the
ITER mm wave system has been assembled using the high power long gyrotron test stand in JAEA. The
prototype system is composed of the primary parts of the EC H system, including: 170GHz gyrotron, power
supply, transmission line (TL) and mock-up of equatorial launcher (EL) and control system. The gyrotron
power was transmitted via the precise aligned TL (40m) with 7 miter bends to the EL achieving a 91% of HE11
mode purity. The experiments were realized using a mock-up of the conceptual EC control system based on
the ITER Plant Control Design Handbook (PCDH). The system has achieved CW 5 kHz power switching,
which demonstrates the compatibility for MHD control of ITER plasma. The modulation was achieved using a
novel configuration of the electron beam acceleration power supply. In the experiment, stable 5 kHz of power
modulation was demonstrated with minimized spurious frequency excitation at the ramp-up phase of each
pulse., which satisfied the ITER criteria. The JAEA test stand is a flexible system with its center piece a
frequency-step-tunable gyrotron at 170GHz/137GHz/104GHz. The output beam is radiated to the identical
direction from the output window for each frequency, consequently the power was transmitted to the end of
the TL at these three frequencies.
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In ITER, additional heating systems are provided to reach higher plasma temperature and to sustain fusion
conditions; among them two Neutral Beam Injectors (NBI) will be installed, capable of producing high energy
beams up to 1MeV, to transfer to the plasma up to 16.7MW and to operate up to 1 hour.
Such a high NBI performance has never been reached. A research and development plan has been launched to
minimize the risks of unsuccessful results of the ITER NBI operation; it involves the realization of a full scale
test facility in which issues related to NB physics and technology will be studied and assessed in advance with
respect to the ITER operation, in order to guarantee the full ITER performances by means of a dedicated R
programme.
This test facility, called PRIMA, is under construction in Padova; it will host two experiments: SPIDER and
MITICA, full scale prototypes of the ion source and of the whole injector, respectively.
SPIDER will be a RadioFrequency (RF) ion source, based on the configuration adopted by IPP, with the same
characteristics foreseen in ITER NBI but with beam energy limited to 100keV. It can generate both Hydrogen
and Deuterium Ions; the accelerator is equipped with provisions to filter electrons and it will allow the use of
cesium to attain the high values of current density required in the ITER NB ion source. SPIDER is procured by
F4E and INDA.
MITICA is the full-scale prototype of the ITER injector, with a similar scheme and layout, provided with the
same power supply system and also the control and protection systems are being designed according to the
same rules and constraints as in ITER. MITICA is procured by F4E and JADA.
The paper will give a general overview of the test facility and will describe in detail the status of development
of the SPIDER and MITICA projects and the last progress in the realization of the main components. A general
plan of the realization and commissioning steps will be also given. The most important and critical issues
regarding both physics and technology will be presented and the solutions identified or still under evaluations
will be discussed.
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Pedestal Confinement and Stability in JET-ILW ELMy H-Mode Scenarios
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The pedestal confinement of JET-ILW H-modes is presented and their stability investigated in the framework
of P-B stability and the predictive code EPED. The changes in wall composition from C to Be/W point to the
possible role of neutral recycling, low-Z impurities and scrape-off-layer physics in pedestal stability,
highlighting the need for refinement of models predicting the pedestal height. Local linear gyro-kinetic
analysis of JET pedestals finds them stable against KBMs due to the large bootstrap current. pPED increases
rapidly with power and the pressure gradient is in agreement with limits set by finite-n P-B instabilities both
at high and low beta. In low delta, low beta H-modes the energy confinement is reduced due to higher
deuterium fuelling than in JET-C, to avoid high W influxes into the core plasma. Changes in deuterium
recycling from JET-C to JET-ILW may also play a role in cooling the pedestal. When the effective recycling is
reduced good confinement can be recovered and the operation point is at the P-B stability boundary. In high
delta, low beta H-modes a further degradation in energy confinement is observed compared to JET-C, due to
reduced pPED. The pedestal structure at the end of the ELM cycle varies from narrow and steep at low
fuelling to wide and shallow at high fuelling, challenging the EPED model, which does not predict a variation
in pedestal width at fixed pPED. At low beta plasma shaping does not affect pedestal confinement. This is
consistent with the P-B model, predicting little or no improvement in pPED with delta at high collisionality,
due to reduction in edge bootstrap current. In high beta hybrid H-modes pPED is 30% higher than at low delta,
increasing more rapidly with power. The reduction in energy confinement of low beta, high delta H-modes
can be compensated by nitrogen seeding. The P-B stability at the end of the ELM cycle is resumed, with the
increase in pPED being due to broadening of the pedestal pressure width at constant gradient. The mechanism
underlying this improvement in pedestal stability with nitrogen seeding is not yet understood and challenges
current predictive pedestal models.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Multi-Scale ITG/TEM/ETG Turbulence Simulations with Real Mass Ratio
and Beta Value
Dr. MAEYAMA, Shinya 1

1 Japan Atomic Energy Agency

Corresponding Author: maeyama.shinya@jaea.go.jp

Understanding electron heat transport is one of the critical issues in ITER. Although electron temperature
gradient (ETG) driven turbulence has been regarded as a candidate of electron heat transport, recent
multi-scale plasma turbulence simulations have reported that ion-scale instabilities such as ion temperature
gradient modes (ITGs) and trapped electron modes (TEMs) dominate heat transport not only of ions but also
of electrons. However, their simulations are limited to the reduced ion-to-electron mass ratios and
electrostatic (beta=0) approximation, the following points are not yet clarified: (i) Are ETGs negligible even
with the real mass ratio, where ion and electron scales are separated by a factor of the square root of the
ion-to-electron mass ratio (~ 43)? (ii) Does ion-scale turbulence dominate heat transport even with the real
beta value, where electromagnetic (finite-beta) effects stabilize ITGs but not ETGs? To resolve these issues, we
have carried out multi-scale plasma turbulence simulations employing the real mass ratio and beta value,
which is first realized by developing massively parallel finite-difference/spectral methods for the
electromagnetic gyrokinetic simulation code GKV.
Our study reveals real-mass-ratio and real-beta effects on multi-scale turbulence: (i) Ion-scale turbulence
eliminates electron-scale turbulence and dominates electron heat transport even when employing the real
mass ratio and beta value. (ii) When growth rates of ITGs are reduced by the finite-beta effects, full-spectrum
analyses of multi-scale turbulence are essentially required. The results suggest that the simulations resolving
only ion scales give good estimates only if ion-scale modes are highly unstable. On the other hand, in
high-beta regimes where ion-scale modes are stabilized, proper treatments of the contributions of electron
scales are important for evaluating transport levels and modeling turbulent transport.

Poster 5 / 795

Edge Instability Limiting the Pedestal Growth on Alcator C–Mod
Experiment and Modeling
Dr. DIALLO, Ahmed 1

1 PPPL

Improvement in global confinement and fusion performance are found to be correlated with the pressure at
the top of the edge barrier ("pedestal height") both in experiments and theory. Performance predictions for
future devices such as ITER rely on experimental validations of the hypothesis in the predictive models. To
date, the leading model for pedestal structure prediction is EPED. This model uses both the peeling ballooning
theory to limit the pedestal height and relies on the onset of the kinetic ballooning mode (KBM) to constrain
the pedestal gradient. This paper presents detailed measurements on an edge instability limiting the pedestal
temperature after edge-localized-modes (ELM) on Alcator-Mod. Using a suite edge diagnostics and a magnetic
probe placed near the separatrix, this instability was determined to be on ion scale and its onset is consistent
with the KBM. This instability was corroborated using gyrokinetic calculations in the edge, The edge pedestal
was determined to be ballooning unstable. In addition to the identification of the instability, the paper will
also assess the levels of transport produced by this instability.

Work supported by U.S. DoE contracts DE-FC02-99ER54512 and DE-AC02-09CH11466.
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Near-Field Physics of Lower-Hybrid Wave Coupling to Long-Pulse, High
Temperature Plasmas in Tore Supra
Dr. GONICHE, Marc 1

1 CEA, IRFM

Interaction of radio-frequency waves with the edge plasma of tokamaks from which the wave is launched is
now well recognized for waves in the Ion Cyclotron Range of Frequency (ICRF) but also in the range of Lower
Hybrid Current Drive (LHCD) frequencies.
A dynamic Stark spectroscopic measurement was carried out near a Tore Supra LHCD antenna,
demonstrating that indeed the electric field oscillating at 3.7GHz, in the range of 1-2kV/cm for high power (1-4
MW/antenna) experiments, could be measured with a reasonable accuracy in the vicinity of the antenna. The
spectroscopic sightline was provided by an endoscope viewing a region around the left-hand side of the
antenna, including the lateral protection limiter (LPL). D-beta spectral line profiles were measured and the
data were fitted to an all orders spectral line profile model. The spatial region from which the light is mostly
collected near the antenna, determined from simulation, has a typical radial extension of 6cm from the LPL.
Experimental spectral profile of the D-beta line fits very well the simulated profile only when a radial
polarization of the electric field is considered, as expected when the slow wave penetrates more dense
plasmas. This measurement has been performed on numerous Tore Supra pulses with power launched by the
LHCD antenna varying between 0.1MW and 3MW. It is found a good quantitative agreement between
measured and modeled ERF (from full-wave coupling modelling) as long as the power launched by the upper
modules (half of the total power) exceeds 0.5 MW. Noticeably, when the most outer waveguides are switched
off, the measured field does not vary significantly as would be expected from the model. This unexpected
result is thought to be the consequence of the bending of the rays during the propagation, with those
originating from the outer waveguides evading the main emission region.
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Fuel Retention and Erosion of Metallic Plasma-Facing Materials under the
Influence of Plasma Impurities
Dr. KRETER, Arkadi 1

1 Forschungszentrum Juelich

The fuel retention and the lifetime of plasma-facing components are critical factors potentially limiting the
availability of a magnetic fusion reactor. It is necessary to test how plasma-facing materials perform with
respect to hydrogen retention and erosion under the realistic mixed species plasma conditions including
impurities like helium and argon. This contribution summarizes the experimental studies on the linear plasma
devices PSI-2, Magnum-PSI and PISCES-B. Both plasma-facing materials foreseeing for ITER, tungsten and
beryllium, were investigated. Aluminium was tested as a potential surrogate for toxic beryllium for
plasma-material interaction studies. The fraction of helium or argon added to deuterium plasma was in a
range of ~1-10%. Typical exposure parameters were an electron density of ~10^18-10^19 m^-3 for PSI-2 and
PISCES-B and ~10^19-10^20 m^-3 for Magnum-PSI, an electron temperature of ~10 eV, an ion flux to the
target of ~10^22-10^23 m^-2s^-1 for PSI-2 and PISCES-B and ~10^23-10^24 m^-2s^-1 for Magnum-PSI, an
incident ion energy of ~10-100 eV and a sample temperature of 400-1000 K. In pure deuterium plasmas the
deuterium retention was higher at the lower flux for sample temperatures of 530 and 630 K. At 870 K, the
deuterium retention was found to be higher at the high flux. Blisters of about 40 – 50 nm size were formed in
the high flux exposures, while no blistering was observed at the low flux. The influence of helium and argon
on the deuterium retention in tungsten was investigated in PSI-2. For a sample temperature of 380 K and a
fluence of 10^26 m^-2, the retention dropped by a factor of three to 1x10^20 m^-2 when 5% helium was added
to deuterium plasma. The addition of argon did not significantly affect the total deuterium retention. A
comparison of beryllium and aluminium with respect to the deuterium retention and erosion properties was
performed in PISCES-B and PSI-2. In general, aluminium exhibited similar phenomena to beryllium with
respect to the evolution of the surface morphology and sputtering when exposed to deuterium and mixed
deuterium-argon and deuterium-helium plasmas. However, the TDS characteristics of the aluminium targets
indicated different deuterium retention mechanisms than in beryllium.
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Melting of Tungsten by ELM Heat Loads in the JET Divertor
Mr. MATTHEWS, Guy 1

1 Culham Centre for Fusion Energy

Our priority for the 2013 JET campaigns was to provide relevant data for the ITER decision on whether to
initially install a full tungsten divertor rather than a design with carbon at the strike points. A key element of
this was an experiment using a specially modified divertor module which was used to study the characteristics
and impact of ELM induced melting of bulk tungsten on JET operation – JET is currently the only machine
with ELMs large enough to perform such experiments. A series of discharges at 3MA plasma current and
23MW of input power were used and resulted in parallel power densities of ~3GWm^-2 during ELMs and
~0.5GWm^-2 between ELMs. A ~2mm vertical step in a not normally used part of the divertor was exposed to
this heat load for up to 1.5s.
Melting was achieved in series of 7 identical discharges and the depth of material moved/removed on each
pulse was very reproducible, at least an order of magnitude less than would be expected from bulk tungsten
melting and equivalent to  10microns per ELM. Tungsten droplets formed and migrated along the exposed
edge to the private region driven by jxB forces. The impact on main plasma was negligible with no
disruptions. Small spikes in spectroscopic tungsten signals were observed and suggest occasional ejection of
droplets with effective radii of at least 80microns.
The JET results provided very positive support for the ITER decision to start with an all W divertor and
provide a valuable benchmark for the transient induced melt layer models used by ITER. Significant progress
has been made in reproducing the thermal and melt behaviour seen in JET using the MEMOS code.

This work, part-funded by the European Communities under the contract of Association between
EURATOM/CCFE was carried out within the framework of the European Fusion Development Agreement.
The views and opinions expressed herein do not necessarily reflect those of the European Commission or
those of the European Commission or of the ITER Organization. This work was also part-funded by the RCUK
Energy Programme under grant EP/I501045.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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ICRF Actuator Development at Alcator C-Mod
WUKITCH, Stephen 1

1 MIT PSFC

Corresponding Author: wukitch@psfc.mit.edu

Future fusion reactors will present more severe constraints on ion cyclotron range of frequency (ICRF) heating
and current drive actuators than ITER. Reliably coupling power to the plasma despite load variations is
critical. In addition, ICRF interaction with the edge plasma, particularly impurity contamination and enhanced
localized heat loads, is challenging. We report on progress developing an ICRF actuator with favorable scaling
towards reactors.
Using a field aligned (FA) antenna, we have found that the FA antenna loading is similar to TA antennas but
the FA antenna reflection coefficient has significantly reduced variation, thus it is inherently load tolerant. We
speculate the variation in reflection coefficient is a result of slow wave coupling of neighboring straps and
field alignment significantly reduces this coupling.
The underlying physics of RF plasma edge interaction is thought to be linked to RF electric fields parallel to
the magnetic field, E||. One source of RF E|| is from the antenna itself and can minimize integrated E|| through
geometry. Experiments comparing a field aligned (FA) and a toriodally aligned (TA) antenna have
demonstrated that FA antenna has significantly reduced impurity contamination compared to TA antennas.
The impurity sources measured at the antenna are nearly eliminated for the FA antenna. This is an important
milestone since this is the first demonstration that an ICRF antenna can be made with reactor compatible
materials. Furthermore, the heat flux to the FA antenna is reduced to a level similar to that observed for
identical discharges heated by the TA antenna and the FA antenna is not powered. The estimated energy
deposited is 0.4% of the total injected energy and marks the first time an ICRF antenna has achieved the target
level for the ITER design, 0.625% of 20 MW.
One path to increase antenna power density is to use materials with high strength and high melting
temperature. Furthermore copper will be restricted to thin coatings in a reactor due to material swelling and
poor strength at high temperature. We have found that the higher strength materials have higher breakdown
voltage compared to copper. Highly polished molybdenum and tungsten breakdown field is 40% higher than
copper. The latest results and analysis will be presented.
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Advances in Stellarator Gyrokinetics
Prof. HELANDER, Per 1

1 Max Planck Institute for Plasma Physics

We summarise a number of recent advances in gyrokinetic theory and simulations of microinstabilities and
turbulence in stellarators, and compare with tokamaks.

Trapped-electron modes (TEMs) can be very different in different types of devices, because these instabilities
are excited by trapped electrons in regions of unfavourable magnetic curvature. Tokamaks and stellarators are
fundamentally different in the sense that the regions of trapping and bad curvature overlap in tokamaks but
need not do so in stellarators. In particular, quasi-isodynamic stellarators can have the property that the
bounce-averaged curvature is favourable for the great majority of all trapped particles. Analytical theory
suggests that TEMs are then stable in large parts of parameter space, and this prediction is confirmed by
GENE simulations, which show that these modes are more stable the more the regions of bad curvature and
magnetic trapping are separated from each other. As predicted by analytical theory, the electrons are far less
destabilising in the stellarator. Not only is the growth rate lower, but the most unstable mode has a shorter
perpendicular wavelength, which could result in less transport.

Linear simulations of linear ITG modes in W7-X and LHD geometry using the EUTERPE show that the
growth rate is similar in these two devices and that the mode structure is affected by details in the magnetic
geometry. GENE simulations of saturated turbulence show that the density fluctuations are much less evenly
distributed over the flux surface than in typical tokamaks. Instead of covering the entire outboard side of the
torus, the turbulence is localised to narrow bands in regions of bad magnetic curvature. Possibly as a
consequence of this localisation, the transport scaling is more sensitive to the normalised gyroradius and
becomes stiffer when this parameter is small. This happens although these simulations are local in the radial
direction, and the situation is different from that in tokamaks, where flux-tube simulations yield the same
results as simulations of entire flux surfaces.
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Overview of Recent Pedestal Studies at ASDEX Upgrade
Dr. WOLFRUM, Elisabeth 1

1 Max Planck Institut fuer Plasmaphysik

Extensive studies have shown that the pedestal Er profile in H-mode and asymmetric density and flow profiles
of impurity ions are consistent with neoclassical predictions. While the ions set the background flow profile
and their transport properties can be described by neoclassical modelling, the mechanisms which determine
the electron density and temperature profiles are more varied.
A detailed study of the density build-up after the L-H transition can be modelled with the reduction in the
diffusion coefficient in the ETB to a level of around ~0.04 m2/s, while the question of whether a particle pinch
is present has not been resolved. The density level which is reached in H-mode after the L-H transition is
directly proportional to the neutral gas level in the divertor just before the L-H transition
The ELM cycle is characterised by different phases of recovery, in which ∇Te and ∇ne recover on different
time scales. The final pressure gradient remains saturated until the next ELM occurs. To test the
peeling-ballooning (PB) model, with experimental data, high quality edge current density profiles are derived
from magnetic equilibrium reconstructions using internal pressure constraints as well as external magnetic
and scrape-off layer current measurements. The ideal linear MHD code suite ILSA/MISHKA was used to
determine the stability limit in the different phases of the ELM cycle. While the position of the operational
point stays constant in pressure gradient-current density space, the stability limit moves closer until the ELM
crash occurs, because more poloidal harmonics become unstable in a wider pedestal. However, the final ELM
trigger condition cannot be determined by linear MHD stability alone.
The same data has also been used as input for gyrokinetic simulations with GENE in order to determine the
dominant type of turbulence. In the phase just before the ELM crash, the gyrokinetic analysis shows robustly
unstable MTMs at the top of the pedestal as well as unstable KBMs in the whole pedestal region. The linear
behavior of ∇Te vs. Te in real space for a wide data base of pre-ELM pedestals also indicates that a local mode
(e.g. the KBM) rather than a global mode limits the Te gradient. Results of velocimetry analysis of ECEI data
demonstrate the existence of MTMs at the pedestal top.
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Controlling H-Mode Particle Transport with Modulated Electron Heating
in DIII-D and Alcator C-Mod via TEM Turbulence
Mr. ERNST, Darin 1

1 MIT

This work develops a quantitative understanding of the mechanisms for increased particle transport with
electron heating in (quiescent) H-mode plasmas. Our DIII-D experiments demonstrate that H-mode core
particle transport and density peaking can be locally controlled by modulated electron cyclotron heating
(ECH). GYRO simulations show density gradient driven trapped electron modes (TEM) are the only unstable
drift modes in the inner half-radius. Transport driven by TEMs increases strongly with electron temperature,
reducing the density gradient during ECH. Thus α heating could reduce density peaking, self-regulating
fusion power. The DIII-D experiments complement Alcator C-Mod experiments which controlled H mode
core particle transport with modulated minority ICRF heating. High-resolution profile reflectometer density
profiles and local fluctuation measurements were obtained in DIII D. Core density fluctuations intensify
during electron heating in both C-Mod and DIII-D at TEM wavelengths. Several hundred GS2 nonlinear TEM
simulations for Alcator C-Mod reproduce measured core density fluctuation levels using a new synthetic
diagnostic, while matching inferred energy fluxes. A nonlinear upshift in the TEM critical density gradient,
associated with zonal flow dominated states, increases strongly with collisionality. In the C-Mod experiments,
the density gradient is clamped by this nonlinear TEM critical density gradient. The DIII-D experiments test
our predicted strong collisionality variation of the TEM nonlinear upshift at an order of magnitude lower
collisionality, while allowing Te/Ti to nearly double during ECH, tripling the TEM growth rate. Intermittent,
quasi-coherent DBS fluctuations near ρ~0.33 grow stronger with ECH, with adjacent toroidal mode numbers
characteristic of TEMs, accompanied by broadband turbulence. Density fluctuations from beam emission
spectroscopy near ρ~0.7 strongly increase. Core carbon density and metallic line intensities are modulated by
ECH, consistent with TEM expectations. Finally, profile stiffness tests were performed via gas puff modulation
that varied the density gradient as well as collisionality.

Supported by the U.S. Department of Energy under DE-FC02-08ER54966, DE-FC02-04ER54698,
DE-AC02-09CH11466, DE-FG02-08ER54984, DE-FG02-07ER54917, DE-FG02-99ER54531, DE-FG02-89ER53296,
DE-FG02-08ER54999, and DE-FC02-99ER54512.
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Turbulence Behavior and Transport Response Approaching Burning
Plasma Relevant Parameters
Dr. MCKEE, George R. 1

1 University of Wisconsin-Madison

Multi-scale turbulence properties are significantly altered and typically exhibit increased amplitude in
high-beta inductive plasmas as parameters approach those anticipated in burning plasmas. These increases,
observed with multiple fluctuation diagnostics in high performance H-mode plasmas on DIII-D, explain the
consequent local transport and global energy time confinement response. Burning plasmas will exhibit
equilibrated ion and electron temperatures, low average injected torque and toroidal rotation, as well as low
ρ*, low ν* and low q95. Increased fluctuation amplitudes are observed as a result of reducing core toroidal
rotation (and consequent ExB shear) and increasing Te/Ti. Density and temperature fluctuation measurements
were obtained over a broad wavenumber and radial range, and provide a basis for quantitative comparisons
with nonlinear simulations to test turbulent transport models. The energy confinement time is reduced by
about 40% as the toroidal rotation is decreased by nearly a factor of three, while core turbulence increases in
matched advanced-inductive plasmas (β≈2.7, q95=5.1). Density, electron and ion temperature profiles, as well
as relevant dimensionless parameters (β, ρ*, q95, Te/Ti, and ν*) were maintained nearly fixed.
Low-wavenumber (ion gyroradius scale) density fluctuations near mid-radius show significant amplitude
reduction along with a slight reduction in radial correlation length at high rotation, while fluctuations in the
outer region of the plasma, ρ>0.6, exhibit little change in amplitude. In related experiments, low-k density
fluctuations are observed to increase over the radial range 0.3<ρ<0.8 as the Te/Ti ratio is raised by 25%
towards unity via application of 3.5 MW of off-axis electron cyclotron heating. The spatial correlation
properties are modified, suggesting a change in the dominant underlying instability driving the observed
turbulence. Transport likewise increases in all channels while the energy confinement time is reduced by 30%.
Initial modeling with TGLF shows significant changes to linear growth rates and saturated turbulence levels
as Te/Ti is increased.

This work was supported by the US Department of Energy under DE-FG02-08ER54999, DE-FG02-89ER53296,
DE-FG02-07ER54917, DE-FG02-08ERA54984, DE-FC02-04ER54698, DE-FG02-04ER54235 and
DE-AC02-09CH11466.
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Understanding of Impurity Poloidal Distribution in Edge Pedestal by
Modeling
Prof. ROZHANSKY, Vladimir 1

1 St.Petersburg State Polytechnical University

Modeling of the impurities distribution in the pedestal region of ASDEX-Upgrade H-mode shot was done
using the B2SOLPS5.2 transport code. Strong LFS-HFS asymmetry of B+5 density and strong decoupling
between parallel velocity distribution of the impurities and the main ions was obtained in qualitative
agreement with the experimental observations [1]. Similar asymmetry was obtained earlier in the modeling of
He ions distribution in the MAST H-mode by the same code [2]. It is demonstrated that the observed
phenomena could be understood by the impact of neoclassical effects in the presence of strong density
gradients in the barrier region. Obtained results are completely different from the predictions of the standard
neoclassical theory. In particular the role of the poloidal drift and parallel thermal force are important. The
physical mechanisms can also explain observed phenomena on C-Mod. The poloidal LFS-HFS asymmetry of
impurities changes their radial transport so the standard neoclassical transport model for impurities should be
revisited in the edge barrier region.
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Dynamic Method to Study Turbulence and Turbulence Transport
Dr. INAGAKI, Shigeru 1

1 Kyushu University

Here we developed research methods of plasma turbulence transport associated with the non-local features.
The ECH modulation experiment and the higher harmonic analysis of the heat wave indicated: (i) propagation
of the change of Te at the time of switch-off/on of ECH power is about 5 times faster than that of perturbation
itself, (ii) propagation of the higher (7th) harmonic of the Te perturbation is 5 times faster than prediction by
the diffusive model. New bi-spectral analysis of fluctuations demonstrated a non-linear coupling of
micro-fluctuations at different radial locations. These results are beneficial for control of plasma dynamics in
future fusion reactors.

Poster 5 / 807

Gyrokinetic Study of Edge Blobs and Divertor Heat-Load Footprint
Dr. CHANG, Choong-Seock 1

1 Princeton Plasma Physics Laboratory and KAIST

For a better understanding of the complicated physics of the inter-related "intermittent plasma objects (blobs)"
and divertor heat-load footprint, the full-function gyrokinetic PIC code XGC1 has been used in realistic
diverted geometry. Neoclassical and turbulence physics are simulated together self-consistently in the
presence of Monte Carlo neutral particles. Blobs are modeled here as electrostatic nonlinear turbulence
phenomenon. It is found that the "blobs" are generated, together with the "holes," around the steep density
gradient region. XGC1 reasserts the previous findings [1] that blobs move out convectively into the scrape-off
layer, while the holes move inward toward plasma core. The blob/hole generation, shape and dynamics are
strongly related to the poloidal ErxB shearing. In a DIII-D H-mode plasma (#096333) with B0=2.1T, the median
radial size of the density blobs in the scrape-off layer is only about 1 cm. The L-mode type large "blobs" occur
only at the tail of PDF. While the blobs move out radially, they are carried toward the outer divertor plate by
strong VExB (>> Vr) in H-mode, consistently with experimental observation [2]. The measured radial width of
the total heat load, mapped to the outer midplane, is only ≈4.4 mm. This width is much less than the median
radial size of the intermittent plasma objects (~1cm). It is rather closer to the local banana width (~2.7mm),
yielding approximately the 1/Ip -type scaling found from our previous pure neoclassical simulation [3] or a
heuristic neoclassical argument Goldston. However, it also shows some spreading by the turbulence. The
presentation will be extended to ITER plasma edge, where the ion banana width at separatrix becomes
negligible compared to the meso-scale blob size, to report on the limit in the 1/Ip scaling by the intermittent
turbulence. Also, detailed XGC1 study of the blob dynamics show that the blobs and their dynamics interact
more strongly with presheath than with the Debye sheath. Similarities and differences with results from
existing models will be presented. Comprehensive experimental validation on multiple tokamaks (DIII-D,
NSTX, C-Mod, JET, etc) will also be presented.

[1] D. D'Ippolito et al., Phys. Plasmas 18 (2011) 060501
[2] J. Boedo et al., Phys. Plasmas 10 (2003) 1670
[3] Report on DOE FES Joint Facilities Research Milestone 2010 on Heat-Load Width, Appendix H
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Super H-mode: Theoretical Prediction and Initial Observations of a New
High Performance Regime for Tokamak Operation
Dr. SNYDER, Philip B. 1

1 General Atomics

A new “Super H-mode” regime is predicted at very high pedestal pressure, enabling pedestal height and
predicted fusion performance substantially higher than for H-mode operation. This new regime exists due to a
bifurcation of the pedestal solution that occurs in strongly shaped plasmas above a critical density. The Super
H-mode regime is predicted to be accessible, and to increase fusion performance, for ITER, as well as for
DEMO designs with strong shaping. An initial set of experiments on DIII-D has identified the predicted
pedestal pressure bifurcation, and finds pedestal height and width, and their variation with density, in good
agreement with theoretical predictions.
The pressure at the top of the edge transport barrier (or “pedestal height”) strongly impacts global
confinement and fusion performance, with fusion power production expected to scale with the square of the
pedestal height. The EPED model predicts the H-mode pedestal height and width based upon two
fundamental and calculable constraints: 1) onset of non-local peeling-ballooning (P-B) modes at low to
intermediate mode number, 2) onset of nearly local kinetic ballooning modes (KBM) at high mode number.
EPED has been extensively tested against experiment, finding agreement to ~20% in both dedicated
experiments and broad statistical comparisons. EPED predicts strong dependence of the pedestal height on
poloidal field (B_p), toroidal field (B_t) and plasma shape. An important dependence on density derives
primarily from the dependence of the bootstrap current on collisionality. For strongly shaped plasmas, a
bifurcation into Super H-Mode and H-mode branches is predicted above a critical density. Recent experiments
on DIII-D have successfully tested the predicted density dependence at both high and low density, including
observations of the predicted bifurcation and access to the Super H-mode regime. Super
H-mode access is also predicted for ITER, and extensive sets of predictions and optimizations will be presented
for ITER at a range of densities and plasma currents. We note that collisionality is impacted by impurities as
well as density, and present scenarios for improving performance of ITER and existing devices by introducing
low Z impurities.

This work was supported in part by the US DOE under DE-FG02-95ER54309, DE-FG02-92ER54141 and
DE-FC02-06ER54873.
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Assessment of Scrape-off Layer Simulations with Drifts against L-Mode
Experiments in ASDEX Upgrade and JET
Dr. AHO-MANTILA, Leena 1

1 VTT Technical Research Centre of Finland

Recent results of validating scrape-off layer simulations with drifts are summarized, based on detailed
comparisons between 2D SOLPS5.0 fluid code solutions and L-mode experiments in the full-metal devices
ASDEX Upgrade and JET. The effects of drifts in various divertor power exhaust scenarios are analysed in
extensively characterized discharges, in which the levels of deuterium fuelling, seeding of N impurities, and
magnetic field direction are varied. In-out asymmetries in the plasma conditions are observed throughout the
divertor legs when the ion grad-B drift is towards the divertor, and these asymmetries are observed to reduce
with the field reversal. In the modelling, the effects of the various drift terms are analysed in comparison to
the geometrical effects, and a pronounced role of the ExB drifts is identified in the resulting asymmetries. At
the lowest densities, the simulations with fully activated drift terms reproduce the Balmer line emission and
radiation in the JET divertor, several poloidally distributed temperature profile measurements in ASDEX
Upgrade, as well as a high-density region in the inner divertor of ASDEX Upgrade. In conditions with strong
power dissipation, the modelling captures the incremental effects of impurities on the divertor radiation, but
high levels of fuelling and seeding lead to discrepancies between the modelled and measured target
conditions. At low levels of fuelling and impurity radiation, the simulations tend to underestimate the strong
scrape-off layer flows measured in forward field in ASDEX Upgrade, although a satisfactory agreement is
obtained with measurements of the scrape-off layer radial electric field.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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First-Principle Theory-Based Scaling of the SOL Width in Limited
Tokamak Plasmas, Experimental Validation, and Implications for the ITER
Start-up
Prof. RICCI, Paolo 1

1 CRPP-EPFL

The steady-state heat load onto the plasma facing components of tokamak devices depends on the SOL width,
which results from a balance between plasma outflowing from the core region, turbulent transport, and losses
to the divertor or limiter. Understanding even the simplest SOL configurations, like circular limited plasmas, is
a stepping-stone towards more complicated configurations, with important implications for the ITER start-up
and ramp-down phases. Here we present a first-principle based scaling for the characteristic SOL pressure
scale length in circular, limited tokamaks that has been obtained by evaluating the balance between parallel
losses at the limiter and non- linearly saturated resistive ballooning mode turbulence driving anomalous
perpendicular transport. It is found that the SOL width increases with the tokamak major radius, the safety
factor, and the density, while it decreases with the toroidal magnetic field and the plasma temperature. The
scaling is benchmarked against the flux-driven non-linear turbulence simulations that have been carried out
with the GBS code. This code solves the drift-reduced Braginskii equations and evolves self-consistently
plasma equilibrium and fluctuations, as the result of the interplay between the plasma injected by a source,
which mimics the plasma outflow from the tokamak core, the turbulent transport and the plasma losses to the
vessel. GBS has been subject to a verification and validation procedure unparalleled in plasma physics. The
theoretical scaling reveals good agreement with experimental data obtained in a number of tokamaks,
including TCV, Alcator C- MOD, COMPASS, JET, and Tore Supra.
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Progress Status of the Activities in EU for the Development of the ITER
Neutral Beam Injector and Test Facility
Dr. TOIGO, Vanni 1; Mr. MASIELLO, Antonio 2; Mr. ANTONI, Vanni 3
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The development of the Neutral beam system for ITER has been progressing well thanks to the start of the
operations of the ELISE (Extraction from a Large Ion Source Experiment) at the Max Planck Institute for
Plasma Physics in Garching, Germany, and to the big effort devoted to the establishment of the ITER Neutral
Beam (NB) Test Facility in Padua, Italy.
This paper presents the main experimental results of ELISE, the status of the manufacturing activities for the
components of the NB test facility and the progress made in the design of the mechanical components and in
that of auxiliary and power supplies systems.
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Standard divertor and exact snowflake, snowflake-plus and snowflake-minus divertor configurations of
HL-2M are designed. The potential properties of these divertors are analyzed and presented: low poloidal field
area around X-point, connection length from outside mid-plane to the primary X-point, target plate design
and magnetic field shear. The results show that the snowflake configurations not only can reduce the heat
load at divertor target plates, but also may improve the magneto-hydrodynamic stability by stronger magnetic
shear at the edge. According to the vacuum vessel geometry of HL-2M, a divertor target geometry which is
suitable for HL-2M divertor configurations (standard divertor, snowflake divertor and tripod divertor
configurations) has been designed to reduce the peak heat load on the target to an acceptable level. The heat
load on divertor targets with different core plasma parameters and divertor configurations are investigated by
SOLPS5.0. The linear characteristics of peeling–ballooning (P–B) modes, transient heat flux bursts up due to
ELMs and the distribution and evolution of the heat load on targets of HL-2M tokamak for the different
divertor configuration will be presented using BOUT++.
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Gyrokinetic study of ASDEX-Upgrade inter-ELM profile evolution
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The gyrokinetic Gene code is used to study Inter-ELM H-mode pedestal profile evolu- tion for an
ASDEX-Upgrade discharge. Four main instabilities are observed during various inter-ELM phases—density
gradient driven drift waves (DW), microtearing modes (MTM), kinetic ballooning modes (KBM), and electron
temperature gradient (ETG) modes. DWs are the dominant pedestal instability during the early
density-buildup phase. The drift waves are characterized by significant outward particle flux, and show no
evidence of a large pinch mechanism. The electron temperature gradient achieves a critical value early in the
ELM cycle, concurrent with the appearance of both MTMs and ETG modes. The nom- inal profiles are stable
to KBMs, but moderate increases in β are sufficient to surpass the KBM threshold. Certain aspects of the
dynamics support the premise of KBM-constrained pedestal evolution; the density and temperature profiles
separately undergo large changes, but in a manner which keeps the pressure profile constant and near the
KBM limit. Non- linear simulations of DW turbulence and ETG turbulence are also described.
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Negative Triangularity Tokamak: Stability Limits and Perspectives as
Fusion Energy System
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Fusion research has to solve the power handling toward fusion demonstration power reactor (DEMO). A
tokamak plasma with strongly negative triangularity may offer such an opportunity as an innovative concept.
The present paper discusses the edge stability, beta limits and power handling issues for the negative
triangularity tokamaks. The edge MHD stability is the most crucial item for power handling in tokamak. The
key design philosophy is to achieve a ”soft edge beta limit” instead of achieving the highest possible beta for
the steady state operation with a high bootstrap current fraction. This may lead to a fundamental change to
the direction of advanced tokamak research. That is why negative triangularity tokamak plasmas are subject
to an increased interest both in existing experiments and in studies of core physics as well as power handling
relevant to DEMO.
For the case of negative triangularity, the 2nd stability access is closed for ballooning modes. The
destabilization of a whole range of fixed boundary medium- and low-n modes takes place for pedestal heights
just above the values for which the Mercier criterion for localized modes is violated, implying possible
changes in the ELM characteristics. While negative triangularity plasma has some favorable MHD property to
ELMs, the beta limit is relatively low. Negative triangularity tokamak configurations with optimized pressure
gradient profiles can be stable for normalized beta ~ 3 at moderate elongation k = 1.5 and internal inductance
value 0.9, even in the absence of the magnetic well.
Apart from the ELM mitigation, negative triangularity tokamaks feature other possibilities for power handling
such as naturally increased separatrix wetted area and more flexible divertor configuration using PF coils
inside the TF coil made of NbTi superconductor in the low field region. Negative triangularity experiments in
TCV show a reduction in electron heat transport by a factor two compared with D-shaped configuration,
which is partly explained by nonlinear gyrokinetic simulations. This configuration also allows the inboard
ECRF launching to have higher density limit for the ECRF propagation and better pumping accessibility due
to larger conductance. The SOL width may also be modified especially in the case of double null configuration
with almost vertical magnetic surfaces at the LFS.
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Plasmoid Ejection Mechanism in Dynamic Divertor Experiment and
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We have been developing a new type of divertor concept: “dynamic divertor” composed of periodic ejection of
plasmoid from a core-plasma and its gas-puff cooling, to reduce significantly heat flux to divertor plates. Our
TS-4 experiment and PIC simulation consistently solved the plasmoid formation and pinch-off mechanisms
essential to the dynamic divertor operation. We found the acceleration dV/dt of plasmoid promotes its
pinch-off from the core-plasma through fast reconnection and also that the external inflow flux controlled by
the external coil current increases with the plasmoid size. In TS-4, the X-point region between the ST plasma
and the divertor plate are formed by induction of two poloidal field (PF) coils. The corresponding plasmoid
ejection was observed in 2-1/2D Full PIC simulation (PASMO) with 2×10^10 particles in a domain of (x, y) =
(512, 256) Debye length under uniform guide field ~ 4 reconnecting magnetic field. The maximum acceleration
rate dV/dt of plasmoid occurs simultaneously with the maximum reconnection electric field E_t, indicating
that the acceleration rate of plasmoid is directly connected with the reconnection time - the plasmoid
pinch-off time like the coronal mass ejection in the solar flares. The plasmoid ejection from the current sheet
reduces significantly its thermal/ magnetic pressures, causing further thinning of the current sheet. When the
current sheet is compressed thinner than the ion meandering length (ion gyro-radius), its effective resistivity
tends to increase significantly, causing its anomalous dissipation and thus faster reconnection rate, both in
TS-4 experiment and the PIC simulation. They agree in the normalized plasmoid ejection time ~5 Alfven time
but E_t and dV/dt in the former is 70% and 50% of those in the latter, probably due to low downstream
magnetic pressure in the slab model simulation. The PIC simulation also indicates that the heat flux from the
core-plasma is transported along the separatrix field line and confined in the plasmoid. The field-aligned
velocity component is essential to the plasma transport from the core-plasma to the plasmoid, which
indirectly connects them for the gas-puff cooling.
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With lithium injection, an enhanced pedestal with ELM-free periods up to 350 ms has been observed,
accompanied in the edge region by increased density fluctuations and reduced intrinsic impurity
accumulation in the core plasma. The increase in pedestal width is rapid, usually occurring in a few ms and
can expand by more than 100% during the ELM-free phases with lithium injection. This is accompanied by an
increase of more than 2 times the edge pedestal electron pressure and confinement enhancements, H98y,2, up
to 2.1 have been obtained.
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Results from an ITPA joint study of the threshold conditions for runaway electron (RE) generation suggest
that suppression of RE’s during disruptions on ITER could be less demanding than currently envisioned. In
this study of quiescent, non-disrupting discharges, it is found that generating and maintaining measurable
RE’s is more difficult than predicted by collisional damping only, indicating that additional loss mechanisms
may play a significant role in the dynamics of RE formation and decay. If this result also holds true during
disruptions, which seems likely, then mitigation of RE’s would not require fueling to the extremely high
‘Rosenbluth’ density.
A study to compare empirical RE threshold conditions to Connor-Hastie (C-H) is being carried out by the
ITPA MHD group. In order to obtain well-documented, reproducible results, the study is concentrating on
RE’s produced during quiescent, flattop conditions, when Vloop and ne can be accurately measured. RE
threshold data from a number of tokamaks (DIII-D, TEXTOR, FTU, KSTAR, C-MOD, JET so far), indicate that
E-fields well in excess of C-H, or conversely, densities well below C-H are required for the detection of RE’s,
implying that other loss mechanisms in addition to collisional drag may be playing an important role. An
alternative to the threshold method, involving the characterisation of the RE growth and decay rates at
different densities after the RE’s have formed, also supports the finding that other loss mechanisms in addition
to collisional drag are playing an important role. Clear opportunities for involvement by the theory
community will be stressed, including understanding the nature of non-collisional RE energy and particle loss
mechanisms, and how these would scale from the quiescent flattop conditions in this study to the disruption
conditions in ITER.
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The Role of MHD in 3D Aspects of Massive Gas Injection for Disruption
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Massive gas injection (MGI) is a leading candidate technology for disruption mitigation in ITER, and recent
modeling has suggested that MHD modes play a critical role in determining the distribution of radiated power
during an MGI shutdown. NIMROD 3D MHD simulations of MGI in both ITER and DIII-D reveal how the
distribution of gas jets and the n=1 mode interact to determine the localization of radiated power, and the
likelihood of wall-melting on ITER. Various combinations of the four ports allocated for the ITER disruption
mitigation system (DMS) are modeled, along with a range of gas quantities and species to determine the
optimal scenario for ITER. The midplane port interacts with the plasma very differently than the upper ports
due to the difference in minor radius. Use of the midplane port improves the radiated energy fraction with no
detrimental effect on the radiation toroidal peaking. In DIII-D, dedicated experiments were performed to
understand the effect of the n=1 mode phase on the distribution of radiated power. By varying the phase of
applied n=1 fields, the radiation toroidal peaking during MGI was altered. Simulations of MGI in DIII-D with
external n=1 fields are carried out and compared to the experiments to better understand this effect and its
implications for optimizing radiation symmetry.

This work was supported in part by the US Department of Energy under DE-FAG02-95ER54309,
DE-FC02-04ER54698, DE-AC05-00OR22725, and DE-AC52-07NA27344.
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Disruptions are a major concern for next generation tokamaks, including ITER. These MHD instabilities lead
to the loss of the plasma thermal energy and current on the millisecond timescale. Large electric fields created
by the plasma current quench can accelerate several MA of runaway electrons (RE) up to 20 MeV. The
influence of the full-metal JET ITER-Like Wall (JET-ILW) on RE is thus a key question for future all-metal
PFC machines. Experiments at JET have shown that even though RE are very rare in spontaneous disruptions,
they can still be generated during disruptions with fast current quenches induced by argon massive gas
injections. The operational domain where runaways appear under those conditions is similar to what it was in
carbon wall (JET-C). Hard X-ray spectra show energies up to 10 MeV. Although the boundary location is
similar, the runaway generation might be larger in JET-ILW than JET-C inside the domain with higher
currents in JET-ILW with like-to-like plasma parameters. Temperatures of up to 900°C have been observed on
PFC following beam impact.
Disruptions can also generate excessive heat loads on plasma facing components (PFC) and electromagnetic
forces in the machine structures due to halo and eddy currents. Massive Gas Injection (MGI) is presently one
of the most promising techniques to mitigate both these effects by radiating away the plasma energy.
However, the fraction of energy radiated by MGI at high plasma thermal content as well as the radiation
peaking are key questions to ensure good extrapolability of the method to larger tokamaks. Recent
experiments at JET-ILW have confirmed that the fraction of the total energy radiated decreases with
increasing thermal energy content down to 70% for 10%/90% D2/Ar mixtures. Injections on plasmas with or
without a locked mode already present also show different radiation peaking pattern. This suggests that
toroidal asymmetries might be strong in case of injections in an already developing disruption.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

340 



Runaway, Disruption & RF Physics / 468

Novel Approaches for Mitigating Runaway Electrons and Plasma
Disruptions in Tokamak ADITYA
Mr. TANNA, Rakesh L. 1; Dr. GHOSH, J. 2; Mr. JADEJA, K.A. 2; Mr. BHATT, S.B. 2; Mr. GUPTA, C.N. 2; Mrs. CHAVDA, Chhaya 2; Dr.

KULKARNI, S.V. 2; Mr. SHUKLA, B.K. 2; Mr. E.V, Praveenlal 2; Mr. AMARDAS, A. 2; Mr. ATREY, P.K. 2; Mr. DHOBI, U. 2; Dr.

CHATTOPADHYAY, P.K. 2; Mrs. MANCHANDA, R. 2; Mrs. RAMAIYA, N. 2; Mrs. PATEL, Niral 2; Dr. CHOWDHURI, M. B. 2; Mr. JHA,

S. K. 2; Prof. JHA, R. 2; Prof. SEN, A. 2; Prof. SAXENA, Y. C. 2; Prof. BORA, D. 2; Mr. DHYANI, Pravesh 2; Mr. RAVAL, Jayesh 2; Mr.

PUROHIT, Shishir 2; Mr. JOISA, S. 2; Dr. RAO, C.V.S. 2; Mr. PANCHAL, V.K. 2; Dr. RAJU, D. 2

1 India
2 Institute For Plasma Research

Corresponding Author: rtan.ipr@gmail.com

ADITYA tokamak is engaged in carrying out several dedicated experiments on runaway mitigation,
disruption control etc. which are of utmost importance for the successful operation of large size tokamaks,
such as ITER. Runaway electron generation and mitigation remains challenging topic in the present tokamak
research, as these high-energetic electrons can cause severe damage to the vacuum vessel of any tokamak if
left uncontrolled. An innovative mechanism has been developed in ADITYA tokamak to mitigate the runaway
electrons before they can gain high energies. A localized vertical magnetic field perturbation is applied at one
toroidal location to extract runaway electrons. During the start-up phase, ~260 G of perturbation field caused
significant reduction in initial runaway electron energies. The applied local vertical field perturbation acts like
an error field for the high energetic runaway electrons.
Disruptions: rapid events in which large fractions of the plasma thermal energy is lost, must be avoided for
successful operation of a fusion reactor. Disruptions, induced by hydrogen gas puffing, are successfully
mitigated by two innovative techniques in ADITYA tokamak. These experiments led to better understanding
of the disruption control mechanisms and also can be thought of as one of options for disruption control in
ITER. We have demonstrated that (1) a bias electrode placed inside the LCFS of ADITYA tokamak can
mitigate disruptions and (2) applying an ICRH pulse with power ~ 50 to 70 kW can also mitigate the
disruption successfully. In both the cases the physical mechanism seems to be the control of MHD modes with
induced poloidal rotation of edge plasma due to the generated radial electric fields. Real time control of
disruption with identifying proper precursors in both the mechanisms is successfully attempted. Analysing
thoroughly the huge database of different types of spontaneous and deliberately-triggered disruptions from
ADITYA tokamak, a significant contribution has been made to the international disruption database (ITPA).
Apart from these several other experiments regarding low loop voltage start-up and current ramp-up have
been carried out using ECRH and ICRH. The details of experimental results along with data analysis
procedures and plausible mechanisms of different events will be presented in this paper.
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In the paper the universal scenarios of the low-threshold parametric decay instabilities (PDIs), explaining the
anomalous phenomena being already observed [1,2] and potentially important for the energy budget in the
future ECRH experiments, are treated.
We investigate the scenario of a low-threshold absorptive PDI [3] based on the parametric excitation of the
electron Bernstein wave 3D trapped in the drift wave eddies, filaments or blobs possessing density maximum
and aligned with the magnetic field. The nonlinear excitation of this wave and the heavily damped low
frequency oscillations manifests itself as the low-threshold absolute PDI resulting in anomalous absorption of
the part of the microwave power by ions and electrons. In particular, this instability can be responsible for fast
ion production often observed in 2nd harmonic ECRH experiments in toroidal plasmas [1]. We consider the
anomalous backscattering reported in [2] as a secondary nonlinear process, which accompanies a primary
low-threshold PDI [4]. The effect of the parametric decay of the 2nd harmonic extraordinary (X)-mode wave
into two short wave-length upper hybrid (UH) plasmons, propagating in opposite directions, is considered.
The radial localization of both the UH plasmons can be achieved in a vicinity of the density profile local
maximum corresponding to either the discharge axis for the peaked profile, or the O-point of the magnetic
island, or the presence of a blob. On the other hand, when the UH plasmons propagate oppositely and the
pump microwave beam has the finite size, the absolute two - plasmon PDI of the X wave is possible, the
power threshold of which, being derived explicitly, is two orders of magnitude smaller than the one derived in
the case of a monotonous density profile.
The estimations of the threshold for the ordinary wave parametric decay into the 2D trapped UH plasmon and
an ion Bernstein wave for the projected ITER conditions are presented as well.

[1] D. Rapisarda et al., Plasma Phys. Control. Fusion 49, 309 (2007).
[2] S.K. Nielsen et al., Plasma Phys. Control. Fusion 55, 115003 (2013).
[3] E.Gusakov, A.Popov, A. Saveliev, Plasma Phys. Control. Fusion 56, 015010 (2014).
[4] E. Gusakov, A. Popov, EPJ Web of Conferences 32, 01007 (2012).
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In the context of the investigations on JET of the effects of an ITER-like wall on the plasma performance, this
contribution presents a comprehensive picture of the W transport in the core of JET H-mode plasmas with up
to 2.5 MA of plasma current, based on a successful agreement between experiment, interpretative simulations
and theoretical predictions. The main outcome is that W is particularly sensitive to neoclassical transport,
which is affected by any type of poloidal asymmetry and in particular largely enhanced by centrifugal effects.
In presence of peaked density profiles and insufficiently peaked ion temperature profiles, the neoclassic
inward pinch leads to W accumulation in the core and in extreme cases to a premature discharge termination.
Only around mid-radius, turbulent outward convection competes with neoclassical transport. MHD activity
may hamper or speed up the accumulation process depending on circumstances. The path towards W
accumulation is described in details for a representative 2 MA hybrid discharge in which the W behavior
follows closely the evolution of the electron density profile. Neoclassical and linear gyro-kinetic calculations
of W transport closely reproduce both a 2D interpretive W density diagnostics based on the tomographic
inversions of SXR signals and the interpretive simulations of a 1D impurity transport code (JETTO/SANCO.
Ion Cyclotron Resonance Heating in the plasma center flattens the electron density profile and peaks the ion
temperature profile and represents a means to reverse the neoclassical convection. Evidence of such flow
reversal has been obtained by injecting Mo and analyzing the transient behavior of the impurity, which allows
the deconvolution of convective and diffusive transport terms. This confirms analogous results of impurity
out-flushing by central ICRH found in other experiments and in JET plasmas with carbon wall.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Response of Ion and Electron Temperatures, Electron Density and
Toroidal Rotation to Electron Cyclotron Heating in JT-60U
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Temporal and spatial responses of the electron and ion temperatures (Te and Ti), the electron density (ne), and
the toroidal rotation velocity (Vφ) with electron cyclotron heating (ECH) have been clarified for the first time
with fast measurements in positive shear (PS) H-mode plasmas, weak shear (WS) plasmas with internal
transport barriers (ITBs) and reversed shear (RS) plasmas with ITBs on JT-60U. We have found that: (i) Ion
temperature inside the steep Ti gradient decreases with ECH after the Te increase in PS and WS plasmas. The
Ti reduction can be avoided with a large Vφ shear (dVφ/dr) that easily forms in RS plasmas. (ii) Electron
density with peaked ne profile decreases with ECH after the Te increase. (iii) Counter intrinsic rotation is
generated after the Te increase and increases with the Te increase. Time scale of the Vφ change is much
longer than that of the Te increase [1]. The observations in the ne, Ti and Vφ in PS plasmas are consistently
explained by theoretical models and gyrokinetic (GK) calculations.
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Toroidal Rotation Profile Structure in L- and H-Mode KSTAR Plasmas
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We report the results of L- and H-mode toroidal rotation experiments in KSTAR. Both NBI and ECH with
varying resonance conditions were used for the heating mix and turbulence population control. The
experimental results show that ECH causes a counter-current rotation increment both in L- and H-mode
plasmas. In the H-mode case, the rotation profiles are flattened by on-axis ECH with a clear pivot point inside
the pedestal and on-axis ECH can produce larger counter-current rotation than the off-axis ECH. There is no
pivot point observed in rotation profiles for ECH in L-mode plasma. These KSTAR results suggest that toroidal
rotation profiles are determined by an interplay of i) a co-current NBI torque, ii) a pedestal intrinsic torque,
which is notable in H-mode plasma and insignificant in L-mode plasma, iii) a core intrinsic torque, which can
become counter-current with ECH. We hypothesize here that the change of the core intrinsic torque with
ECH is due to a transition from a state of ITG turbulence to CTEM turbulence, and thus a change in the sign
of the turbulence-driven residual stress. For H-mode plasma, linear gyrokinetic analyses suggest that the
steepening of ∇Te and density peaking are two important mechanism for ITG→TEM transition. For L-mode
plasmas, gyrokinetic analyses indicate that off-axis ECH causes the excitation of TEM at r/a=0.5, while on-axis
ECH can excite TEM at core region only (r/a=0.25). TEM at r/a=0.5 is stronger than TEM at r/a=0.25 within
the framework of linear growth rate. This stronger TEM excitation in the off-axis ECH can be understood as a
consequence of increased trapped particle population as the ECH resonance location moves to radially
outward direction. The momentum transport coefficients i.e. diffusivity and convection velocity were
investigated with modulation ECH experiments in KSTAR. An inward pinch was found with the perturbation
method. More detailed gyrokinetic analysis of micro-instabilities will be presented for varying ECH deposition
locations and target plasmas. Also, we will perform nonlinear gyrokinetic simulations to calculate Te
fluctuation spectra and compare them with ECEI fluctuation measurements. Combining transport analysis
and the nonlinear simulations, we will identify the role of the non-diffusive stress component in the formation
of global rotation profile.
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Integrated Modeling of Toroidal Rotation with the 3D Non-Local
Drift-Kinetic Code and Boundary Models for JT-60U Analyses and
Predictive Simulations
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The integrated framework for toroidal momentum transport is developed, which self-consistently calculates
the neoclassical toroidal viscosity (NTV), the radial electric field Er and the resultant toroidal rotation together
with the scrape-off-layer (SOL) physics-based boundary model. The coupling of TOPICS, VMEC and
FORTEC-3D makes it possible to calculate the NTV due to the non-axisymmetric perturbed magnetic field in
the actual geometry. It is found that the NTV significantly influences toroidal rotation in JT-60U and Er holds
the key to determine the NTV profile. The sensitivity of the toroidal rotation profile to the boundary rotation
necessitates the boundary condition modeling. Owing to the high-resolution measurement in the JT-60U edge
region, Er is found to be rather insensitive at the separatrix. Focusing on Er, the boundary model of toroidal
momentum can be developed in conjunction with the SOL/divertor plasma code. This modeling realizes
self-consistent predictive simulations for operation scenario development in JT-60SA and ITER.
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Interaction between Neoclassical Tearing Modes and Non-Local
Transport in HL-2A
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Scaling laws for the prediction of neoclassical tearing modes (NTMs) onset in next generation fusion devices
such as ITER have been carried out. However, it is difficult to extrapolate current island width thresholds for
the NTM onset to ITER due to the uncertainty physics behind the threshold mechanisms. And some events
can also influence the mode onset, such as the large sawtooth period and pellet injection. In the HL-2A
tokamak, NTMs driven unstable by the transient perturbation of local electron temperature induced by
non-local transport (NLT) phenomenon have been observed in low beta plasmas for the first time. In HL-2A,
the onset of m/n=3/2 NTMs during NLT phenomenon induced by supersonic molecular beam injection (SMBI)
has been observed in low beta plasmas with electron cyclotron resonance heating (ECRH). The inversion
surface of electron temperature perturbation (δTe) due to NLT effect is near the q=3/2 surface, which is
determined by the peak of 3/2 mode amplitudes measured by the ECE diagnostics. Compared with 3/2 NTMs
triggered by sawtooth activities in HL-2A, the transient perturbation of local Te gradient induced by non-local
effect plays a crucial role on changing NTM threshold, which dramatically reduces the critical βonset of 3/2
NTMs. In spontaneous 3/2 NTMs without detected core and edge MHD instabilities are observed during
strong NLT effect. After the onset of NTM during NLT phenomenon induced by SMBI, additional molecular
beam pulses are injected to study the interaction of magnetic islands with NLT effect. The non-local effect still
exists with the small 3/2 island, island width w3/2/a~0.06. In the case of large 2/1 magnetic islands,
w2/1/a~0.15, the effect of NLT is almost suppressed. By the way, the collapse of the central electron
temperature with an increase in the edge electron temperature is observed.
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Core Microturbulence and Edge MHD Interplay and Stabilization by Fast
Ions in Tokamak Confined Plasmas
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Extensive linear and non-linear gyrokinetic simulations, including kinetic electrons, collisions, flow shear,
realistic geometry, electromagnetic effects, impurities as well as perpendicular and parallel magnetic
fluctuations, and linear MHD analyses performed respectively with the GENE and MISHKA codes, have
shown for the first time that the large population of fast ions found in the plasma core under particular
heating conditions has a strong impact on core microturbulence and edge MHD. In particular, nonlinear
electromagnetic stabilization of Ion Temperature Gradient (ITG) turbulence can be very much enhanced by
fast ion pressure gradients. These results can explain the improved ion energy confinement regime observed in
L-mode ion heat transport studies at the JET tokamak which manifests itself as a reduction of the ion
temperature stiffness and which, until now had not been reproduced by nonlinear gyrokinetic simulations.
The same effect has been shown to be important in high beta hybrid scenarios from JET and JT-60U with a
large population of fast ions. Up to 4 times of lower ion heat flux for the same R/LTi is obtained in these
plasmas when the fast ions contribution is taken into account. This can explain the higher core ion
temperature gradients obtained in these regimes as the flow shear is found to play a much weaker role. In
addition to the core transport stabilization, the fast ions have been seen to favorably impact edge transport.
The high core total pressure achieved due to fast ions modifies the Shafranov-shift leading to a pedestal
pressure which can increase by 10% when the extra core pressure is taken into account. Therefore, a virtuous
circle starts in these plasmas when the fast ions increase the total core pressure without increasing the
turbulence drive, even reducing the ITG microturbulence. This leads to an improved edge pedestal pressure by
means of the increased Shafranov-shift in a manner unachievable by simple thermal pressure, which is
strongly limited by microturbulence.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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with LFEX PW Laser
Dr. ZHANG, Zhe 1; Prof. NISHIMURA, Hiroaki 2; Mr. KOJIMA, sadaoki 2; Dr. ALESSIO, morace 2; Mr. NAGATOMO, Hideo 1; Dr.

JOHZAKI, TOMOYUKI 3; Dr. SUNAHARA, Atsushi 4; Prof. MIYANAGA, Noriaki 2; Mr. KAWANAKA, Junji 2; Mr. NAKATA, Yoshiki 2;

Prof. JITSUNO, Takahisa 2; Prof. AZECHI, Hiroshi 5; Dr. FUJIOKA, Shinsuke 5; Dr. ARIKAWA, Yasunobu 6; Prof. NAKAI, Mitsuo 2; Dr.

OZAKI, Tetsuo 7; Dr. CHEN, hui 8; Mr. PARK, Jaebum 8; Mr. WILLIAMS, Gerald Jackson 8; Prof. SHIRAGA, Hiroyuki 5

1 Osaka University
2 Institute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
3 Graduate School of Engineering, Hiroshima University
4 Institute for Laser Technology, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
5 Institute of Laser Engineering, Osaka University
6 Insituteof Laser Engineering Osaka University
7 National Institute for Fusion Science, LHD, High Temperature Plasma G. 322-6 Oroshi Toki, Gifu 509-5292, Japan
8 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

Corresponding Author: zhang-z@ile.osaka-u.ac.jp

The absolute energy transfer efficiency from laser to hot electrons in fast ignition plasma was estimated by
applying quantitative high energy Kalpha x-ray spectroscopy. The absolute yield of Sn, Ta and Au Kalpha
lines were measured by a calibrated Laue spectrometer. The Laue spectrometer was developed to cover the
high energy Kalpha lines from Mo (Kalpha 17.48 keV) to Au (Kalpha: 68.80 keV). Absolute calibrations have
been carried out for the crystal and detector separately by using pre-calibrated laser produced Kalpha sources
and radiation isotopes. The hot electron propagation inside the solid target and Kalpha photon generation is
simulated with a Monte-Carlo simulation. Considering the Kalpha photon number measured by the Laue
spectrometer, the transfer efficiencies were estimated by comparing the experimental measurement and
simulation results.
The transfer efficiencies from LFEX to target were estimated with planar and cone-guided geometries. Four
types of cone were used: the standard Au cone with 7-microm thickness; an open Au cone without tip; a
W-shape Au cone with double Au layers; and a diamond like carbon (DLC) cone. The transfer efficiencies of
LFEX laser to a guiding-cone was found to be much higher than the planar target case, and was quantified to
be 20% to 50%.
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Extension of Kinetic-Magnetohydrodynamic Model to Include Toroidal
Rotation Shear Effect and its Application to Stability Analysis of Resistive
Wall Modes
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Extension of the kinetic-magnetohydrodynamic model is presented to include toroidal rotation shear effect for
the first time. The sheared rotation is introduced through generalization of the guiding center Lagrangian,
yielding two additional terms in a quadratic form of mode-particle resonance. These two terms are overlooked
in conventional models. The new model is applied to stability analysis of resistive wall modes (RWMs)
successfully. Numerical results show that the rotation shear reduces RWM growth rates further, which is
consistent with experimental results.
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NBI and HHFW Fast Ion Temporal Dynamics Modeling with
CQL3D-Hybrid-FOW in NSTX Discharges
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The CQL3D Fokker-Planck code[1] has been upgraded to include physics of finite-orbit-width (FOW)
guiding-center orbits[2,3], as compared with the previous zero-orbit-width (ZOW) model, and a recent
first-order orbit calculation[2]. The Fast Ion Diagnostic FIDA[4,5] signal resulting from neutral beam (NBI)
and high harmonic fast wave (HHFW) RF power injected into the NSTX spherical tokamak can now be
modeled quite accurately using ion distributions from the CQL3D-Hybrid-FOW code, a rapidly executing
variant that includes FOW+gyro-orbit losses to the plasma edge, FOW effects on NBI injection and HHFW
diffusion, but does not include neoclassical radial diffusion. Accurate, prompt FI losses are a key feature of the
marked modeling improvement relative to previous ZOW results. By comparing NBI-only and NBI+HHFW
shots, independent confirmation of the usual 35% edge loss of HHFW in NSTX is obtained. Further, HHFW
prompt losses from the plasma core are shown to be 3X as large (>25% total) as the NBI-only case. Limited
neoclassical radial diffusion calculations show an increase of the FI distribution at large plasma radius,
consistent with the near edge signal from the FIDA[5]. The modulated NBI and time-dependent background
plasma variations are accounted for, also giving temporal neutron variation in approximate agreement with
NSTX observations.

Supported by USDOE grants DE-SC0006614, DE-FG02-04ER54744, and DE-FC02-01ER54649, and
DE-AC05-00R22725.

[1] R.W. Harvey and M. McCoy, “The CQL3D Fokker Planck Code,” http://www.compxco.com/cql3d.html.
[2] R.W. Harvey, Yu. Petrov, E.F. Jaeger, W.W. Heidbrink, G. Taylor, C.K. Phillips, B.P. LeBlanc, "First order
finite-orbit-width corrections in CQL3D Ion Fokker-Planck Modeling of the NSTX HHFW Experiment'', EPS,
Strasbourg, France (2011).
[3] Yu. Petrov and R.W. Harvey, “Finite Orbit Width Features of the CQL3D Code”, Proc. of IAEA FEC, San
Diego(2012).
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Electromagnetic Gyrokinetic Analysis of Turbulent Transport in
Finite-Beta LHD Plasmas
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Turbulent transport in finite-beta Large Helical Device (LHD) plasmas is investigated by means of
electromagnetic gyrokinetic simulations. It is found that (i) the ITG mode growth rate decreases with
increasing beta, and the kinetic ballooning mode (KBM) becomes a dominant instability for local beta values
larger than 2-3% in typical LHD configurations, (ii) shearing between oppositely inclined convection cells
newly found in the LHD configuration leads to saturation of the KBM instability which is hardly saturated in
flux tube simulations of finite-beta tokamaks because of weak zonal flow generation, and (iii) the efficiency of
KBM turbulence in the transport is much smaller than that of ITG turbulence.
Whereas in low-beta torus plasmas the zonal flow shear acts to regulate ITG driven turbulence, it has often
been observed by gyrokinetic simulations that instabilities continue to grow without reaching a physically
relevant level of saturation at finite-beta tokamaks. The corresponding problem in finite-beta helical plasmas
is an open question, and we have revealed a new saturation mechanism.
The finite beta turbulence is saturated by the new saturation mechanism that is the nonlinear interactions of
oppositely inclined convection cells through mutual shearing, even when the zonal flow is weak. The new
mechanism may also cause saturation of turbulence in finite-beta tokamaks in the presence of
three-dimensionality such as toroidal ripples and resonant magnetic perturbation (RMP).
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For inertial confinement fusion, the high-density compression and core heating are essential processes.
National Ignition Facility (NIF) is a promising candidate for the development of a fusion power plant.
However, a self-ignition scheme, that is, to burn the core in implosion itself is not straightforward as expected.
A potential solution for this is the fast-ignition scheme, because this scheme can separate and optimize the
process of fuel compression and its heating respectively. In this paper, we proposed and performed a
new-scheme fast-ignition which includes direct ion heating of an imploded core. The Laser for Fast Ignition
Experiment (LFEX) directly heated a pre-imploded core, enhancing D(d, n)^3He-reaction neutron (DD
neutron) yields by a factor of 1000 (5×10^8 n/4pi sr) from that of pre- imploded core. This is the best ever
obtained in fast-ignition scheme. Temperature of a part of the core increased by a factor of two, i.e., from 0.8
keV to 1.8 keV. The laser-driven hot electrons and fast ions contribute to the core heating. The thermal fusion
neutron yield of 6.4×10^7 n/4pi sr also breaks the previous record of 2×10^7 n/4pi sr. STAR ID hydro-code
predicts that deuterons are related to beam fusion and carbons to thermal fusion, respectively. The proposed
scheme here is a potential path to fast-ignite the core at high gain fusion. We would like to stress two points,
(1) Not only hot electrons, but also energetic ions can fast ignite the core. (2) The neutron yield has increased
as high as 1,000 times than that achieved before, which is a record of the fast ignition scheme.
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MHD activities in the region where the magnetic flux surfaces are disturbed by the externally applied field are
now extensively studied in the context of the physics of ELM mitigation. Magnetic stochasticity plays
important role as well in the high-beta experiment of the Large Helical Device (LHD), where topologically
similar magnetic stochastic region is formed naturally outside the last closed flux surface (LCFS).
Characteristic of the MHD instabilities within the stochastic region of LHD is studied. It is noted that
pressure-driven modes are always unstable in peripheral region of the LHD because the peripheral region
stays in the magnetic hill. The plasma expands from the LCFS in high-beta experiments. There appear MHD
instabilities with amplitude of 10^-4 of the toroidal magnetic field. From the mode number of activities
(poloidal / toroidal mode number m/n = 2/3, 1/2, 2/4), the location of corresponding rational surface is near the
LCFS or certainly outside the LCFS and is consistent with fluctuation measurements. Parameter dependence of
the saturation level is then examined for evaluation of impact of MHD activities. The saturation level
increases with the increase of the pressure gradient. Degree of stochasticity is an important factor to affect the
saturation level. Since the thickness of the stochastic region and the degree of stochasticity is increased with
the increase of plasma beta, the stochasticity becomes more important in high-beta conditions. In order to
study the dependence on the stochasticity exclusively, experiments with the resonant magnetic field
perturbation (RMP) with m/n = 1/1 is made. While the magnetic island is formed around the iota=1 surface,
the stochasticity outside the nested region is enhanced. Amplitude of m/n = 2/3 and 2/4 modes are reduced by
this RMP field when the normalized RMP coil current exceeds 0.3 kA/T. Since the local pressure gradient and
the local plasma parameters are not changed by the RMP, this reduction is thus caused by the change of the
magnetic field structure itself. Local flow velocity or the flow velocity shear can also affect the MHD stability.
However, in the present LHD experiment, change in the velocity is small at the mode rational surface.
Stochastisation of the magnetic field found to be an effective tool to suppress the MHD activities without
causing degradation of the pressure gradient.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

353 



Poster 6 / 488

Plasma Structure Change and Intermittent Fluctuation near Magnetic
Island X-Point under Detached Plasma Condition in LHD
Prof. OHNO, Noriyasu 1; Dr. TANAKA, Hirohiko 2; Prof. MASUZAKI, Suguru 2; Dr. KOBAYASHI, Masahiro 2; Dr. AKIYAMA, Tsuyoshi
2; Prof. MORISAKI, Tomohiro 2; Dr. NARUSHIMA, Yoshiro 2; Dr. MOTOJIMA, Gen 2; Prof. TSUJI, Yoshiyuki 1

1 Nagoya University
2 National Institute for Fusion Science

Corresponding Author: ohno@ees.nagoya-u.ac.jp

Recent study in the Large Helical Device (LHD) indicated that applying resonant magnetic perturbation (RMP)
field is able to keep highly-radiating zone near the magnetic island X-point inside the ergodic region and
particle flux onto the divertor plate is reduced accompanied by stable plasma detachment [1]. However, it is
not clear yet where the particle flux starts to decrease in the RMP assisted plasma detachment experimentally.
In addition, recent studies in several magnetic confinement devices implied that intermittent cross-field
transport would be enhanced in the detached divertor [2-4].
We have investigated plasma structure change and plasma fluctuation property near helical divertor X-point
and on divertor plate by using a fast scanning Langmuir probe and a probe array embedded on a divertor
plate in the RMP assisted detached plasmas in LHD. When the RMP induced magnetic island X-point (n/m =
1/1) is located near the helical divertor X-point, the reduction of particle flux accompanied by the plasma
detachment occurred near the helical divertor X-point (n/m = 2/10), which leads to the reduction of the
particle flux at the strike point on the divertor plate. We also found that when the divetor plasma turned to be
the detached condition, the enhanced plasma fluctuations were confirmed between the helical divertor
X-point and ergodic region, which exhibited a dynamic behavior having a large amount of positive-spike
components with highly intermittent property.

[1] M. Kobayashi et al., Nucl. Fusion 53 (2013) 093032.
[2] B.L. Stansfield et al., J. Nucl. Mater. 241-243 (1997) 739.
[3] N. Ohno et al., J. Plasma Fusion Res. 80 (2004) 275.
[4] H. Tanaka et al., Phys. Plasmas 17 (2010) 102509.
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Transient Coaxial Helicity Injection (CHI) in the National Spherical Torus Experiment (NSTX) has generated
toroidal current on closed flux surfaces without the use of the central solenoid. When induction from the
solenoid was added, CHI initiated discharges in NSTX achieved 1 MA of plasma current using 65% of the
solenoid flux of standard induction-only discharges. CHI is incorporated into the NSTX-U machine design, to
be used for the start-up phase of a full non-inductive current ramp-up scenario. The objective for first two
years of CHI research on NSTX-U is to re-establish transient CHI start-up in the new vessel geometry, and to
generate 400 kA of closed-flux start-up current. In support of these planned experiments, the TSC code has
been used to develop transient CHI start-up scenarios using the full NSTX-U vessel geometry, implemented
during the past year. We have also used the resistive MHD code NIMROD, to understand the mechanisms that
lead to the generation of closed flux plasma in a transient CHI discharge. These simulations show that the new
machine capabilities on NSTX-U significantly enhance CHI-startup capability. Simulations have also
confirmed the role of the magnitude of the injector flux, the importance of a narrow flux foot print width, and
rapid time scales required for reducing the injector voltage and (current) in increasing the magnitude of the
closed flux fraction [1]. What is particularly noteworthy is that the NIMROD simulations suggest that the
reconnection mechanisms for transient CHI appear to be very similar to 2-D Sweet-Parker type reconnection,
and 3-D effects do not seem to be important.

This work is supported by U.S. DOE contracts DE-FG02-99ER54519, DOE-FG02-12ER55115, and
DE-AC02-09CH11466.

[1] F. Ebrahimi, et al., submitted to Phys. Plasmas
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Geodesic acoustic mode (GAM) is a specific mode of low-frequency oscillations in toroidal plasma, which
does not participate in radial transport directly, although affects anomalous transport through control of
turbulence level [1]. GAM-induced shear of radial electric field is not constant in time, therefore possibility of
LH-transition initiating in this case is to be studied.
GAM were experimentally studied in TUMAN-3M tokamak by means of heavy ion beam probe [2] and
Doppler reflectometry. Oscillations were detected before ohmic LH-transition and disappeared in H-mode.
There was also detected an interrelation between GAM and ambient turbulence.
To understand if GAM can hinder or facilitate the transition, there was designed a simple model of
LH-transition under the effect of GAM-induced radial electric field, based on TUMAN-3M tokamak geometry
and basic plasma parameters. Simulation of spatial and temporal evolution of plasma density profile was
carried out. Radial electric field was disturbed by oscillations, which structure, frequency and localization area
corresponded to GAM in TUMAN-3M tokamak. Diffusion coefficient was taken in a form
D=k(omega(r,t))D_0(r), with radial electric field shear dependent factor k(omega), similar to one proposed in
[3] and spatial dependent part D_0(r). Simulation results show possibility of LH-transition, initiated by a
space- and time-localized GAM burst, if GAM parameters, such as amplitude, frequency, wavelength, burst
duration, are within certain limits, which are related to each other and also depend on plasma parameters,
primarily ion temperature. If GAM parameters are within those limits (e.g., amplitude is higher than a certain
threshold), LH-transition occurs and system stays in H-mode after the GAM burst.
Comparison of modeling with experimental observation of GAM in TUMAN-3M tokamak shows that
experimental GAM parameters are within the limits, which define possibility of GAM-induced LH-transition.

[1] K. Itoh, S.-I. Itoh, P. H. Diamond, T. S. Hahm, A. Fujisawa et al., Physics of zonal flows, Phys. Plasmas 13,
055502 (2006);
[2] L.G. Askinazi et al, Evolution of GAM oscillations in a shot with ohmic H-mode in TUMAN-3M tokamak,
JTP Letters 38, 6 (2012);
[3] G.M. Staebler, Theory of internal and edge transport barriers, Plasma Phys. Control. Fusion 40 (1998)
569–580
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In magnetic Fusion devices, non-linear wave-plasma interactions in the plasma edge often set operational
limits for Radio-Frequency (RF) heating systems, due to impurity production or excessive heat loads.
Understanding these interactions is key for reliable high-power Ion Cyclotron (IC) wave launch over long
pulses in all-metal devices. Edge IC losses are attributed to a Direct Current (DC) biasing of the Scrape-Off
Layer (SOL) plasma by RF sheath rectification. This paper presents a first step towards self-consistent
modelling of RF wave penetration and the edge plasma DC biasing. A wave equation propagates the Slow
magnetosonic mode from a map of the parallel RF electric field imposed at the outer boundary of the
simulation domain. The local DC plasma potential VDC is governed by the continuity equation for DC
currents in presence of anisotropic DC conductivity. The RF and DC modules are coupled by non-linear RF
and DC sheath boundary conditions at the lateral boundaries of the simulation domain. The code is
implemented with COMSOL, presently in 2 dimensions (radial/toroidal), with boundaries either parallel or
normal to the confinement magnetic field. This approach could reproduce qualitative observations about heat
loads and probe potentials measured in the vicinity of Tore Supra antennas that were hardly compatible with
earlier models. For example asymmetric strap excitation led to left/right sheath asymmetry between the two
extremities of the same field lines. Biasing of the free SOL has to rely on VDC diffusion from the private SOL
due to the transport of DC current. This mechanism is qualitatively consistent with DC current flows
measured in the vicinity of active antennas. The relative simplicity of the present model, its sensitivity to SOL
parameters (density, temperature) and the large uncertainty on SOL transport coefficients make quantitative
RF-sheath predictions challenging. Poloidal distributions of sheath potentials and relative comparisons
between antennas look more robust for predictive assessment. This was assessed by comparing two Faraday
screen types on Tore Supra and was subsequently applied to estimate sheath effects for the ITER antenna with
different strap phasings. Finally a roadmap is proposed for testing the present model further against existing
experiments, and for improving it towards full-wave propagation and shaped walls.
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As magnetic confinement fusion research progresses toward the reactor scale, increasingly intense power
exhaust threatens the integrity of plasma facing components. The compact nature, i.e., small major radius (R),
of the spherical tokamak (ST) presents an economically attractive path to fusion commercialization, but
magnifies the power exhaust challenge, because the plasma-wetted area is proportional to R. To address this
challenge, experimentally constrained divertor modeling in the National Spherical Torus Experiment (NSTX)
is extrapolated to investigate divertor concepts for future ST devices. Analysis is conducted with the
multi-fluid edge transport code, UEDGE. Modeling of NSTX snowflake divertor experiments demonstrates an
ability to capture observed physics behavior, including partial detachment and several-fold heat flux
reduction. Increased plasma-wetted area in the snowflake enhances neutral gas power loss to the outer
divertor targets, enabling the partially detached state. NSTX Upgrade (NSTX-U) analysis shows that heat flux
can be mitigated (to <10 MW/m2, i.e., within present technological limits) using impurity seeding in both
snowflake and standard divertor configurations. For a notional Spherical-Tokamak-based Fusion Nuclear
Science Facility (ST-FNSF), divertor concepts are identified that provide heat flux mitigation (<10 MW/m2) in
up-down-symmetric double-null magnetic geometries with 40 MW input power and 100%-recycling metal
targets. This research provides guidance for upcoming experiments and a basis for continued development of
predictive capability for divertor performance in STs.

Research supported by US DOE Contracts DE-AC52-07NA27344 and DE-AC02-09CH11466.
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One Modeling Framework for Integrated Tasks (OMFIT) is a comprehensive integrated modeling framework
developed to facilitate the interpretation of today experiments, enable theory validation, and support the
design of next step devices. OMFIT is unique in its underlying data structure and grassroots approach. After
only two years since the beginning of the project, the framework is now routinely used for frontline scientific
research, and has an expanding collection of supported physics codes and workflows, which is driven by a
growing number of users.
OMFIT streamlined and increased the scientific throughput of a series of DIII-D experimental data analyses
that are tedious, time-consuming, hard to track and error-prone if done manually. These include kinetic
plasma equilibrium reconstruction, core and edge stability surveys, and critical-gradient transport studies. The
effects on kinetic equilibrium reconstructions of using an exact neoclassical bootstrap current calculation or
the approximate Sauter formula were evaluated. Magnetic flutter and neoclassical toroidal viscosity were
shown to well describe the effect of resonant magnetic perturbations (RMPs) on edge transport and rotation. A
neural-network approach was developed to perform nonlinear multivariate regression of transport fluxes as a
function of local dimensionless plasma parameters, and showed excellent quantitative agreement with the
DIII-D measurements. The numerical efficiency of the method makes it an ideal candidate for real-time
transport simulations.
Concerning predictive transport simulations, OMFIT made possible the design of a workflow that can
efficiently find the self-consistent equilibrium and transport solutions by taking advantage of the time-scale
separation between transport and current evolution. We found that the feedback between the transport fluxes
and plasma equilibrium strongly affects the resulting kinetic profiles and can significantly improve the
agreement with the experiments. This technique was validated on DIII-D data used to design baseline and
advanced tokamak operational scenarios for both DIII-D and FNSF. Future work in this area of research will
focus on including the EPED model in the workflow so to take into account the interplay between edge
stability and core transport.

Work supported in part by US DOE under DE-FG02-95ER54698
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Dust transport study in magnetic plasma confinement devices has been attracting attention because it is
concerned that dusts influence main plasma performances in nuclear fusion reactors. Exfoliated dusts
consisting of accumulated impurity deposition layers can enter the main plasma to enhance impurity
radiation.
The Large Helical Device (LHD) is a unique test stand for studying the dust effects because of the performance
of steady-state operations with saturated wall conditions which are equivalent to situation in nuclear fusion
reactors. Many incandescent dusts have been observed in ICRF heated long pulse discharges. Spectrometers
have detected frequent spikes of iron emission induced by the dusts. Stereoscopic observations of the
three-dimensional trajectories of the dusts using a fast framing camera show that the dusts exist in the
peripheral plasma and do not penetrate into the main plasma for high heating power, while dust penetration
were observed for low heating power.
A dust transport simulation code (DUSTT) was applied to investigate observations of the dust trajectories. It
can calculate the time evolution of the force, heat, mass and charge balance of dusts in plasmas. The original
DUSTT code is optimized to axisymmetric plasma configurations such as Tokamaks. Thus, the code was
modified and implemented in a three-dimensional neutral particle transport code (EIRENE), which enables the
analysis of dust transport in non-axisymmetric plasma configuration like a LHD. The LHD peripheral plasma
is mainly composed of two magnetic structures: divertor legs and ergodic layers. The simulation shows that
the peripheral plasma has two functions for preventing the dusts from the penetration. One is sweeping on the
divertor legs by the plasma flow (mainly by ion drag force), and another one is evaporation on the ergodic
layers by the effect of the heat load due to the high peripheral plasma temperature. It explains the
observations in the long pulse discharges for the high and low ICRF heating power in LHD, showing that the
dusts are swept off and are evaporated in the peripheral plasma for the high heating power.
It indicates that penetration of dusts, which size is in the range collected in the present devices, into the main
plasma will be controlled in nuclear fusion reactors because of the evaporation of dusts by the high
temperature peripheral plasma.
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Transport of plasma, neutral and impurities in peripheral regions is closely linked to the configuration of the
device. The divertor configuration of LHD (Large Helical Device) has been modified to the closed one to
control neutral transport and achieve effective pumping. In order to make comparisons of the open and the
closed LHD divertor, a new calculation mesh covering the ergodic, the divertor-leg and the vacuum regions
has been developed for three-dimensional transport code EMC3-EIRENE. This paper presents simulation
analysis of transport and validation with experimental measurements.
A series of simulations with the both divertor configurations was carried out with the electron density from
1x10^19 to 8x10^19 /m^3 at the last closed flux surface (LCFS) and a fixed heating power of 8MW to simulate
a density-buildup in a discharge. The typical electron temperature on the divertor plates decreases from 40eV
to less than 5eV during the density scan. The simulations involve plasma-wall interactions such as hydrogen
recycling and impurity generation.
An influence of the change from the open to the closed configuration is observed as increase of the plasma
source. The source increases mainly in the legs in low-density discharges and in the ergodic region in
high-density discharges. The electron temperature on the divertor plates becomes low in the case of the closed
configuration because of the large plasma source. The increase of plasma source and difference of neutral
transport cause increase of neutral density under the dome structure by a factor of ten in the closed
configuration. The ratio of the pressure between the both configurations and its dependence on the electron
density at the LCFS are in good agreement with measurements.
Transport of carbon sputtered from the plasma-wetted surfaces with a fixed sputtering yield was simulated.
The increase of plasma-neutral interaction enhances particle flux onto the surface, and hence the number of
sputtered carbon increases in the case of the closed configuration. The amount of carbon ions in the leg
increases during the density buildup regardless of the configurations but reduction of carbon accumulation in
ergodic region, i.e. impurity screening, is observed when the electron density is high. The impurity transport is
significantly affected by parallel flow in the ergodic region with long flux tubes.
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Laser fusion experiment extracts net energy from fuel on the National Ignition Facility (NIF) by using 1.8 MJ,
500 TW single shot laser. Following an effort of this scientific proof of ignition, engineering development
needs to start on Inertial Fusion Energy (IFE) by using a repetitive fusion driver. To realize the IFE power
plant, one key issue is a high-repetition-rate laser of kJ-class or greater. Others are the fuel fabrication and
high-repetition injection, and ignition-high gain physics. And also, Power plant technology, such as
innovative wall materials, will need to be developed. So, we are researching and developing to aiming at the
early realization of a compact laser fusion experimental mini-reactor. In the latest results of our research, the
basic experiment of the fast-ignition scheme with the counter-illumination was obtained a core overheating
by Diode Pumped Solid State Laser (DPSSL) system in a small laboratory. For the purpose of high-repetitive
implosion and heating of 500 μm in diameter shell targets, we, for the first time, developed a fast-ignition
scheme tailored pulse DPSSL system. The tailored implosion beam consists of a preceding foot pulse “K” from
KURE-1 (4.4 J, 1053 nm, 15.2 ns) and a main chirped pulse from HAMA (1.4 J, 800 nm, 300 ps). The heating
beam “S” is a pulse-compressed beam “L” from HAMA (1.0 J, 800 nm, 192 fs). We divide each beam into two
counter beams. The target is a deuterated polystyrene (CD) shell-target of 500 μm in diameter and 7 μm in
thickness. Two counter tailored beams successfully imploded the shell to form a core plasma, which S-Beam
heated and yielded DD neutrons of 10^4 n/4 pi sr. The system works each 10 ms. STAR1D hydrocode well
predicted the results. In this presentation, we will describe the tailored HAMA laser system for the shell
implosion and heating and the preliminary results, as well as the simulations.
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The role lithium wall conditioning on the achievement of high performance, long pulse discharges in NSTX
and EAST is documented. Common observations include a reduction in hydrogenic recycling, confinement
enhancement, and the elimination of ELMs. The plasma confinement and pulse length in both devices
improve with increasing lithium conditioning. In NSTX, the impurity accumulation which occurred when
natural ELMs were suppressed by lithium conditioning, was ameliorated by triggering controlled ELMs, e.g.
with pulsed 3D fields. In EAST, active lithium conditioning during discharges has overcome this problem,
producing an ELM-free H-mode with controlled density and impurities.
In NSTX, analysis was done on lithium scans with high δ and κ, more prototypical of the shapes envisioned
for NSTX-U. The improvements in pulse length, reduction in recycling, and elimination of ELMs in these
highly shaped discharges reflect those with lower shaping. The edge density and pressure gradients were
reduced in the outermost 5% of the profile in both the high and intermediate shapes, which is critical for the
edge stability improvement. Moreover, while the pressure gradient was reduced, the pedestal broadened,
increasing the pressure at the pedestal top and overall performance.
In EAST, the extensive lithium wall conditioning routinely applied via evaporators prior to a run day was
integral to the 32 second long H-mode pulse lengths. However, during the course of a run day, the efficacy of
the lithium coating can decline, and thus conditioning during discharged by injecting lithium powder into the
edge plasma has been investigated. As in NSTX, large ELMs were eliminated, in this case with real time
lithium injection. Although the radiated power and edge soft X-ray emission were moderately higher in the
discharges with active conditioning, these and the line-averaged electron density remained relatively constant
in time, in contrast to the NSTX observations which showed secular rises in these quantities with large
lithium doses.
In summary, the results from both devices demonstrate several common benefits of lithium conditioning. The
new observation on EAST of a quasi-steady discharge devoid of large ELMs improves the prospects for the
applicability of lithium conditioning for future devices, removing one of the obstacles to progress in NSTX
experiments.
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Development of a kilo-Joule class diode-pumped solid-state laser (kJ-DPSSL) as a beam line of Mega–Joule
class driver is necessary for realization of inertial fusion energy. We conceptually designed a kJ-DPSSL for an
inertial fusion mini-reactor CANDY. The CANDY is the kJ-DPSSL driven integrated fusion mini-reactor based
on fast ignition scheme. The driver consists of two implosion laser drivers in 0.5-micro-m wavelength and two
heating laser drivers in 1-micro-m wavelength. Each beam irradiates 1 kJ-pulse energy at 10-Hz repetition
rate. The implosion beam has a temporary tailored pulse shape and the heating beam has 0.2 to 10 ps pulse
duration. The implosion and heating beams coaxially counter-irradiate a fuel pellet. These key components
which construct kJ-DPSSL driver have been technologically and economically assessed based on our fusion
research. We have started construction of repetitive inertial fusion experimental system based on the
20-J-DPSSL. The DPSSL KURE-I (12 J in 527 nm with 10 ns at 1 Hz)-pumped HAMA laser (3.8 J in 800nm with
100 fs at 1 Hz) is used for an inertial confinement fusion experiment as a feasibility study. Counter irradiation
fusion driver consists of tailored-implosion pulses with heating ultra-intense pulses have been developed for
optimization of fusion reaction. And physical studies about fast-heating and some technological developments
of repetitive target injection have been achieved. These result indicate that development of the kJ-DPSSL
dramatically progress study of reactor core physics, cryogenic pellet-injection and reactor wall. The
assessment for feasible program has clarified the design criteria including the cost of diode, laser materials,
and optics, as well as the lead time for the research, development and system construction.
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High ion temperature, T_i, experiments have been performed applying the tangential and perpendicular NBI
heating systems in LHD. The high T_i plasma up to 7.3keV has been obtained during the decay phase of the
density after rapid increase due to a carbon pellet injection. Simple heat transport analysis of these high T_i
plasma has been done but the rapid change of density effect on the NBI heat deposition and the multi-ion
species effects on the heat transport is not treated accurately. In order to analyze the transport property of the
time evolving plasma, we have to use NBI heat deposition analysis code including the effect of plasma time
evolution. Also the plasma contains sufficient impurities due to the He gas puff and C pellet injection and the
heat transport simulation should take care the multi-ion species.
In this paper we study the high T_i plasma with C pellet injection of LHD applying the integrated simulation
code, TASK3D+GNET-TD. The NBI heat deposition profile of time evolving plasma is evaluated by GNET-TD
extending the 5D drift kinetic equation solver GNET. The heat transport of multi-ion species plasma (e, H, He,
C) is studied by the integrated transport simulation code, TASK3D. It is found that an achievement of high ion
temperature plasma is attributed to the 1) increase of heating power per ion due to the temporal increase of
effective charge, 2) reduction of effective neoclassical transport with impurities, 3) reduction of turbulence
transport. The reduction of turbulence transport is most significant contribution to achieve the high ion
temperature and the reduction of the turbulent transport from the L-mode plasma (normal hydrogen plasma)
is evaluated to be a factor aboutfive by using integrated heat transport simulation code.
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Accelerator-based In-situ Material Surveillance (AIMS) is a novel technique for providing in-situ 2-D maps of
the properties of plasma-facing surfaces in fusion devices, and has been successfully prototyped on the Alcator
C-Mod tokamak [1]. AIMS adapts ion-beam analysis, the leading ex-situ material diagnostic tool, to the
tokamak environment in order to provide quantitative non-destructive probing of surface properties. A
high-current compact accelerator injects an ~MeV deuteron ion beam into the tokamak in-between discharges.
The beam is magnetically steered, toroidally and poloidally, to different plasma-facing surfaces by steady-state
low magnitude tokamak B fields. The deuterons induce nuclear reactions in surface isotopes producing ~MeV
penetrating gammas and neutrons. Measured gamma and neutron spectra are interpreted to provide
quantitative assessment of the surface isotopes. Thus, AIMS provides, for the first time, 2-D mapping of
surface quantities that are time-resolved during plasma operations. The first AIMS experiments on Alcator
C-Mod have studied boron film thickness and deuterium retention. AIMS provides good quantitative
agreement with ex-situ analysis of boron thickness taken after the C-Mod campaign. Boronization has a clear
effect on increasing the boron at the inner divertor but much less at the center-post location, likely due to
outboard radial transport caused by ExB drift away from the EC resonance during boronization. The
deuterium retention is strongly affected by the boron layer formation, but much less by plasma-cleaning
techniques. Near the inner midplane, the boron deposits ~200 nm in 18 I-mode LSN diverted shots, and then
becomes a location of net erosion for the following inner-wall limited shots. The measured high boron net
erosion/deposition rates, combined with their complex temporal and spatial evolution, indicate the necessity
for in-situ surface measurements such as AIMS.
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In order to self-consistently describe the start-up phase of burning plasmas in the presence of energetic
particles, we have developed a kinetic integrated tokamak modeling code TASK3G. This modeling is based on
the behavior of the momentum distribution function of each particle species. The time evolution of the
momentum distribution function is described by an advanced Fokker-Planck component TASK/FP. The
burning start-up of ITER plasmas with multi-scheme heating and current drive is studied including radial
transport and fusion reaction rate calculated from the momentum distribution function. The dependence on
heating scheme, heating power and start timing has been studied and the optimum condition for the reduction
of heating power is discussed.
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In the Fast Ignition scheme, the heating of the compressed Deuterium Tritium capsule is produced by a fast
electron beam generated by an ultra-high intensity laser pulse, transporting the laser energy from the
interaction region up to the compressed DT fuel and producing a one-sided hot spot, from which the
thermonuclear burst propagates to the rest of the fuel.
In order to achieve ignition, the fast electron average temperature is required to be within the 1-2 MeV range
in order to efficiently deposit the energy in a small volume of the compressed core, while the typical fast
electron spectrum, instead, presents a large amount of energy carried by high energy electrons (≥ 5 MeV ).
This large hot electron temperature is believed to be associated to the formation of a relatively long scale
length preformed plasma, related to the presence of a pedestal preceding the main laser pulse.
In this work we propose a method to further reduce the fast electron average energy by reducing the
pre-plasma scale length, by implementing a Plasma Mirror (PM) device on LFEX laser.
The first test of the PM has been successfully performed at LFEX laser, a multi-PW class laser, capable in the
current development state, to deliver up to 2 kJ of laser energy at 1ω (1053 nm) in about 1.5 ps. The first stage
of the experiment consisted in the characterization of the PM reflectivity versus laser energy fluence, using
LFEX laser with a reduced pulse energy of ~ 1 J, giving equivalent condition for high power interaction. The
fluence on the PM was varied by varying the distance between the PM and target chamber center (TCC),
where the LFEX beams are focused. As theoretically expected, a reflectivity of ~50% is found for LFEX
fluences above 40J/cm2.
The second stage of the experiment consisted in measuring the TNSA proton energy obtained focusing the
LFEX beam after PM, for a LFEX pulse energy of about 300 J corresponding to 150 J on target and 1.5 ps pulse
duration, on a thin 3 µm Al foil, and a peak proton energy above 3 MeV has been obtained.
In conclusion, we confirmed and demonstrated that the Plasma Mirror Technology can be successfully
implemented on LFEX laser, and work at pulse conditions relevant for the FIREX project at ILE, Osaka
University.
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Effects of low-n MHD instabilities on plasma performance have been assessed in the regime where an
achieved beta value is regulated by instabilities. In stellarators and heliotrons, interchange instability driven
by pressure gradient is most concerned to impose the limit of the achievable beta value. Previous experiments
in LHD show that high beta plasma with more than 5 % was successfully achieved in the moderately unstable
regime where violated instabilities are benign and does not result in harmful consequence like disruption. The
resistive interchange modes were dominantly observed in the all beta range because of magnetic hill in
periphery, and it was verified that the amplitudes of modes were suppressed by an increment of the magnetic
Reynolds number, S, which is favorable in fusion reactor regime with high electron temperature, Te. However,
since the growth rate of the ideal interchange mode is independent of S, verification of the significance of the
ideal stability boundary is still major problem to be solved in helical devices. Here we focus on the effect of
the mode on the confinement property in the regime where the destabilization of the ideal interchange mode
is predicted by linear theory. The unstable regime of an ideal interchange mode is characterized by enhanced
magnetic hill and reduced magnetic shear. The magnetic hill was enhanced by shifting the magnetic axis
position to the inward, whereas the magnetic shear was reduced by increasing the plasma aspect ratio and/or
plasma current. In the enhanced magnetic hill configuration, the rotating m/n = 2/1 mode appears and the
amplitude is increased with deceleration of the mode rotation, which forms the flattening structure of pressure
profile around the m/n = 2/1 resonance. After the stop of the rotation, the profile flattening is extended to the
core region, which drops the central beta by more than 30 %. In the reduced magnetic shear configuration,
m/n = 1/1 mode also decreases the central beta by about 60 % after the stop of the rotation as well as m/n = 2/1
mode. Both experiments give us the following key results: (i) low-n modes are significantly destabilized in the
ideal-unstable configurations and lead to degradation of central beta by at most 60 %, and (ii) the degree of
their damages strongly depends on the mode rotation velocity.
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One of the most crucial issues of fast ignition is efficient core heating by laser produced fast electron beam.
The main factors in preventing efficient heating are (1) too high fast electron energy and (2) too large beam
divergence. The fast electron energy could be controlled by eliminating pre-plasma generation and by using
heating laser with shorter wavelength. With respect to the beam divergence, it is difficult to control the
angular spread of fast electrons since laser-plasma interactions are the non-linear phenomena. To control the
electron beam, we propose the beam guiding using self-generated and externally applied magnetic fields. In
the present paper, we demonstrate (1) the suppression of the Weibel instability in the low density plasma close
to the laser-plasma interaction region and (2) the sufficient beam guiding performance in the dense region
(propagation region from interaction region to the core) by applying kT-class external magnetic fields on the
basis of the numerical simulations. It is found that a sufficient enhancement of core heating efficiency is
expected from the both effects.
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Understanding and prediction of turbulent transport are crucial to achieving improved confinement states in
advanced magnetic fusion reactors. However, conventional transport models based on the local saturation
paradigm fail to explain many experimental phenomena, e.g. the broken gyro-Bohm scaling, the stiffness of
ion temperature profile etc. Nonlinear turbulence spreading in inhomogeneous plasma turbulence can explain
the discrepancies [1] by decoupling local turbulence intensity, and thus turbulent flux, from the local gradient.
In this contribution, we report on a gyrokinetic simulation study of turbulence spreading, especially focusing
on its effects on ion heat transport under conditions of variable magnetic shear and external toroidal rotation
shear. These are known to be critical to controlling ion heat transport in experiments [2]. Our key findings
from the simulations are two: 1) nonlinear turbulence spreading is enhanced at low magnetic shear, and 2) ion
heat transport is more effectively reduced by the suppression of turbulence spreading due to external rotation
shear in low magnetic shear region. Sheared toroidal rotation is more effective on the decorrelation of
turbulence in the low magnetic shear region.
Our result is consistent with the findings of recent stiffness control experiments [2], where the combination of
low magnetic shear and external rotation shear was shown to be effective in controlling T_i-profile stiffness.
As turbulence spreading is very likely an important contributor to the ion heat transport dynamics in
experiments, our novel findings suggest a new interpretation of de-stiffening.

[1] T.S. Hahm, et al, Plasma Phys. Control. Fusion 46, A323 (2004)
[2] P. Mantica, et al, Phys. Rev. Lett. 107, 135005 (2011)
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Control of plasma profiles and magneto hydrodynamic (MHD) instabilities is essential to establish advanced
operation scenarios, a promising approach towards DEMO. For the purpose of simultaneous control of these
plasma profiles and MHD instabilities, an integrated real time control algorithm is developed in this work. The
developed control algorithm deals with electron temperature (Te) and safety factor (q) profiles for radial
plasma profile control and the NTM for MHD instability control. Control of normalized beta is also considered
for a global performance control. We address the issue of the actuator sharing by avoiding conflict among
each multiple control variables while maintaining a high performance plasma. The Te and q profiles are
controlled by using a new real time profile control approach which is applied to 2013 KSTAR experiments for
its validation on control of Te. For NTM control, the minimum growth rate seeking algorithm is adopted as an
extremum seeking control. The normalized beta is controlled using a classical Proportional-Integral-Derivative
(PID) controller. Finally, all the control algorithms developed separately are combined into a multiple control
algorithm. In this work, we employ a Multiple Model Multiple Controller Adaptive Controller which includes
a supervisory control based on the Unfalsified Control principle and robust control techniques to synthesize
the multiple controllers. In order to verify our approach, it is applied to KSTAR advanced operation scenarios
developed using CRONOS by reflecting the planed KSTAR H/CD mix.
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Understanding electron thermal transport is crucial for improving and predicting the confinement
performance of future devices, e.g. FNSF and ITER. The observations of nonlocal electron thermal transport in
tokamaks and stellarators challenge the standard local model of turbulence and transport. Here, we report the
first observation of nonlocal electron thermal transport in a set of NSTX RF-heated L-mode plasmas with
B_T=5.5 kG, I_p=300 kA and RF heating power of about 1 MW. We observed that electron-scale turbulence
spectral power (measured with a high-k collective microwave scattering system) is reduced by almost an order
of magnitude immediately after the RF heating terminates. The large drop in the turbulence spectral power
and the cessation of the RF heating are not exactly synchronized, and the drop in the turbulence spectral
power has a time delay of about 1 ms relative to the RF cessation. The correlation and time delay between the
reduction of turbulence and RF cessation indicate a causal relation between the measured turbulence and heat
flux. Local linear gyrokinetic stability analyses show that ion and electron-scale instabilities are robustly
unstable in these plasmas and are far from marginal stability. Thus linear stability is unlikely able to explain
the observed reduction in electron-scale turbulence at the RF cessation.
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The bursts of high frequency (~ 1 МHz) oscillations have been registered by magnetic probes in experiments
carried out on the TUMAN-3M tokamak. The line averaged plasma density was ne < 2.5*1019 m-3 and BT ~
(0.7 – 1)T, the regimes were both ohmic and NBI-heated.
The gaps in oscillation spectra between high and low frequency parts of the spectra were observed under
conditions mentioned above. The frequency in the higher part of the spectrum followed the dependence of
Alfven wave velocity VA on magnetic field strength and plasma density. This dependence allows identifying
the high frequency waves as Alfven waves.
When ne was increased, the gap disappeared because oscillation frequency decreased and entered the region
of high level noise. The Alfven wave identification became difficult. The neutral beam injection did not effect
noticeably the Alfven oscillations.
Alfven waves are usually excited by fast ions in tokamak experiments [1,2], but in ohmic regimes fast ions are
practically absent. The high frequency oscillations (electron fishbones) produced by fast electrons were also
observed in ECRH and LHCD experiments [3]. The bursts of oscillations observed in the TUMAN-3M
experiments were excited in OH regimes at the moments of internal disruptions, sawteeth, when fast
reconnection led to fast change in magnetic field geometry and its magnitude. Fast magnetic field oscillations
were observed during internal (gongs [4]) and minor [5] disruptions. However, in these papers the possibility
of the Alfven wave generation was not considered.
At some moments oscillations looked as beats of waves with close frequencies, reflecting the spectrum width.
The Alfven mode localized in the plasma core has been apparently observed. In the plasma center the ratio
∆B/B is small (when r→0 then ∆B/B→0) and the so called “gap mode” does not necessarily exist. For this
mode frequency should be f≈VA/4πRq. In our experiments the observed frequency was f≈VA/2πR, so for q ≥1
the mode was apparently not a gap mode.

[1] Wong, K.L., Plasma Phys. Control. Fusion 1999 41 R1.
[2] D Curran, Ph Lauber, P J Mc Carthy et al Plasma Phys. Control. Fusion 2012, 055001
[3] Zonca F. et al, Nuclear Fusion 2007, 47,1588
[4] Duperrex P.A., Pochelon A. et al, Nuclear Fusion, (1992) 32, 7, 1161
[5] Savruhin P. et al EX/P4-34, 24 IAEA FEC Conference, 2012
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We succeeded in injection of spherical deuterated polystyrene bead pellets at 1 Hz and symmetrical
engagement and irradiation of them with two ultra-intense laser beams. (i) This is the first demonstration of
ultra-intense laser engagement of injected flying pellets. The laser intensity was high enough to produce a DD
neutron yield of 9.5×10^4/4pi sr/shot. (ii) We observed channel formation through the free-falling pellets,
which might be the evidence to support a scheme for fast ignition.
Deuterated polystyrene (CD) beads whose diameter is 1mm are used as pellets. Each pellet free-falls to the
laser focal point 18 cm below at 1 Hz. The signals from the two photodiodes above the focal point are
sequentially sent to a laser controller, which forecasts the arrival time at the focal point and sends a
shooting-request signal to the diode-pumped, ultra-intense laser HAMA appropriately. As soon as HAMA
receives the signal, its two laser beams are emitted onto the injected pellet with an appropriate delay time. In
experiments, up to 1,300 continuous injection was successfully demonstrated. Currently, pellets are
successfully engaged by two counter laser beams at the probability of about 70%. The laser energy, pulse
duration, wavelength, and the intensity were 0.63 J per beam, 104 fs and 811 nm, 4.7×10^18W/cm^2,
respectively. In 7% of engaged shot, neutron generation was observed. The maximum yield of produced
neutrons is 9.5×10^4/4pi sr/shot, that was four times larger than that of single beam experiment, although the
total laser energy is same as 1.2J. Moreover, the laser is found out to bore a straight channel with
10um-diameter through a bead. One possible explanation about channel boring is as follows: Free-electrons
generated by the pre-pulse and pedestal components of the laser pulse might work as a guiding wire for the
fast-electrons generated by the main high intensity pulse using the guiding wire. The intense laser is expected
to transport sufficient energy along the path from the focal point to the core. We conceived this idea of hole
boring, as a means for obtaining a clean path from the focal point to the core. The hole boring observed in this
experiment can be applied for the fast-ignition.
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The plasma rotation plays a central role in magnetic confinement of toroidal plasmas, as it can reduce
turbulence and enhance transport. In turn rotation can be generated both intrinsically by microturbulence via
Reynolds stress, and by external momentum sources, such as, for example, neutral beam injection (NBI). By
assuming a collisional plasma with steep gradients at the edge region of an axisymmetric tokamak with large
aspect ratio, we investigated the rotation of the plasma and its stability criteria through a numerical analysis
in the context of neoclassical transport theory. The governing equations of temperature, density and poloidal
and toroidal velocities were obtained previously by reducing the Braginskii equations with
Mikhailowskii-Tsypin corrections. This system of equations can be cast into a generic reaction-diffusion form.
Under various types of BCs to be found in the medium, and inputs like NBI, Pellet Injection or Loop Voltage,
we studied the selection of wave trains, the symmetry-breaking bifurcations, responsible for the emergence of
spatiotemporal patterns, that are stationary or oscillatory in space and time. In our simulations the interaction
of wave and Turing instabilities were also considered, as the rise of Turing type of patterns requires the
diffusivities in the individual equations to be of different order, as is the case in our equations.
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Reduction of heat and particle loads to the divertor is crucial to the realization of a fusion reactor. Divertor
detachment is a favorable mode of operation for this purpose. In this study, impurity seeding was conducted
in the Large Helical Device (LHD) using neon (Ne) puffing. Enhanced radiation loss and reduction of the
divertor heat load were observed without significant changes in stored energy and line averaged density. In
LHD, the radiated power fraction against the heating power, P_rad/P_heating, where P_rad and P_heating are
the total radiation power and the heating power, respectively, is limited up to around 30% in hydrogen
plasmas even for high density plasma just below the radiative collapse (n_e,bar>1×10^20 m^-3), where n_e,bar
is the line averaged density. With Ne seeding, the ratio could be raised to 30-53% in spite of the much lower
density (n_e,bar~1.3-5.5×10^19 m^-3),. The energy confinement parameter is defined as W_p/(P_heating^-0.61
n_e,bar^0.54) based on the ISS04 scaling, where W_p is the plasma stored energy, and the normalized energy
confinement parameter is defined as the ratio between during the radiation enhancement and that just before
the Ne seeding. The confinement degradation during detachment remains less than 20% over the operation
regime in this study. P_rad/P_heating is limited by the radiative collapse of the plasma, and the achieved
fraction with impurity seeding is 53% during relatively low density discharges (n_e,bar just before the seeding
~ 1.3×10^19 m^-3), while in hydrogen plasmas before the seeding, the fraction is up to around 15% regardless
of n_e,bar. P_rad/P_heating during the seeding decreased with increasing density. At high density
(n_e,bar>4×10^19 m^-3), the radiated power fraction is less than 40%. Radiation profile measurement with an
InfraRed Imaging Video Bolometer (IRVB) was conducted during Ne seeding in relatively high density
plasmas in this study (n_e,bar~4×10^19 m^-3). The localized supplemental radiation was observed along the
helical divertor X-point (HDX). Since the radiation enhancement is localized in the SOL during the Ne
seeding, and the degradation of the plasma confinement is relatively small. On the other hand, in hydrogen
plasmas just before the radiative collapse, the radiation enhanced region is localized on the inboard side and
does not follow the HDX.
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I-Mode is a promising ELM-suppressed regime that combines H-mode-like energy confinement with 
L-mode-like particle and impurity transport. Key to its potential extrapolation to ITER and reactor regimes is 
the scaling of accessibility conditions and performance. The multi-machine experiments reported here, 
supported by the Pedestal and Edge Physics as well as Transport and Confinement ITPA groups, are the start 
of such studies. The regime has been most extensively studied on Alcator C-Mod but has also been explored 
for several years on ASDEX Upgrade. More recently, I-mode has been observed on DIII-D. Experiments on 
EAST and KSTAR are planned in 2014. Observations on the different devices share some general 
characteristics, but also reveal some differences. 
In all devices, the I-mode is generally obtained under conditions for which the H-mode power threshold is 
high (e.g. unfavorable Bxgrad B drift). ICRH, NBI and ECH have each been used successfully. The key 
defining feature of the regime is the appearance of an edge temperature pedestal, similar to that in H-mode, 
while the edge density profile remains unchanged from L-mode. Particle and thermal transport are thus 
decoupled. The increase in Tped is accompanied by improvement in energy confinement. In the best cases, 
confinement exceeds H98y2, and can be maintained in stationary conditions for the duration of heating. The 
height of the temperature pedestal which can be obtained without transition to H-mode varies; in some 
conditions and devices confinement improvement is more modest. Understanding the conditions both for L-I 
and I-H mode transitions is thus critical. 
Fluctuations in the pedestal region, and in the core plasma, also change at the transition to I-mode. Here there 
are some differences in observations on different devices. We will present the observed features of I-modes on 
each device. Pedestal profiles and parameters will be compared both in absolute parameters, which now span 
a very wide range, and in dimensionless parameters. Dimensionless identity experiments have been carried 
out between C-Mod and ASDEX Upgrade. Pedestal stability analysis has been conducted which explains the 
observed lack of ELMs. The transition power thresholds and normalized confinement properties will also be
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compared, and implications of these multi-device studies for extrapolation to ITER and DEMO discussed.
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The use of the D-D fusion reactions for power production is discussed for many years. The main advantage of
the power plants employing these reactions consists in a lower amount of tritium involved in the process.
Ignition of the D-D fusion reactions is a more difficult task compared to the ignition of the D-T fusion
reaction. For power plants with the magnetic plasma confinement, the use of the D-D and D-He^3 fusion
reactions in the observable future will probably be impossible or at least inexpedient [1]. Ignition of deuterium
explosions by the fission explosions is the most technically simple approach to using the D-D fusion reactions
for power production [2], but this approach seems to be politically unacceptable.
The problem of using microexplosions with physically important reactions of D-D fusion for power
production was discussed rather widely. The compression of a fuel with small or zero average atomic fraction
of tritium using laser or other driver with very high parameters, and, hence, very high cost is only one of the
possible approaches. The most effective approaches are those in which the compression of such fuel is caused
entirely or mostly by thermal radiation of one or several D-T microexplosions [3,4]. For realization of these
approaches, the driver with the parameters corresponding to ignition of D-T microexplosions with the yields
of about 1 GJ or less will be sufficient [4].
The use the p-B^11 reaction for power production in the scenarios with heating the fuel by the picosecond
duration, petawatt power laser pulses without its compression was proposed [5]. However, the use of this
method for power production is impossible, because the transversal expansion of the plasma would result in
the very low fuel burning efficiencies corresponding to the acceptable laser pulse energies and fusion yields.

[1] Stott P.E., Plasma Phys. Control. Fusion 47, 1305 (2005).
[2] Ivanov G.A. et al., Vzryvnaya Deiterievaya Energetika, Snezhinsk, RFYaTs – VNIITF (2004).
[3] Winterberg F., J. of Fusion Energy 2, 377 (1982).
[4] Shmatov M.L., Pis’ma v ZhTF 36, No. 8, 82 (2010) [Tech. Phys. Lett. 36, 386 (2010)].
[5] Hora H. et al., Energy Environ. Sci. 3, 479 (2010).
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Resonant magnetic perturbations (RMPs) can mitigate the edge-localized modes (ELMs), i.e. cause a change of
the ELM character towards smaller energy loss and higher frequency. During mitigation a change of the
spatial structure of ELM loads on divertor was observed on DIII-D and MAST: the power is deposited
predominantly in the footprint structures formed by the magnetic perturbation. In the present contribution we
develop a theory explaining this effect, based on the idea that part of the ELM losses is caused by parallel
transport in the homoclinic tagle formed by the magnetic perturbation of the ELM. The modified tangle
resulting from the combination of the ELM perturbation and the applied RMP has the expected property of
bringing open field lines in the same areas as the tangle from the RMP alone. We show that this explanation is
consistent with features of the mitigated ELMs on MAST.
We in addition validated our theory by an analysis of simulations of mitigated ELMs using the code JOREK.
We produced detailed laminar plots of field lines on the divertor in the JOREK runs with an ELM, an applied
RMP, and an ELM mitigated by the presence of the RMP. The results for an ELM clearly show a high-n
rotating footprint structure appearing during the nonlinear stage of the ELM, which is not present in the
precursor stage of the ELM. The results for a n=2 RMP from the ELM control coils show the expected n=2
footprint structure. The results for the mitigated ELM show a similar structure, modulated by a higher n
perturbation of the ELM, consistent with our theory.
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Effect of Horizontal Displacement on Fast Ion Confinement in
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The investigation of the behavior of fast ion (FI) is among the most important directions of research in the
field of magnetic plasma confinement. Study the FI confinement in compact tokamak with relatively low
toroidal magnetic field is topical in view of the increasing interest in developing neutron sources based on the
nuclear fusion reactions. Capture efficiency of FI and thermalization one was studied in present experimental
series by mean of neutron rate measurement. The temporal evolution and the absolute magnitude of the
neutron emission were detected by He3 gas discharge detector. Regression analysis of the experimental data
with available plasma and heating beam parameters in TUMAN-3M tokamak gives dependence of neutron
rate on engineering parameters. The empirical scaling expression indicates expected strong dependence of
neutron emission rate on toroidal magnetic field and beam energy. Results of experimental study of influence
of plasma position along major radius on the efficiency of plasma heating and fast ions confinement are
presented. Plasma shift inwards along the major axis led to the increase of the electron temperature from
300eV to 400eV and results in 20% increase in neutron emission rate. Increase of neutron rate indicates on
improvement of fast ion confinement.
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Study of Neutral Hydrogen Transport in LHD Core Plasmas Based on
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The radial distribution of the neutral hydrogen atom density (n_H) and pressure (P_H) in the Large Helical
Device (LHD) is studied. The n_H distribution is determined from a detailed analysis of the
intensity-calibrated Balmer-alpha line profile while the P_H distribution is obtained with a simple
one-dimensional analytical model. We have for the first time determined n_H at the center of a
fusion-oriented plasma, which is approximately three orders smaller than that at the edge. On the contrary,
P_H changes only a factor of 10 from the edge to core regions. The central n_H has a tendency to become
smaller as the line-averaged electron density is increased.
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In this work, we present analytical and simulation results of the wave and energetic particle (EP) dynamics
associated with Alfvén Eigenmodes (AE) in tokamak fusion plasmas. It is found that (i) both the nonlinear
saturation and the wave-frequency chirping dynamics of toroidal Alfvén eigenmodes (TAE) depend crucially
on the EP velocity anisotropy, and exhibits features of wave-EP phase/resonance locking; (ii) the finite
frequency geodesic acoustic modes (GAMs) could be spontaneously excited by TAEs and could, consequently,
leading to effective saturation of TAEs; and (iii) both kinetic effects associated with short perpendicular
wavelengths and current gradient term play crucial roles in the existence of downward frequency sweeping
reverse shear Alfvén eigenmodes (RSAEs) in consistence with HL-2A experimental observations.
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Two new research tools - a Mirror Langmuir Probe (MLP) and a "Shoelace" antenna - have diagnosed and
actively perturbed fluctuations in the Alcator C-Mod tokamak edge plasma. Both tools elucidate the physics
associated with the Quasi-Coherent Mode (QCM, k_p~1.5/cm, f~50-200 kHz), the edge fluctuation responsible
for the increased particle flux which sustains the steady-state Enhanced Dα H-mode. The MLP has
characterized the QCM with unprecedented detail, showing it to be primarily a drift wave, with curvature also
playing an important role. In addition, the Shoelace antenna actively probes these fluctuations at a specific
k_p (1.5/cm) within a broad (45-300 kHz) frequency range.
The MLP provides electron density (ne), temperature, and potential (Φ) measurements at a ~1 MHz rate, and
scans across the scrape-off layer to just inside the last closed flux surface (LCFS). Recent experiments using
the MLP to investigate the QCM have placed the mode within a ~3 mm layer which spans the LCFS, in a
region of stationary drift where the shear vanishes from the combined diamagnetic and ExB flows. The mode
rotates in the electron diamagnetic drift (EDD) direction in both the lab and plasma frames. The probe has
revealed that the QCM frequency band is well-described by the drift-wave dispersion relation. Moreover, the
MLP has shown that Φ lags ne by ~16 degrees, indicative of drift-wave behavior. MLP and Bp coil
measurements also show a significant interchange component in the mode drive.
Complementing this diagnosis of the QCM, the Shoelace antenna drives edge fluctuations directly. Its winding
imposes k_p=1.5/cm, matching the QCM, and it is driven at arbitrary frequency from 45-300 kHz, with the
capacity to lock in real time to a fluctuation signal. Cross-coherence between the antenna current and
fluctuation diagnostics (phase contrast imaging, Mirnov coils, and polarimetry) shows that the antenna
produces a coherent Bp excitation throughout the discharge, and a coherent ne response after the transition to
H-mode, starting prior to the onset of an intrinsic QCM. The driven mode is roughly field-aligned, with phase
velocity pointing in the EDD direction, and is guided by field lines. The response is resonant at the QCM
frequency, with a weak damping rate, γ/ω~5-10%. Experiments in 2014 will determine whether the antenna
also drives transport like the QCM.
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An ICRH antenna consisting of two poloidal straps is now under design for W7-X in a collaboration between
IEK-4/FZJ and LPP/ERM-KMS. The two straps are on one side connected to a tuning capacitor and grounded
to the antenna box at the other end. To reduce the voltage in the feeding transmission lines and matching
system, a pre-matching has been implemented by connecting the RF transmission lines at an intermediate
position on each strap. This paper describes the optimization of this design to maximize coupling to the
plasma using modern simulation codes (MWS, TOPICA) and its experimental validation obtained using a
reduced scale mock-up, loaded with salted water and a ferroelectric dielectric to mimick the plasma.
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Dynamics of magnetic islands in helical plasmas has been studied by means of an externally imposed resonant
magnetic perturbation (RMP) to clarify its effect on the MHD stability and confinement in the Large Helical
Device (LHD) plasmas. It has been reported that spontaneous healing and growth of magnetic islands can be
clearly separated on the space of plasma beta, collisionality and poloidal flow. The dependence on the
magnetic configuration has been also reported, in which the ramping-up RMP is likely to penetrate for the low
magnetic shear and mitigated magnetic hill. This study clarifies configuration effect on healing/growth
transition of magnetic islands for the first time. Dynamical response of island has been investigated for
various magnetic configurations with different magnetic axis position ranging Rax = 3.55 - 3.80m. To clarify
the effect originated from magnetic configuration, plasma parameters are kept approximately constant during
the discharge. In case the RMP is ramped up during the discharge, the magnetic island shows healing at the
beginning of the discharge. At that period, the plasma response field compensates the RMP field to shield it.
When the RMP reaches a threshold, it penetrates into the plasma and makes the magnetic island. On the other
hand, in case the RMP is ramped down during the discharge, the RMP initially penetrates into the plasma and
makes the magnetic island. When the decreasing RMP reaches a threshold, it is shielded and the magnetic
island disappears. It is observed that thresholds of the amplitude of RMP for the healing/growth transition of
magnetic island depend on magnetic axis position Rax. The RMP threshold increases as the magnetic axis
position Rax increases. Furthermore, it was found that the threshold of RMP for healing is smaller than that
for growth, which means hysteresis in the critical RMP at a healing/growth transition. The magnetic island
response to RMP and its hysteresis have been identified in LHD. The experimental observation shows (1) the
threshold of RMP increases with the Rax of the magnetic configuration. (2) The hysteresis is seen in the
critical RMP at a healing/growth transition.
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By injecting tracers into the LHD plasma with a tracer-encapsulated solid pellet (TESPEL) method, we found
that the impurity source location is essential for determining the impurity transport property. The impurity
transport for three different locations of impurity source are studied by (i) thick-shell-type TESPEL (thickness
of ~240 micron m), (ii) thin-shell-type TESPEL (thickness of ~75 micron m) and (iii) Ar gas puffing. As a result,
a new property of the impurity behavior was revealed owing to the advantage of the direct and local
deposition of the multiple tracers (V, Mn, and Co) by TESPEL in the plasma as follows. (1) In the plateau
regime (n_e= 3-4×10^19 m^-3), the tracers deposited in the plasma flow away faster than the case of the
Pfirsch Schlueter (PS) regime (n_e= 5-7×10^19 m^-3), while the intrinsic impurities can enter easily into the
plasma core. (2) In the PS regime, the tracers deposited in the plasma are kept for a long time, while the
impurities coming from the outside of the plasma are prevented from entering into the plasma core. This is
confirmed with the Ar gas puffing as a simulator for intrinsic impurities. In case (ii), the tracer penetration
depth becomes shallower (around roh= ~0.85) than the case (i) (around roh= ~0.75). The tracers deposited in
this location have still the same feature as the case (i). The Ar Li- and Be-like emissions mainly coming from
the plasma periphery are observed in the both regimes. The ratio of the emission intensity of the PS versus the
plateau regime is compared with the calculation by the STRAHL code, and it indicates that Ar particles reach
up to the region of roh= 0.87 - 0.93 in the PS regime. Thus, the layer discriminating the impurity behavior is
identified as the region of roh= ~0.9. The dominant friction force against the thermal force in the scrape-off
layer works as the outflow mechanism of the impurity in case of the PS regime, as the ratio of the friction
force versus the thermal force is proportional to ne^-2.5~ -3 in the plasma periphery. The method and the
present results will contribute to the future impurity transport study in the edge region of the fusion plasma.
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Increasing input power and plasma current in present and future tokamaks naturally leads to more serious
divertor and first wall heat flux problem, both for the steady state and the transient ELM heat deposition.
Therefore, ELM control using the 3-D fields and peak heat flux reduction with divertor detachment must be
compatible.
A large amount of deuterium (D2) gas is puffed into the lower divertor area in NSTX, for naturally ELMy
H-mode plasmas, to produce partially detached divertor condition. 0.2kA n=3 error field correction was
applied as a baseline, followed by super-position of the n=3 perturbation field (-0.5kA) for the 2nd half of the
gas puff period. Two divertor gas puff rates were tested; low (~7x1021 D/sec) and high gas puff (~1.1x1022
D/sec). After the detachment onset by gas puff, the peak heat flux is reduced by ~70 % compared to those in
the attached regime. However, it is seen that the profile becomes peaked again in the low gas puff case after
3-D fields were applied to the detached plasma, i.e. the divertor plasma re-attached, while it remains detached
in the high gas puff case. Therefore, the 3-D fields can re-attach weakly detached plasma but this can be
avoided by enhancing detachment with higher gas puff.
A similar experiment was carried out at DIII-D to investigate the impact of n=3 3-D fields by I-coils on
divertor detachment, which was established by upstream D2 gas puffs. 4 kA coil current, with both even and
odd parities, was applied to high density (n ̅_e>7x1019 m-3 and v_e^*>1) H-mode discharges. It was found that
the plasma did not respond to the applied 3-D fields, i.e. there was no striation observed either in the heat or
particle flux profile, although the pedestal collisionality was high enough compared to the value reported
necessary (v_e^*>0.5) to achieve heat flux striations in a previous study. Field line tracing using
TRIP3D-MAFOT with and without the use of data from M3D-C1 shows that plasma response can significantly
alter the pattern of striations predicted by vacuum modeling. Work is in progress to fully explain experimental
observations by implementing 3-D edge transport calculation by EMC3-Eirene. Characterization of 3-D field
spectra and shape parameters regarding their impact on detachment conditions, along with comparison of
results from NSTX and DIII-D, will be presented. This work was supported by US DOE.
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The feasibility of inertial confinement fusion depends critically on the laser drivers. Advances in the light
power density and the efficiency are still to be made. We present an overview of the fundamental limitations
of laser diode arrays, which are used for pumping the solid state lasers, and show which steps the industry has
taken so far in order to achieve the ambitious goals.
The pump power requirements of large-scale projects such as LIFE or HiPER are within reach of
semiconductor laser diode assemblies. Pulsed light output powers per laser bars have been around 300W per
bar, as in the JENOPTIK 940 nm bars previously used for pumping the Yb:YAG slabs in the DiPOLE project.
By redesigning the semiconductor laser structures the peak power is now increased to 500W per bar for 808
nm, 880 nm and 940 nm pump wavelengths.
The second important aspect of high pump power densities is dense array packaging of the laser bars. To this
end, a scalable QCW stack for conductive cooling is under development at JENOPTIK. Design-to-cost is a
must if inertial fusion power plants are to become reality. The new diode array follows this rule: compared to
the standard assembly, manufacturing is simplified by simultaneous solder joining of submounts and
ceramics. At the same time, the stack is engineered for reliability by the choice of materials. We illustrate this
assembly technique that paves the way to automation and further reduction in cost-per-Watt.
The construction of one inertial fusion power plant will require a number of semiconductor laser chips in
excess of the current annual production by two orders of magnitude. This adds to the engineering task of
improving the device characteristics a challenge to production. While the industry benefits from the recent
boost in solid state lighting that acts as a technology driver, cooperation between manufacturers will be
imperative, and to this end we present standardization efforts.
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A compression of external magnetic field by a laser driven implosion is studied using two dimensional
radiation hydrodynamic simulation. The simulation results show that (i) it is possible to compress the
magnetic field to be 10kT (108 Gauss), and (ii) the strong magnetic field should affect the implosion dynamics
because of the suppression of the electron heat flux which across strong magnetic field lines. This result
suggest that a target and initial conditions for fast ignition with external magnetic field must be designed
carefully not only for the control of the hot electron transport but also for the formation of high dense plasma.
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Fast ignition (FI) experiments have been performed at the Institute of Laser Engineering, Osaka University by
using Gekko-XII laser for implosion and LFEX laser for fast heating of fuel targets. In FI experiment with
intense heating laser irradiation (>10^19 W/cm2), most of heating laser energy is converted to that of hot
electrons with energy ranging well up to several 10 MeV. Intense hard x-rays (or so-called “γ rays” in terms of
the photon energy) are generated from hot electrons via Bremsstrahlung in the target material. Such
high-energy photons are a real threat as intense background signals to the x-ray and neutron diagnostics.
Neutrons generated via (γ,n) reactions taking place in and around the target chamber are also a threat to the
neutron diagnostics. We found that FI experiments are in such a γ-ray and neutron harsh environment, and
evaluated those conditions which have never been experienced in conventional laser-plasma experiments. We
have developed many new plasma diagnostics that are compatible with such a γ -ray and neutron harsh
environment. FI physics- and integrated-experiments have been successfully performed with those improved
plasma diagnostics with much better accuracy than in the previous experiments even in such a γ-ray and
neutron harsh environment. These works are also useful as test pilot experiments for future experimental
fusion reactors in which much more harsh environment is anticipated.
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To achieve substantially high compression performance of the impact ignition, a novel compression scheme is
proposed, in which hollow targets with specifically curved structures initially filled with uniform matter, are
driven by converging shock waves. (i) Its self-similar dynamics is analyzed in detail. (ii) The dynamic
behavior is demonstrated using two-dimensional hydrodynamic simulations. (iii) A rigorous linear
perturbation analysis is proposed, which gives a new dispersion relation with cut-off mode numbers as a
function of the specific heat ratio, above which eigenmode perturbations are smeared out in the converging
phase. This study provides (1) a new scheme achieving super-high compression via strong shock with the
special geometries as another path to achieve high pressures via orthodox adiabatic compression, and (2) a
rigorous perturbation analysis to give the new growth rates that are significantly different from the widely
accepted prediction. These new knowledge is expected to be applied to “Impact Ignition” – an advanced
scheme of ICF, in terms of the reshaped cone casing that works as igniter.
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Quantitative tungsten study with reliable atomic modeling is important for successful achievement of ITER
and fusion reactors. We have developed tungsten atomic modeling for understanding the tungsten behavior in
fusion plasmas. The modeling is applied to the analysis of tungsten spectra observed from currentless plasmas
of the Large Helical Device (LHD) with tungsten pellet injection. We found that extreme ultraviolet (EUV)
lines of W^{24+} to W^{33+} ions are very sensitive to electron temperature (Te) and useful to examine the
tungsten behavior in edge plasmas. Based on the first quantitative analysis of measured spatial profile of
W^{44+} ion, the tungsten concentration is determined to be n(W^{44+})/n_e= 1.4 x 10^{-4} and the total
radiation loss is estimated as ~4 MW, of which the value is roughly half the total NBI power.
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The integrated transport analysis suite, TASK3D-a, has enhanced energy transport analyses in LHD. It has
elucidated the systematic dependence of ion and electron energy confinement on a wide variation of plasma
parameters, and the fitting expressions for ion and electron heat diffusivities with local plasma parameters.
Conventionally, scaling laws for the global energy confinement time (tau_E) have been one of the approaches
to systematically understand the energy confinement, and then also to design/predict future devices.
However, recent extensive application of TASK3D-a to a wide-ranging LHD experiment database has
provided a breakthrough to improve this situation; from scaling laws for tau_E to fitting expressions for ion
and electron heat diffusivity.
NBI-heated high ion-temperature plasmas and medium-to-high density plasmas have been mainly analyzed.
The general tendency is recognized to be that the normalized ion (electron) heat diffusivity increases
(decreases) as the temperature ratio, Te/Ti, is increased.
Accumulation of TASK3D-a analyses results has led to the attempt at deducing functional fittings for kai_e
and kai_i with local parameters. This approach has remarkable advantages such as the fitting can be
performed separately for ions and electrons, and gradients of profiles can be taken into account. Thus, it is
much more relevant to interpret the physics mechanism of the energy confinement than the conventional
scaling approach for tau_E. Moreover, such deduced fitting functions for heat diffusivities can be directly
implemented into the predictive modelling, so that the transport model assumption (like a Gyro-Bohm) is no
longer required. These attempts have been on-going through multivariate nonlinear regression analysis by
assuming the predictor variables such as the normalized collision frequency, Te/Ti, and normalized scale
lengths of temperature gradient. So far, the fitting expressions for ion and electron heat diffusivities have been
successfully obtained.
These results are significant in terms of deducing comprehensive understandings of energy confinement based
on “big data” which are created through a close-link between TASK3D-a and the LHD experiment. This
approach should be applicable to any other fusion experiments.
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In this work, the Weibel instability due to inverse bremsstrahlung (IB) absorption in laser fusion plasma has
been investigated. The stabilization effect due to the coupling of the self-generated magnetic field by Weibel
instability with the laser wave field is explicitly showed. In this study, the relativistic effects are taken into
account where the basic equation is the relativistic Fokker-Planck (F-P) equation.
The main obtained result is that the coupling of self generated magnetic field with the laser wave causes a
stabilizing effect of excited Weibel modes. We found a decrease in the spectral range of Weibel unstable
modes. This decreasing is accompanied by a reduction of two orders in the growth rate of instability or even
stabilization of these modes. It has been shown that the previous analysis of the Weibel instability due to IB
have overestimated the values of the generated magnetic fields. Therefore, the generation of magnetic fields
by the Weibel instability due to IB should not affect the experiences of inertial confinement fusion.
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The effect of lithium wall coatings on scrape-off-layer (SOL) turbulence is modeled with the Lodestar SOLT
code to explore the implications for the SOL heat flux width on NSTX of experimentally observed, Li-induced
changes in the pedestal profiles. The connection is important because pedestal profiles impact the overall
fusion performance of ITER and future machines while the SOL heat flux width impacts the survivability of
divertor target plates. The SOLT code used in the modeling has been expanded recently to include ion
temperature evolution and ion diamagnetic drift effects. This work focuses on two NSTX shots: pre- and
post-Li deposition. The simulation density and energy profiles are constrained, inside the last closed flux
surface only, to match those measured in the two experiments, and the resulting drift-interchange-driven
turbulence is explored. The effect of Li enters the simulation only through the profile constraint: Li modifies
the experimental density and temperature profiles, and these profiles affect the simulation SOL turbulence.
The power entering the SOL (P_SOL) measured in the experiments is matched in the simulations by adjusting
“free” dissipation parameters (e.g., diffusion coefficients) that are not measured directly in the experiments. At
power-matching, (a) the heat flux SOL width (lambda_q) is smaller in the post-Li case, as observed
experimentally, and (b) density fluctuation amplitudes are reduced, post-Li, also as observed. The instabilities
and saturation mechanisms that underlie the SOLT model equilibria are discussed.

Work supported by USDOE grants DE-FG02-97ER54392 and DE-FG02-02ER54678.
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Bursting resistive interchange modes destabilized by a characteristic motion of helically trapped energetic ions
are for the first time observed in a helical plasma and induce large negative radial electric field near the edge,
which indicates non-ambipolar losses of the fast ions by the modes. The burst modes also induce a clear
change of toroidal plasma rotation and micro-turbulence suppression accompanying transient confinement
improvement.
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An analysis of radial electric field formation in the core region of tokamak is developed based on the
gyro-center shift (GCS) theory and its calculation is compared with experimental measurements on KSTAR
and NSTX. The GCS theory suggests the radial electric field formation by the perpendicular component of
neutral beam injection (NBI) momentum input [1]. Most of induced ExB drift is balanced with the parallel
rotation so that the plasma rotation is purely toroidal but there are regions where the induced radial electric
field generates poloidal rotation since the neutral beam is injected into the same flux tube with different pitch
angles when it propagates into inboard side and outboard side. The poloidal rotation measurements from
beam emission spectroscopy (BES) and microwave imaging reflectometer (MIR) for the edge region and x-ray
imaging crystal spectrometer (XICS) for the core region with analysis using NUBEAM code will be presented
on KSTAR. The profile measurement of poloidal velocity by charge exchange recombination spectroscopy
(CHERS) on NSTX is also compared with the calculation based on GCS theory.

[1] Lee K C 2009 Plasma Phys. Control. Fusion 51 065023
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An extremely hollow carbon impurity profile (impurity-hole) has been observed associated with increase of
ion temperature gradient in the discharges with ion-ITB on LHD. Simultaneous achievement of the
impurity-hole and ion-ITB is favorable feature in nuclear fusion plasma, where both good energy confinement
and ash exhaust are required.
The impurity-hole is characterized as small diffusion and large outward convection of impurities [1]. The
outward convection observed in experiment contradicts to the prediction of neoclassical impurity transport
and the convection velocity becomes larger as the magnetic axis shifted outward and the ion charge of Z is
increased [2]. In this paper, the dynamic behaviors of the convection velocity of carbon impurity during the
formation of impurity-hole are described.
(1) The dynamic impurity transport analysis shows that the abrupt (time scale of 30 ms) reversal of
turbulent-driven convection flow of carbon impurity from inward to outward takes place at the formation. (2)
The reversal starts at the position where the ion temperature gradient becomes steep and propagates toward
the core and edge in the time scale of 100 ms while the ion temperature increases in the time scale of 300 ms.

[1] M.Yoshinuma, et al., Nucl.Fusion 49(2009)062002.
[2] K.Ida, et al., Phys.Plasmas 16(2009)056111.
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The formation of transport barriers, including both ETB (edge transport barrier) and ITB (internal transport
barrier), in tokamak plasma is investigated using bifurcation concept. A set of heat and particle transport
equations with both neoclassical and anomalous effects is used to represent the plasma in slab geometry. The
neoclassical coefficients are assumed to be constant, while the anomalous coefficients, taking effect only above
critical gradients, are assumed to be locally driven by gradients of pressure and density. The transport
suppression is assumed to occur only in the anomalous channel with flow shear and magnetic shear as
suppression mechanisms. The flow shear, presented in term of coupling pressure and density gradients, is
assumed to nonlinearly suppress the transport, whereas the magnetic shear plays a more complicated role in
the suppression of the transport and reduction of the flow shear strength. Both transport equations are
analytically and numerically solved for local plasma gradients in order to examine ETB and ITB formations. It
is found that the results exhibit bifurcation nature when mapped onto fluxes versus gradients space in which
abrupt jumps in the gradients can be observed at both transport barrier locations. ETB appears to form only if
the critical flux is reached regardless of the magnetic shear profile, while ITB formation is possible only with a
reversed magnetic shear profile. In addition, with a suitable magnetic shear profile, the minimum flux
criterion is not needed for ITB formation, though the abrupt jumps in the gradients become smoother at lower
flux. ITB location and width are also found to be correlated to the nature of q-profile. In particular, the
location is in the vicinity of where q-profile reverses its direction and the width appears to be inversely
proportional to its curvature.
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The coupling between Alfven waves and plasmas are studied before applying high power rf waves to drive
current in the SUNIST spherical tokamak (R/a: 0.3 m/0.23 m; B_T0: 0.15 T; I_P: 30~70 kA; n_e: ~1E19 m^-3;
pulse length: 10~25 ms). The impedance of antennas reflects the coupling and can be easily obtained from the
rf voltage across and the rf current through the antennas since the frequencies of the waves are low. The
evolution of wave coupling in typical discharges confirms that the coupling heavily depends on the electron
density and the plasma shape. The impedance of the antennas without BN limiters as a function of frequency
qualitatively agrees with the 1-d MHD calculation results of mixed N=1/-1 and M=1/-1 modes. However, the
dependence of the impedance of antennas with BN limiters on toroidal field is much weaker. The Alfven
continuum is obtained by continuously scanning the toroidal field.
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High harmonic Electron Cyclotron Resonance Heating (ECRH) is potential means of extending plasma density
and beta-value ranges of fusion-relevant plasmas. Instead of the normally used fundamental ordinary (O1)
and the second harmonic extraordinary (X2) modes, sufficient absorption can be expected using even O2 and
X3 mode heating scenarios, when the temperature and density of a target plasma are high and the injection
and/or magnetic field configurations are optimized. The cut-off densities of O2 and X3 mode wave
propagation are twice and four-thirds of the X2 mode cut-off density, respectively. Moreover, the resonant
magnetic field strength of the X3 mode becomes two-thirds of the field for the X2 mode.
We investigated the optimized condition of both the EC wave injection and the magnetic field configuration
in the Large Helical Device (LHD). Firstly, in the case of O2 mode injection with a frequency of 77 GHz and
with the optimized injection angle, about 30-40% absorption could be kept beyond the cut-off density of X2
mode, which is 3.7×10^19m^-3. Secondly, in X3 mode heating experiment, the stepwise power injection from
three gyrotrons pushed up the electron temperature, leading to the absorption improvement and achieving
more than 40% absorption efficiency. Superposed stepwise injection from three gyrotrons with a total of 3MW
increased the central electron temperature to about 3.5 times of the initial target plasma temperature of
0.6keV. This clearly shows that the temperature increase improves the absorption rate of the subsequent
injection. Thirdly, for both cases, the ray-tracing (TRAVIS) code analyses show fairly good agreement with
the plasma-parameter dependences of the absorption rates experimentally obtained.
Experimental results and ray tracing analyses show also that the O2 and X3 mode ECRH can be expected as
methods with sufficient absorption, when the EC beam is injected (1) along the ECR layer over a long distance
in the injection case from the upper-port antenna (U-antenna case) and (2) through the saddle point of the
magnetic field strength between two ECR layers in the injection case from the outer-port antenna (O-antenna
case) in LHD. The high harmonic ECRH is expected to have a potential to extend the heating regime utilizing
optimized injection condition and magnetic configurations with a long-distance resonance.
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Parametric Decay Instabilities (PDI) have been linked to the sudden loss of superthermal electrons and current
drive efficiency as the density is increased above a critical density n_crit in lower hybrid current drive
experiments in Alcator C-Mod. Spectral peaks occur at multiples of the ion cyclotron frequency near the inner
wall. As the density is increased to n_crit, the sidebands become strong with energy content comparable to
that in the spectrum around f_0 and pump depletion sets in. The onset and character of the PDI are consistent
with solutions of the PDI dispersion relation ϵϵ_1+(1+χ_i )χ_e μ^2=0 where the coupling constant μ^2
depends linearly on the square of the parallel and perpendicular components of the pump electric field. The
results show that the observed PDI are associated with excitation of ion cyclotron quasi-modes (ω≈nω_ci)
which are found to be dominant over ion sound quasi-modes (ω≈k_∥v_ti). In both experiment and calculation
strong excitation occurs for ω⁄ω_LH≳4. Even with n≈n_crit, the data show that the pump propagates to the
inner wall with modest attenuation. This implies that the absorption of the pump is weak during the first pass
from the LH antenna to the inner wall and suggests that stronger first-pass absorption should restore the
current drive efficiency observed at lower density. Operating at higher T_e and locating the launcher off
mid-plane can improve single pass absorption. An off-midplane “bi-junction” launcher has been designed for
C-Mod and is planned to be installed in the near future. When combined with the present mid-plane launcher
the total available power will be increased from 1 to 2 MW. Simulations indicate that even with full
absorption of the pump at the inner wall, e.g. by PDI, ~ 150 kA can be driven at n = 1.4 x 10^20 m-3.Injecting
LH power into higher density H-mode plasmas has a profound effect on the edge and SOL turbulence,
decreasing the density-fluctuation power significantly. In many of these discharges, increases in confinement
are observed after the LH power is applied. In this case strong PDI occur at the cyclotron frequency and
harmonics corresponding to the field near the launcher. Application of LHCD to reactor scale devices will be
discussed, including advantages of launching from the inner wall.

This work supported in part by: US Department of Energy, DE-FC02-99ER54512
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Understanding the stability and behavior of 3D helical modes in the core of an axisymmetric toroidal
configuration remains one of the challenges of fusion research [1-3]. A new type of periodic fishbone-like
instability with a (1,1) internal kink-like structure [3] has been observed in Alcator C-Mod tokamak during the
development of advanced non-inductive scenarios using radio frequency lower hybrid current-drive (LHCD).
For the first time, measurements at high spatial and temporal resolution directly connect changes in the fast
LH-generated electrons to the mode onset, saturation, and damping. Its radial profile has the characteristic
Bessel function form of the cylindrical or lowest order toroidal 1/1 kink eigenfunction [3]. Suprathermal
electron energies are measured directly using the downshift of electron gyrofrequency due to relativistic
effects and correlate with the mode. The results suggest that the mode is destabilized by the nonresonant
suprathermal electron pressure contribution to the central beta instead of the wave-particle resonance of
traditional fishbones [3]. The independence of the fast electron pressure from the thermal pressure that drives
the conventional internal kink also explains its varied co-existence with the sawtooth crash and precursor
oscillations.

This work was performed under US DoE contracts including DE-FC02-99ER54512 and others at MIT and
DE-AC02-09CH11466 at PPPL.

[1] L. Delgado-Aparicio, et al., Phys. Rev. Letters, 110, 065006, (2013).
[2] L. Delgado-Aparicio, et al., Nucl. Fusion, 53, 043019, (2013).
[3] L. Delgado-Aparicio, et al., Phys. Rev. Letters, submitted, (2014).
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Nonlinear Excitation of Kinetic Geodesic Acoustic Modes by Drift Waves
in Nonuniform Plasmas
Dr. QIU, Zhiyong 1; Prof. CHEN, Liu 2; ZONCA, Fulvio 3

1 Zhejiang University
2 China
3 Associazione EURATOM-ENEA sulla Fusione

Corresponding Author: zqiu@zju.edu.cn

In this work, nonlinear excitation of geodesic acoustic modes (GAM) by drift wave (DW) turbulence is
investigated, taking into account effects of finite kinetic dispersiveness and system nonuniformities. The
nonlinear equations describing nonlinear parametric decay of DW into GAM and DW lower sideband are
derived using nonlinear gyrokinetic theory。 The corresponding governing equations are solved both
analytically and numerically to investigate the effects of finite kinetic dispersiveness and system
nonuniformities on the parametric decay process, such as nonuniform diamagnetic frequency, finite radial
envelope and DW pump and GAM continuum. It is found that the parametric decay process is a convective
instability for typical tokamak parameters when finite group velocities associated with kinetic dispersiveness
and finite radial envelope are taken into account. When, however, nonuniformity of diamagnetic frequency is
taken into account, the parametric decay process becomes, time asymptotically, a quasi-exponentially growing
absolute instability. The nonuniformity of GAM continuum, meanwhile, causes radial symmetry breaking
between outward and inward propagating modes, but the qualitative picture remains the same.

Poster 6 / 784

Effects of Ion Diffusion on Fusion Burn at the Shock Flash in
Inertial-Confinement Fusion Implosions
Dr. LI, Chikang 1

1 MIT

Understanding the physics responsible to the disagreement between experimental results and numerical
simulations are of fundamental importance to inertial-confinement fusion (ICF) implosions, and particularly
to the ignition-scale layered implosions currently taking place at the National Ignition Facility (NIF). The
plasma kinetic effects, which have been overlooked in the conventional single-spices-averaged hydrodynamic
codes, are attracting increasing attentions. It has been realized that such effects, including the ion diffusions,
play important roles particularly in the early implosion phase and can potentially affect the dynamics in the
later implosion phases. To quantitatively study the effects of ion diffusions at the early implosions, we have
imploded a series of thin-glass shells filled with tritium-helium-3 (T^3He) gas or deuterium-trium-helium-3
(DT^3He) gas. For the first time, spectra of multiple charged-fusion products from these implosions are
obtained at the time of shock flash and used to infer stratification of ions with different electric charge states
(Z), ion masses (m) and charge-to-mass ratios (Z/m). These experiments provide useful information to verify
the recent theoretical work by Amendt et al [1] on plasma diffusion crossing the shock front due to the
thermodynamic gradients. While there are a number of diffusion sources, including the conventional
concentration diffusion (due to concentration gradient), barodiffusion (due to pressure gradient),
electrodiffusion (due to electric field), and thermodiffusion (due to temperature gradient), the preliminary
analysis suggest that barodiffusion and electrodiffusion are the dominant sources in these implosions. These
experiments provide new physical insight into the effects of the ion diffusion on species stratification in
shocked/reshocked hot plasmas and have important implication to the ongoing experiments at the NIF.

[1] P. A. Amendt et al., Phys. Rev. Lett. 109, 075002 (2013).
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Conception of a Cryogenic Target Factory for IFE
Prof. KORESHEVA, Elena 1

1 P.N.Lebedev Physical Institute of Russian Academy of Sciences (LPI)

A central feature of an inertial fusion energy (IFE) power plant is a target that must be delivered to the target
chamber center at a rate of about 1–15 Hz.
A high rep-rate target supply system, which operates with moving free-standing targets (FST) is the
culmination of a 25-year science-&-technology effort of the Lebedev Physical Institute (LPI) in collaboration
with other Russian Institutes.
This report provides an overview of our research activities towards realization of the FST target supply system
for IFE including high rep-rate cryogenic target production, transport and tracking:
1. Cryogenic target mass production: the FST layering method has been developed for rapid fuel layering via
heat conductivity in moving free-standing targets. A batch mode is applied, and high cooling rates (q = 1-50
K/s) are maintained to form isotropic ultra-fine solid layers inside free-rolling targets. The total layering time
is typically less than 15 seconds, which has a side benefit in the view of tritium inventory minimization. A
spherically symmetric layer with a uniform thickness and acceptable surface quality have such a structure,
which supports the fuel layer survivability under target injection and transport through the reaction chamber.
2. Cryogenic target transport:
-Gravitational target transport was demonstrated at cryogenic temperatures, including the assembly of a
couple “target -and- sabot”. A design of the corresponding devise was developed.
-Electromagnetic target transport in the couple of “target -and- sabot” was demonstrated at cryogenic
temperatures. A devise for injecting the fusion cryogenic targets at the laser focus of a reaction chamber was
developed.
-Magnetic levitation transport. Our recent results (successfully made at Т = 6-to-80 К) have shown that
maglev transport systems based on using high-temperature superconductors (HTSC) is an excellent
springboard for the development of IFE cryogenic target positioning and transport systems, including a new
type of cryogenic target accelerators − a magnetic levitation accelerator.
3. Injected target tracking: the Fourier holography was proposed and examined in the computer experiments
for on-line characterization and tracking of a flying target.
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Effect of Pre-Plasma on Intense Electron Beam Generation by Relativistic
Laser Radiation
Mr. BEG, Farhat 1

1 USA

Recent experiments [1,2] and modeling [3,4] have shown that the large-scale preplasma significantly affects
the laser-plasma interaction (LPI) dynamics and the resultant fast electron energy distribution, where the fast
electron energies are much higher than the ones predicted by ponderomotive scaling due to additional
stochastic acceleration in the low density region. We have carried out comprehensive numerical simulations
using the Large Scale Plasma (LSP) code to investigate the dynamics of LPI and fast electron source generation
as a function of laser pulse length, and preplasma density scale length. We confirmed that the most energetic
electrons are generated through the synergistic effects of the interaction of electrons with both electrostatic
potential well in preplasma and laser radiation. We have performed 2D simulations showing both formation
of deep electrostatic well and very energetic electrons with spectra similar to we obtained in 1D simulations.
These effects were more prevalent for pulse durations longer than1 ps. We also found filamentation of the
laser field causing an increase of the radiation field intensity. However, this increase was insufficient to
significantly alter the high-energy part of electron distribution. We have carried out experiments using the
Texas Petawatt Laser to validate modeling predictions. In these experiments we used an artificial laser
prepulse to create well-defined prepalsma. We used a proton beam produced from a second short-pulse laser
to probe the electric field in the extended plasma and its correlation with fast electron energies. Both
experimental results and comparison with numerical simulations will be presented at the meeting and its
relevance to fast ignition inertial confinement fusion will be discussed.

[1] S. D. Baton et al., Phys. Plasmas 15, 042706 (2008).
[2] T. Yabbuchi et al., Phys. Plasmas, 17, 060704 (2010)
[3] B. S. Paradkar et al., Phys. Rev. E 83, 046401 (2011).
[4] B. S. Paradkar et al., Phys. Plasma 19, 060703 (2012).

The work has been supported by the Department of Energy under contract DE-NA0001858
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Experimental Platform for Efficient Heating of Fusion Fuel with
Fast-Ignition Scheme
Dr. FUJIOKA, Shinsuke 1

1 Institute of Laser Engineering, Osaka University

A series of experiments were carried out to evaluate energy coupling efficiency from a heating laser to a fuel
core in the fast-ignition scheme of laser-driven inertial confinement fusion. Here we break down the
efficiency, which is governed by enormous interactions and instabilities among intense laser,
high-energy-density plasma, and relativistic electron beam (REB), into three measurable parameters: (i) energy
conversion efficiency from a laser to a REB, (ii) probability of collision between the REB and a fusion fuel
core, and (iii) fraction of energy deposited in the fuel core from the REB. These three parameters were
measured in the basic experiment under mimic plasma circumstances of the integrated fast-ignition
experiment. In the heating experiment, fusion neutron yield was measured to understand the heating
mechanism by comparing the yield with a two-dimensional Fokker-Planck computation of the REB transport
in the core plasma. The experimental results indicate that ‘unstoppable’ and ‘diverging’ problems of the REB
must be solved for heating the fuel core efficiently with the REB. Guiding of the REB by > 1 kT magnetic field
produced by a laser-driven capacitor-coil target is essential to overcome these difficulties.
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A High-Energy and Highly Repetitive fs/ps Laser Using Optical
Parametric Chirped-Pulse Amplification with a ns Beam Combined
Pumping Laser for Fast Ignition
Prof. KONG, Hong Jin 1

1 KAIST

The authors propose the high-energy and high repetitive fs/ps laser system which uses the output beam of a
coherent beam combination laser using stimulated Brillouin scattering phase conjugate mirrors (SBS-PCMs) as
the pump beam of optical parametric chirped-pulse amplification (OPCPA). To verify the feasibility of the
OPCPA system, the authors will utilize 4 kW(4 x 0.1 J @10 kHz/10 ns) Kumgang laser for the pump beam of
the OPCPA. The authors expect that fast ignition can be realized with the coherent-beam combination laser
for compression and the fs/ps laser using the OPCPA system for ignition.
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Overview of the results of the ABC facility at ENEA- Frascati
Dr. DE ANGELIS, Riccardo 1; Dr. CONSOLI, Fabrizio 2; Dr. BONASERA, Aldo 3; Dr. BARBARINO, Matteo 3; Dr. KALAL, Milan 4; Dr.
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1 Italy
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7 Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia
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Corresponding Author: riccardo.deangelis@enea.it

The laboratory for inertial confinement fusion is dedicated to the study of laser produced plasmas in the 2
beams laser facility ABC, which can deliver up to 200 J in pulses of 3 nanosecond duration. The system is
suitable for irradiating planar targets at I =10exp14-15 Wcm-2. This paper summarizes the main research
programs brought forward in the last year.
Theoretical and experimental investigations have been dedicated to the study of porous absorbers and to the
measurements of their homogenizing properties. The efficiency with which the laser energy is absorbed and
transmitted after conversion to a shock wave in the plasma is measured by the volumes of craters left on the
metal holders. Shadowgraphic images and time resolved interferometry are used to study the density
behavior. Numerical simulation of the hydrodynamic stability of the plasma are also under study with the
Multi2D code [4].
The possibility of producing the proton Boron fusion reaction p + 11B = 3alfa in a laser produced plasma are
also studied at laser intensities up to 10exp15 Wcm-2. The tracks observed on CR 39 detectors are compared
with numerical prediction in order to define if they are α particles originating form pB fusion reactions.
The emission of electromagnetic waves in the radiofrequency-microwave range has been observed in many
experiments of laser-plasma interaction. The spectral range of these waves can reach several gigahertz and can
be of very high intensity representing a source of noise and a possible limitation on the use of some detectors.
In this work we describe the measurements of this electromagnetic pulse, under different conditions of
laser-plasma interaction and for different kind of targets[5].
References:

[1] S.Yu. Gus'kov et al, JETP 81, 296 (1995);
[2] S.Yu. Gus'kov et al, Laser Part. Beams 17, 287 (1999);
[3] R. De Angelis et a,.Proceedings of the IFSA conference 2013 –Nara
[4] R. Ramis, J. Meyer –ter-Vehn,J.Ramirez Computer Physics Communications, Volume 180, Issue 6, June
2009, Pages 977-994
[5] Proceedings of ICFTD 2013 , Frascati, Rome.
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Innovative Concept of the Compression and Heating of the Plasma
Targets in the Scheme for Magneto-Inertial Fusion
Dr. RYZHKOV, Sergei 1; Dr. KUZENOV, Victor 1; Mr. FROLKO, Pavel 1

1 Bauman Moscow State Technical University

Corresponding Author: svryzhkov@gmail.com

This paper presents a concept of dynamic plasma compression which unites a technique of megagauss
magnetic field generation and methods of plasma confinement in a specially formed magnetic configuration.
This concept is a determining one for the magneto-inertial (hybrid) approach to the controlled thermonuclear
fusion. Comparing to the inertial confinement the main magneto-inertial fusion advantages are smaller values
of plasma density and temperature, which are nevertheless sufficient for heating the target and thermonuclear
reaction ignition. In this case magnetized plasma is initially created inside an axisymmetric magnetic trap and
exposed to direct compression by means of laser beams (laser driver) and/or plasma jets (plasma liner).

Prospective high energy density systems such as different sources of neutrons and protons will be used in the
near future to perform cutting-edge materials research, non-destructive analysis, medical isotope production,
chemical waste disposal, personnel training, etc. The goal of the investigation is complex numerical research
and optimization of the pulsed high-temperature processes in a dense magnetized plasma (target). Distinctive
feature of this problem is the presence of initial seed fields (the imposed external pulse magnetic field) and
compression of a magnetic flux by laser beams (laser driver) or plasma jets (plasma liner). An embedded
magnetic field is compressed along with the target plasma to achieve magnetic insulation. The presence of the
megagauss magnetic field strongly inhibits electron thermal conduction losses by several orders of magnitude.
Modeling of magnetized plasma compressed by the laser beams and plasma jets is described. Theoretical
estimation of MIF prospects as the target compressed by a pusher (laser Driver or plasma liner) for the
achievement of fusion temperatures is done.
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Direct heating of imploded plasma by fast-ions in the fast ignition scheme
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7 Institute of Laser Engineering, Osaka University
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In the conventional fast ignition scheme of inertial confinement fusion (ICF), the heating laser energy is
transferred to energetic fast electrons towards the imploded plasma core and heats it while the high dense core
is maintained. We propose direct heating of the imploded core by the ultra-intense laser in the fast-ignition
scheme. When the high pressure of imploded core plasma breaks the tip of the cone up, the heating laser
directly irradiates the imploded plasma expanding into cone and generates the fast-ions as well as the
fast-electrons. Both fast-ions and electrons are generated and they contribute to the heating of the imploded
core plasma simultaneously. In order to estimate the temperature scaling of the core heated by fast-ions and
electrons in this scheme, we investigated the conversion efficiency and the kinetic energy of generated
energetic particles. Then, we calculated the transport of particles in the imploded core. We obtained the
calculated results that the core temperature reached beyond 5 keV for the laser intensity of 1021W/cm2, in
which the core peak temperature was obviously larger than that with electron heating only for the same laser
condition. Also, we conducted a preliminary experiment in this scheme by using 1kJ 1.5ps ultra-intense
heating laser (LFEX) and Gekko XII laser system at Osaka University. To confirm that the heating laser
directly irradiates the imploded core plasma, we use the tip-less DLC cone attached CD shell target. We had
three shots with different LFEX injection timing, -200ps to +200ps from maximum compression of the
imploded core. We observed increasing neutron yields of 2 - 3 x 106, compared to the yields of 1 - 3 x 105
without heating laser.
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The Initial Programme of Wendelstein 7-X on the Way to a HELIAS
Fusion Power Plant
Mr. DINKLAGE, Andreas 1; W7-X TEAM, The 2
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The stellarator concept offers a possible alternative to a tokamak Fusion Power Plant (FPP). One of the
missions of the EU Roadmap to the realisation of fusion energy is to develop the stellarator line to maturity.
World-wide efforts on different stellarator lines cover a substantial range of candidate magnetic
configurations; the EU programme focuses on the optimized, helical advanced stellarator (HELIAS) line.
Wendelstein 7-X (W7-X) is the first fully optimized stellarator to proof the concept of physics-based,
optimized shaping of the magne-tic field structure to get to plasma performances projectable to fusion in
upscaled devices.
To demonstrate reactor potential, W7-X needs to operate reliably at high-power, high-density
quasi-continuously with a viable divertor concept. At the same time, basic science issues of 3D plasmas will
advance plasma physics. The key for the physics program is steady-state heat and particle exhaust by qualified
divertor operation with actively cooled plasma facing components. However, to develop steady-state scenarios
aggressively but to avoid technical risks from water cooling, the initial operation phase of W7-X will begin
with carbon limiter discharges later replaced by an inertially cooled test divertor for the development of
high-performance operation.
Initially, the discharge lengths will be limited to 5-10 s at maximum anticipated heating powers. Critical for
later high-performance operation, the development of discharge scenarios at high densities with full density
control is one leading objective to develop reliable divertor operation schemes. Fuelling schemes, e.g. with
pellets, will be qualified to avoid central density depletion due to thermodiffusion. Furthermore, the behavior
of impurities as well as the potential occurrence of edge localized modes will be investigated. Basic issues
relevant to FPPs such as the impact of stellarator optimization on turbulent transport and improved
confinement modes are part of the plan. The very beginning of the exploitation of W7-X will be a technical
demonstration of ECH plasma break-down, X2-heated plasmas and measurements of vacuum flux-surfaces. In
this phase, neoclassical electron heat transport will be investigated.
The physics plan to steady-state operation in the initial phase of W7-X and the underlying strategy with
regard to a HELIAS stellarator FPP will be outlined.

New Devices & Technology / 372

Status of Upgrading Project of Tokamak T-15
Dr. SOKOLOV, Mikhail 1; Dr. SUSHKOV, Alexey 1; Mr. AZIZOV, Englen 2; Dr. KHVOSTENKO, Petr 1; Dr. BELYAKOV, Valeriy 3; Dr.
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Status of T-15 upgrade tokamak is presented. T-15 upgrade tokamak has the following parameters: R=1.48 m,
a=0.67 m, B=2.0 T, Ipl= 2.0 MA. Poloidal system is capable of realizing the divertor both with single null and
double null magnetic configuration and plasma shape with elongation k95 = 1.7-1.9 and triangularity delta
0.3-0.4. Installation will equipped with the auxiliary plasma heating and current drive (Paux =15 - 20 MW)
systems. One of the main tasks of experimental study program on T-15 upgrade tokamak is the obtaining of
physical and technological data for fusion neutron source creation. The design of electromagnetic system and
vacuum chamber and also the modernization of engineering systems are described. Time schedule of T-15
upgrade tokamak assembling is presented. Physical start-up of the T-15 upgrade tokamak is outlined in 2016.
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DEMO Design Point Studies
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To allow coherent conceptual design activities, and later engineering design activities, for a demonstration
fusion power plant (DEMO), a self-consistent design point must first be developed. The DEMO design point is
a set of parameters characterising the key features of a DEMO power plant on which evaluation of different
systems can be based with confidence that there are no significant conflicts between those systems. System
codes representing the full plant by capturing the interactions between (usually relatively simple) models of all
the important plant subsystems are used to identify design points based on assumptions about plasma
performance and technology. The purpose of using a systems code is to identify potential solution spaces
without having to carry out complex analysis at every point.

The EU DEMO strategy currently considers two possible operating scenarios: a conservative pulsed design,
using near-ITER technology and plasma performance, termed DEMO1; and an optimistic, higher-performance,
steady-state option (DEMO2). This contribution presents the work being carried out to develop these design
points, including development of the systems code models. The process involves an iteration between the
systems code PROCESS and more detailed analysis such as integrated scenario modelling with transport
codes. The results of the detailed modelling are used to refine the assumptions and thus the design space of
available solutions, within which the design points can be re-optimised. The target performance parameters
for each DEMO option and the current device parameters in each case are also presented, and we discuss the
sensitivity study work that has been carried out to assess the robustness of each design and justify the choice
of variables. In each case the variables are subject to change as more DEMO-relevant models and
experimental data become available and technological knowledge improves. However, these operating points
are intended to provide a well-justified and stable foundation on which to base wider design evaluation work.

This work was funded by the RCUK Energy Programme and the European Communities under the contract of
Association between EURATOM and CCFE, and by the European Union's Horizon 2020 research and
innovation programme. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Physics and Engineering Studies of the Advanced Divertor for a Fusion
Reactor & DEMO Concept Development and Assessment of Relevant
Technologies
Mr. ASAKURA, Nobuyuki 1; Dr. SAKAMOTO, Yoshiteru 1

1 Japan Atomic Energy Agency

A
Magnetic configurations of advanced divertor, i.e. super-X (SXD) and snowflake, were recently proposed, and
the concepts have been demonstrated in experiments. For the application to the Demo reactor, engineering
design as well as the plasma performance should be determined. A short super-X divertor (short-SXD) is
proposed as a new option for Demo divertor, where field line length from the divertor null to the outer target
was largely increased (more than two times) in a similar size of conventional divertor. Physics and
engineering design studies of a fusion reactor with the short-SXD installed at the outer divertor have
progressed. Minimal number of the divertor coils (1 or 2) were installed inside the toroidal field coil, i.e.
interlink-winding (interlink). Arrangement of the poloidal field coils (totally 8 or 9) and their currents were
determined, taking into account of the engineering design such as vacuum vessel and the neutron shield
structures, and maintenance scenario of the divertor and blankets. Divertor plasma simulation (SONIC)
showed that large radiation region is produced between the super-X null and the target, and the plasma
temperature becomes low (1-2 eV) both at the inner and outer divertors, i.e. fully detached plasma was
obtained efficiently.

B
Recent development of a DEMO concept with a medium size (major radius of ~8.2 m) and a lower fusion
power (~1.5 GW) is presented together with assessment of relevant technologies. The maximum toroidal field
is evaluated at ~13 T, which is nearly independent on strand materials (Nb3Sn or Nb3Al) unlike a compact
DEMO, while the increase of the allowable design stress has a large impact on that. The divertor simulation
study indicates that the tolerable level of divertor heat flux (~5 MW/m^2) is foreseeable for the medium size
DEMO, and the design study of short super-X divertor as an option is progressing to efficiently obtain the
fully detached plasma. The assessment of various maintenance schemes indicates that the vertical port
maintenance scheme provides advantages in the easy handling, the layout of poloidal coils, the size of toroidal
coils, and separate maintenance of the in-vessel components. Finally, the study of the waste management
suggests that the ratio of the radioactive waste to be disposed of in shallow land burial can be increased
thanks to the lower fusion power.
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Current Status of Chinese Solid Tritium Breeder TBM & Improved Design
and Analyses of CN HCCB TBM
Mr. FENG, Kaiming 1; Prof. HU, Gang 1

1 Southwestern Institute of Physics

A

China had promised to test its TBM modules during different ITER operation phase and have signed the CN
HCCB TBMA with ITER IO recently. Related design and R activities for each TBM modules with auxiliary
systems and interface with ITER facility were introduced. The preliminary conceptual design of CN HCCB
TBM has been completed while the design optimization is in progress. Basic characteristics and main design
parameters and technical characteristics of CN HCCB TBM are introduced briefly.
The neutron multiplier Be pebbles of kg-scale are fabricated by the Rotating Electrode Processing (REP). Be
alloy are prepared by powder metallurgical (PM) methods. Be pebbles of diameters 0.5 mm and 1.0 mm as the
neutron multiplier are fabricated. Related performance test is ongoing. The fabrication of pebble bed container
and performance experiment of breeder pebble bed has being started. The lithium orthosilicate, Li4SiO4
pebbles with lithium 80% enriched in 6Li as tritium breeding materials of HCCB TBM have been fabricated at
laboratory level by melt-spraying method. Chinese Low-activated Ferritic/martensitic steel, CLF-1, as TBM
structural materials is developing from laboratory scale towards industrially level. The structure material
CLF-1 of ton-scale was recently produced by vacuum induction melting and electro-slag re-melting method.
The mock-up fabrication and component tests by using the CLF-1 steel for Chinese test blanket module have
being developed. Recent status on the fabrication technology development of CN HCCB TBM module was
also reported.
Chinese HCCB TBM will be tested in Port #2 of ITER test ports with the India LLCB TBM simultaneously.
Two TBMs and its associated ancillary systems will be integrated on same Port as well as interfaced with
ITER buildings and sub-systems. The design and fabrication of related ancillary system with ITER facility are
being performed.

B

Chinese helium-cooled ceramics breeder test blanket module (CN HCCB TBM) is improved to reduce its
structural material to ~1.3 ton to meet the TBM impact assessment and to increase tritium production while
recessed 12 cm from the surface profile of the shield blanket along with recent TBM Frame. It consists of a big
backplate and 4 sub-modules arrayed in poloidal direction with 10mm gap between sub-modules. All
sub-modules are welded to big backplate. A sub-module is bounded by First Wall (FW), 2 caps in top and
bottom, and its own backplate. In a submodule, there are a middle plate and two double-layer U-shaped
cooling plates. Middle plate is used to strengthen the TBM structure to meet criteria of level D criteria in case
of loss of primary coolant accident inside the submodules. These two U-shaped structures are used to hold
Lithium orthosilicate as tritium breeder and outside them are beryllium pebbles adopted as neutron multiplier.
Distance between the two layers in the double-layer U-shaped structure is 2cm. The ferritic/martensitic steel,
CLF-1, is chosen as the reference structure material. FW facing plasma has two optional structures
corresponding with its coolant sources: one with coolant He distributed by big backplate and the other with
coolant He distrubuted by submodules’ backplate. Coolant’s flow rate into TBM is 1.04kg/s and 0.45kg/s goes
out of TBM by bypass. The rest 0.59kg/s are distributed by submodules’ backplate to cool middle plate and
caps and then cool two double-layer U-shaped structures. Performance analyses are done for this TBM. It’s
tritium production rate (TPR) is 66.1 mg/FPD. Maximum temperature of RAFMs, Be and Li4SiO4 pebble beds
are 542°C, 509°C and 760°C respectively.
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Design Concept of K-DEMO for Near-Term Implementation
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Korean Fusion Energy Development Promotion Law (FEDPL) was enacted in 2007 to promote a long-term
cooperative fusion research and development among participating industries, universities and research
institutes. As a following step, a conceptual design study for a steady-state Korean fusion demonstration
reactor (K-DEMO) has been initiated in 2012. The conceptual design activity will continue to the end of 2021
and the finish of the construction is planned to be completed by the end of 2037.
One special concept discussed of K-DEMO is a two-staged development plan. At first, K-DEMO is designed
not only to demonstrate a net electricity generation (Q_eng > 1) and a self-sustained tritium cycle (Tritium
breeding ratio, TBR > 1.05), but also to be used as a component test facility. Then, at its second stage, a major
upgrade is carried out by replacing in-vessel components in order to show a net electric generation on the
order of 500 MWe. After the thorough 0-D system analysis, the major radius and minor radius are chosen to
be 6.8 m and 2.1 m, respectively, considering practical engineering feasibilities. In order to minimize the
deflection of wave and maximize the efficiency, a top launch high frequency (> 200 GHz) electron cyclotron
current drive (ECCD) system is the main candidate for the current profile control and off-axis current drive of
K-DEMO. For matching the high frequency ECCD, a high magnetic field is required and it can be achieved by
using high performance Nb3Sn-based superconducting conductor currently being used in accelerator magnet
area and the peak magnetic field is approaching to 16 T with the magnetic field at the plasma center above 7
T. Pressurized water is the most prominent choice for the main coolant of K-DEMO when considering balance
of plant development details. Considering the plasma performance and the peak heat flux in the divertor
system, a double-null divertor system becomes the reference choice of K-DEMO. For a high availability
operation, K-DEMO incorporates a vertical maintenance design.
A design concept and radial builds for K-DEMO considering a vertical maintenance scheme are presented
together with preliminary design parameters.
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Partial Detachment of High Power Discharges in ASDEX Upgrade
Mr. KALLENBACH, Arne 1; Dr. BERNERT, Matthias 2; CASALI, Livia 2; Dr. GIANNONE, Louis 2; Dr. MARASCHEK, Marc 2; Dr.

POTZEL, Steffen 2; REIMOLD, Felix 2; Dr. SCHWEINZER, Josef 2; TARDINI, Giovanni 2

1 Germany
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Corresponding Author: arne.kallenbach@ipp.mpg.de

To ensure a sufficient divertor lifetime ITER and a future DEMO reactor will operate under at least partial
detachment (PD). PD is defined as a significant reduction of heat flux and pressure along field lines between
mid-plane and divertor target for the first few power decay lengths in the scrape-off layer. For PD conditions
in ASDEX Upgrade (AUG) the peak heatflux in the divertor is below 5 MW/m2. Strong divertor radiation will
be required to achieve PD at reactor relevant power fluxes Psep/R = 15 MW/m, given by the condition
Psep/PLH > 1.5-2 for the achievement of good H-mode performance. While ITER can accept only low core
radiation levels, the high core power flux in DEMO has to be removed to a large extent by core radiation for
the avoidance of divertor power overload.
Partial detachment in high power AUG discharges is achieved by double feedback of core and divertor
radiation with Ar or Kr as core radiating species and N as divertor radiator. A high neutral divertor pressure is
generally required to achieve PD, which is invoked by the combination of radiative losses and momentum loss
processes like charge exchange and recombination. So far AUG has achieved 50 % of the foreseen ITER
performance in terms of Psep/R under PD conditions and up to 70 % core main chamber radiated power
fraction. The total heating power was up to 23 MW in these experiments. A further enhancement is expected
due to a recent optimization of power supplies, enabling a higher maximum heating power, and a switch for
reducing the cryo pumping speed, enabling a higher divertor neutral pressure.
The paper will report recent achievements, describe technical solutions for PD control and address the rise in
pedestal and core electron density, which is routinely observed under PD conditions in AUG.
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Impurity Seeding on JET to Achieve Power Plant like Divertor Conditions
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Power exhaust is recognised to be one of the major challenges to achieving power generation by magnetically
confined thermonuclear fusion. In order to reduce the power density conducted to the divertor targets to a
level that can be tolerated by available technologies it will be necessary to radiate close to 100% of the exhaust
power. Although it is foreseen that a significant fraction of this radiation will be from within the separatrix,
H-mode confinement requires the threshold power to be radiated from the scrape-off layer and divertor. Such
high radiation levels necessarily require detachment of the divertor plasma, a regime which to present has not
been convincingly modelled by state of the art boundary codes. It is therefore essential that relevant
experimental results are used to justify the existence and practicality of such a solution.
The main challenges and uncertainties of a highly radiating solution are: whether the required edge radiation
levels and distribution can be achieved, along with acceptable core dilution; understanding the exact
requirements to achieve H-mode confinement; and establishing the overall thermal stability. JET with its all
metal wall and the absence of an intrinsic edge and divertor radiator is particularly suited to investigating
these issues, and targeted experiments began in 2013. At varying input power levels feed-forward impurity
seeding of neon, nitrogen, and argon, has been used in moderately fuelled low triangularity vertical target
configuration plasmas to push to the maximum achievable radiation levels.
To present only up to 75% radiated power fraction has been achieved for nitrogen seeded plasmas with
~20MW of input power. It has not yet been determined whether this is the limit, but the increase in radiation
fraction becomes an increasingly weak function of the seeding rate as the rate increases. Slightly lower
maximum radiation levels were achieved with neon and argon (63% and 70%), and the details of the radiation
distribution and its dynamics were markedly different. The results of these experiments and the implications
for a power plant will be discussed in this paper.
This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Progress of High-Performance Steady-State Plasma and Critical PWI Issue
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An ultra-long-pulse plasma with a duration time of 48 min, a line-averaged electron density of 1.2x10^19
m^-3, and electron and ion temperatures (Te, Ti) of 2 keV has been achieved by the averaged heating power
(P_ECH+ICH) of 1.2 MW for helium plasma. The heating energy injected into plasma reached 3.36 GJ, which
is a new world record in toroidal plasmas. Three types of ICRF antennas were installed at different toroidal
sections in order to avoid local hot spots around each ICRF antenna. In the ultra-long pulse plasma, the spike
frequency of the line intensity for the carbon spectrum began to increase after 600 sec, and the divertor
temperature was almost saturated at 460 ºC. Many flashes are observed with a monitor TV camera which
views mostly outside of LCFS and the divertor region. Both the frequency and intensity are increased as the
discharge time goes on, which suggest that large sizes of carbon mixed-material layers on divertor region
(domes and divertor plates) are ejected into the plasma.
A large amount of mixed-material layers, consisting mainly of carbon (> 90%) and iron impurities, are formed
over a wide surface area of the plasma facing surface (PFS). Carbon impurity originally from the divertor
region and iron impurity from the first wall by physical sputtering are deposited on the PFS. Comparing the
mixed-material layers on divertor region with deposition layer on the stainless steel specimen installed at the
equivalent position of the first wall surface with the expose time of ~ 1000 sec for steady-state discharges,
these composition were consistent with each other. Since such layers are hard and brittle, deposition layers are
easily removed as a flake. Plasma termination may be caused by exfoliation of the mixed-material layers.
The mixed-material deposition layer can easily retain helium particles, and these trapped particles are released
even below 400 K. The amount of trapped particles in it is proportional to the thickness of the mixed-material
layers. Since such amount of He trapped particles was 100 times as large as that of plasma and neutral
particles in the vacuum vessel, the release of He could not be negligible in wall-temperature increasing phase.
Control of the growth rate of mixed-material layers will be critical issue in steady-state devices and long-term
plasma operation such as a fusion reactor.
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Developing Physics Basis for the Radiative Snowflake Divertor at DIII-D
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Recent DIII-D results using the snowflake (SF) divertor configuration demonstrate that the SF geometry
enables significant manipulation of divertor heat transport for power spreading in attached and radiative
divertor regimes, between and during edge localized modes (ELMs), while maintaining good H-mode
confinement. Enhanced heat transport through the low poloidal field null-point region and divertor legs
resulting in increased scrape-off layer (SOL) width and heat flux spreading over additional strike points (SPs)
were observed. Direct measurements of divertor null-region poloidal beta, using a unique DIII-D divertor
Thomson scattering diagnostic, support the theoretically proposed mechanism of additional heat redistribution
between strike points due to fast convection, especially efficient during ELMs. The measured divertor β_p ~
50–100 was about 2–3 orders of magnitude higher the midplane β_p, and the high beta region was broader in
the SF configuration. During an ELM, the β_p was increased up to an order of magnitude. Type I ELM heat
transport was significantly affected by the SF divertor geometry. While the pealing-ballooning mode stability
in the H-mode discharges was not significantly affected, the ELM frequency and size were changed by
10%-20%. The stored energy lost per ELM was reduced. In gas-seeded radiative regimes, SF geometry led to a
significant reduction of peak heat fluxes between and during ELMs, while maintaining good H-mode
performance. The results complement the initial NSTX and DIII-D SF divertor studies and contribute to the
physics basis of the SF divertor as a promising concept for high power density tokamaks.

This work was performed under the auspices of the US Department of Energy by LLNL under
DE-AC52-07NA27344.
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Burning Plasma Relevant Control Development: Advanced Magnetic
Divertor Configurations, Divertor Detachment and Burn Control
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Novel control schemes have been implemented at DIII-D to test and optimize heat-handling capabilities and
burn regulation for advanced tokamaks. The topological instability of the snowflake (SF) configuration, which
has a second-order null-point, motivated implementation of a control system to sustain the SF. We
implemented the world’s first real-time SF detection and control system on DIII-D in order to stabilize this
configuration. The algorithm calculates the position of the two null-points in real-time by locally expanding
the Grad-Shafranov equation and controls shaping coil currents to achieve and stabilize various snowflake
configuration. SF divertor experiments achieved a 2.5 times increase in the flux expansion and a 2.5 reduction
in peak heat flux for many energy confinement times without any adverse effect to core plasma such as
confinement in advanced tokamak scenario with βN=3.0 and H98(y,2)≅1.35. Also, a new detachment and
radiation control algorithm was implemented at DIII-D. The algorithm uses divertor temperature
measurements from real-time Thomson diagnostics and a line ratio measurement to compute the detachment
level, and a real-time bolometer diagnostic to determine core and divertor radiation. The new system was
used to test the feasibility of the envisioned ITER partial-detachment operation using divertor Thomson
measurements on DIII-D. A dedicated partial detachment control was implemented to control the detachment
front location using divertor temperature measurements from real-time Thomson diagnostics while
minimizing the effect of the detachment on the core by fixing the core density independent of the detachment
control. The control stabilized the detachment front fixed at the user defined distance between the strike point
and the X-point throughout the shot. Finally, in a new approach to burn control, it was demonstrated that the
simulated fusion power could be controlled by the application of non-axisymmetric fields using in-vessel coils.
In DIII-D experiments, alpha-heating excursions were simulated with transient increases in neutral beam
power. The burn control algorithm compensated the increased heating power by increasing the I-coil current,
which reduced the energy confinement time and kept the stored energy (proxy for fusion power) constant.

This work was supported by the US DOE under DE-AC02-09CH11466.
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Experimental Results on the Irradiation of a Number of the Nuclear
Fusion Relevant Materials at the Dense Plasma Focus “Bora” Device
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Samples of materials counted as perspective ones for use in the first-wall and construction elements in fusion
reactors (W, Ti, Al, low-activated ferritic steel “Eurofer” and some alloys) were irradiated in the Dense Plasma
Focus (DPF) device “Bora” having bank energy of ≤ 5 kJ. The device can generate powerful streams of hot
dense (T ~ 1 keV, n ~ 1024 m-3) deuterium plasma streams (v ~ 105 m/s) and fast (E ~ 0.1…1.0 MeV) deuterons
of power flux densities P up to 1010 and 1012 W/cm2 correspondingly. A so-called “damage factor” F = P×τ0.5
ensures an opportunity to simulate radiation loads (predictable for both reactors types) by the plasma/ion
streams generated in DPF, which have namely those parameters as expected in the fusion reactor (FR)
modules. Before and after irradiation we provided investigations of our samples by means of a number of
analytical techniques. Among them we used optical and scanning electron microscopy to understand
character and parameters of damageability of the surface layers of the samples. Atomic force microscopy was
applied to measure roughness of the surface after irradiation. These characteristics are quite important for
understanding of mechanisms and values of dust production in FR that may relate to tritium retention and
emergency situations in FR facilities. We also applied two new techniques. For surface we elaborated the
portable X-ray diffractometer that combines X-ray single photon detection with high spectroscopic and
angular resolutions. A laser-based remote distance sensor allows positioning the material point of analysis
with a precision of about 30 micrometers. For bulk damageability investigations we applied an X-ray microCT
system where X-rays were produced by a Hamamatsu microfocus source (150 kV, 500 µA, 5 µm minimum
focal spot size). The detector was a Hamamatsu CMOS flat panel coupled to a fiber optic plate under the GOS
scintillator. The reconstruction of 3D data was run with Cobra 7.4 and DIGIX CT software while VG Studio
Max 2.1 and Amira 5.3 were used for segmentation and rendering. We also provided microhardness
measurements. The report contains results of the investigations of modifications of the elemental contents,
structure and properties of the materials.
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Recent Progresses on Vanadium Alloys for Fusion Application in China
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Vanadium alloys, especially those with the compositions of V-4Cr-4Ti, are attractive materials for fabricating
self-cooled liquid lithium blanket in a fusion reactor. However, vanadium alloys are still not considered to be
used in near term fusion reactors, because the issues relating to its high temperature deformation, neutron
irradiation damage and so on are not sufficiently solved. Thus, the mechanical properties, irradiation
resistance of this alloy should be improved further.
Vanadium researches for fusion applications in China are mainly carried out at Southwestern Institute of
Physics (SWIP). Recently domestic collaborations with other partners have been broadened out to focus on (1)
the enhancement of V-4Cr-4Ti alloys via nano-particle dispersion strengthening, (2) 3D atomic probe
tomography (APT) analysis of alloying elements in V matrix, (3) effects of H and He ion implantation on V
and V-Ti alloy, and, (4) molding of point defects including H and He behaviors in pure V and V-alloys.
Remarkable progress has been achieved in the mechanical alloying of V-4Cr-4Ti material. Ti3SiC2 is proved to
efficiently strengthen this alloy with higher thermal stability compared with the situation for other carbides
such as TiC and SiC. Dissolution/distribution of the alloying elements and other defects characterized in
3D-APT is expected to benefit more understanding of mechanical alloying process for V-4Cr-4Ti and related
impurity control. The most activities challenged the evolution of energetic particles, along with the vacancies
caused by them, into the matrix of V and V-alloy. Simulated behaviors of interstitial impurities and
substitutional atoms are investigated to explain possible change in mechanical properties of the alloy. Ion
radiation hardening caused by H implantation has been found harder to be recovered than that caused by He
and H/He implantation. Moreover, the addition of Ti reduces the irradiation hardening effectively.
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Gyrokinetic Analysis of Turbulent Heat and Particle Transport on JT-60U
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First-principle based gyrokinetic simulation is a powerful method for investigating turbulent transport in
fusion plasmas. Since a local limit condition [(plasma size)/(ion gyroradius) >> 300] is well satisfied in ITER
and DEMO reactors, quantitative evaluations for the prediction capability of local gyrokinetic simulations are
crucially urgent and important issues.
This paper presents the first and brand-new results on the first-principle based turbulence simulation study on
JT-60U tokamak plasmas [cf. (plasma size)/(ion gyroradius) ~ 500 for L-mode] by using a multi-species
electromagnetic gyrokinetic code GKV with realistic MHD equilibria, towards ITER and DEMO. The inclusion
of fully gyrokinetic ions and electrons beyond the conventional adiabatic approximation reveals a transition of
dominant micro-instability from ITGs (inner core region) to TEMs (outer core region) depending on radial
positions, and the resultant turbulent heat and particle transport levels are examined quantitatively.
New findings in this study are summarized below. (i)GKV simulations successfully reproduce experimental
results on ITG/TEM driven ion and electron heat transport in the core region. Possible physical mechanisms
on the so-called “transport shortfall” in the outer core region are examined in view of zonal flow dynamics.
Also, (ii)different nonlinear dependence of ion-scale zonal flows on the heat and particle transport levels is
newly identified, i.e., weaker impact on the electron heat and particle transport compared to the ion heat one.
These findings on the quantitative agreement among turbulence simulations and experimental results, and on
the nonlinear dependence on zonal flows in the transport levels contribute significant progress in improving
the prediction capability of gyrokinetic simulations and in constructing a more credible transport model for
ITER and DEMO.
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The Concept of Hybrid Reactor-Tokamak with Molten-Salt Thorium
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A conceptual facility of tokamak and molten-salt thorium blanket with direct-contacted liquid-metal
mass-exchanger which allows uninterrupted extracting protactinium from the blanket and accumulating it in
a cascade salt trap separately from fission products.
It is supposed to use only the outer blanken without placing near the central column of the tokamak toroidal
coil protection from neutron irradiation. It will allow to have a sufficiently large volume of plasma at the
moderate size of facility (R = 1.7 m, a = 0.77 m). Then, the central column of the toroidal tokamak coil can be
made of copper and other parts of the electromagnetic system are the superconductor ones.
At the stage of induction input of the current, the plasma has diverter configuration and then, the plasma
current increases to demanded value by means of neutral injection. Numerical calculations by a code of
"DYNE" have shown that one can obtain a neutron flux with power of ~15 MW and its density in the blanket
of ~0.2 MW/m^2 that will provide a rate of protactinium production in the salt composition,
0.7FLiNaK+0.3ThF_4, at the level of 4•10^-7 mol/s at the injection of double-weight hydrogen by power of 23
MW and ECR heating by power of 2.5 MW.
At the uninterrupted extraction of protactinium from the blanket with the same rate, such the facility can
become attractive to industrial production of nuclear fuel (233U) from thorium. For extraction of protactinium
and others radio-nuclides (lanthanides) from the blanket, it is offered using a reduction extraction of these
elements into the liquid-metal carrier (direct-contacting liquid salt) by management RedOx potential (Fermi
level) of the salt composition, 0.7FLiNaK+0.3ThF_4.
Further, establishing Fermi level in the molten salt of a first cascade of salt trap (direct- contacting the
liquid-metal carrier only for protactinium oxidation allows desorbing only it from the liquid metal. In the
second cascade of the trap with higher oxidation potential, one can extract the all radio-nuclides including
lanthanides. At correct setup of the trap cascades, a protactinium portion in the second cascade will be 0.01 %
of the first one and a portion of other radio-nuclides in the first cascade will be four orders less than in the
second one. Thus, one can organize effective producing 233U from thorium as a nuclear fuel for thermal
reactors.
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Limited resources of fissile nuclides, disposal of spent nuclear fuel and controlled nuclear fusion are the major
system challenges on the path from contemporary to future large-scale Nuclear Energy (NE). Creation of
fusion-fission hybrid systems in near-term outlook will definitely ensure success in solving these problems.
This will provide involvement of practically unlimited resources of fertile isotopes (U238 and Th232) into the
nuclear fuel cycle and realize that with substantially reduced radiotoxicity. In combination with ITER data on
burning plasma physics, development of hybrid systems will make decisive input in progress of enabling
technologies and materials needed for realization of the fast track strategy to Fusion Power Plant by 2050.
Subjective tests show that the optimal power fraction of hybrids in the NE structure is less than 10 %. The
fusion power varies from 50 MW to a few GW in energy valuable hybrid systems.
Development of a fusion neutron source DEMO-FNS for demonstrating energy valuable hybrid technologies
based on a conventional tokamak (CT) with the power of deuterium and tritium fusion up to 50 MW started in
Kurchatov Institute in 2013. The design is aimed at steady state operation of the device providing the neutron
flux (~0.2 MW/m2) and the fluence (~2 MW-y) with the blanket area (~100 m2) sufficient to test materials and
components in fusion spectra for DEMO program support and to develop hybrid technologies for
transmutations, fissile nuclides production and energy generation.
The concept of DEMO-FNS has been formulated assuming amplification factor Q ~1, duty factor ~0.3, electric
power consumption < 200 MW, tritium consumption < 700 g/y, divertor loading < 10 MW/m2, plasma current
5 MA, magnetic field 5 T, major radius 2.5 m, aspect ratio 2.5 and auxiliary heating power up to 36 MW,
construction cost ~1 $B. From safety point of view the device was considered as a radiation source with
opportunity to become a subcritical nuclear facility with generated heat power less than 500 MW.
Commercially available materials are considered in the design owing to reduced neutron loadings and
fluencies compared with DEMO.
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We have studied the evolution of the zonal flows (ZF) in first principles two-fluid and gyrokinetic turbulence
simulations, while artificially controlling the starting conditions or time dependence of the flows to find the
rules governing the flow evolution, the preferred, stable and unstable states, and the influence of
inhomogeneities, i.e., the effects of the boundary conditions and of radially varying plasma parameters and
other non-Boussinesq effects.
Thus a robust functional describing the parallel and perpendicular Reynolds stresses has been determined,
which inserted into a 1D momentum balance equation is able to reproduce the evolution of the self-consistent
radial ZF pattern from noise to the stationary state. Thereby a qualitative difference was discovered between
toroidal ion temperature gradient (ITG) turbulence and sheared cylinder resistive drift wave (DW) turbulence
induced flows. While in the ITG case, the wavelength of the flow pattern is fixed independent of the
initialization, the DW turbulence maintains the period of any initialized pattern while enforcing a square
wave shearing rate profile. In a way, the DW-ZF system can be regarded as a digital storage medium with two
admissible flow shear states, while the ITG-ZF system has no memory.
For the GAMs the deterministic part of the turbulence dramatically changes the dispersion relation, resulting
in orders of magnitude higher radial drift speeds and determines the preferred GAM wavenumber. This can
lead to bursting GAM and turbulence activity, which depends on the sign of the grad-B drift with respect to
the closest X-point.
A comparative study of rotating planetary (Jovian) turbulence using the novel NAN (Navier Stokes, anelastic
turbulence) code incorporating the associated density contrasts, shows that here ZFs are being generated
similarly by a Reynolds stress based self amplification, control turbulence (bursting and profile modulation is
observed) and interact with the turbulence modes through wave kinetic effects. The contrast between these
notions and the ones in the geophysical framework, which focus on the transport and stretching of vorticity
(not momentum as by Reynolds stress) will be reviewed in the contribution.
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Dense Plasma Focus (DPF) devices PF-6 (6 kJ) and PF-1000 (1.2 MJ) placed at the IPPLM, Warsaw, Poland, are
the main facilities that were employed for tests of perspective materials intended for use in future fusion
reactors (FR) like Iter and NIF. Their discharge currents reach very high values up to 0.76 MA and almost 3.0
MA correspondingly that are the record figures for the facilities of their classes. Moreover these machines are
equipped with a large number of contemporary and unique diagnostics that allow investigations of processes
of irradiation of samples under tests with high temporal, spatial, angular and spectral resolution. During
irradiation experiments a large number of parameters are monitored. Among them temporal and spatial
evolution of primary (DPF pinch) plasma density, soft and hard X-ray and neutron radiations, angular and
spatial distribution of these radiations types together with fast ions and relativistic electrons, as well as the
same characteristics for secondary plasma, produced by these penetration radiations at the surface of a solid
state target under irradiation. Subsequent analysis of the irradiated specimens includes a number of
contemporary techniques that give an information of the irradiated materials’ elementary contents, structure
and properties. The report discuss results obtained at the irradiation of a number of materials (W, CFC, SiC,
Ti, Al, low-activated ferritic steel “Eurofer” and a number of alloys) as well as its subsequent analytical
examination with optical and electron scanning microscopy, distribution of elements on the sample’s surface
before and after irradiation, analysis of damageability of the samples depending on the irradiation parameters
and so on.
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The reduction of the heat load on divertors caused by Edge Localized Modes (ELMs) is a key issue in the ITER.
Large energy flux of Type-I ELMs is expected to cause melting of the tungsten divertors in ITER. One of the
methods to control ELMs is an application of Resonant Magnetic Perturbation (RMP) fields; in fact, mitigation
or suppression of ELMs by RMPs are observed in many tokamak experiments. However, those results are not
verified in the steady state operation. Therefore, to extrapolate those results to the ITER, RMPs experiments in
the JT-60SA tokamak are critical and urgent issues. In the JT-60SA experiments, Error Field Correction Coils
(EFCCs) will be utilized as RMP coils. For this reason, we have qualitatively and quantitatively studied the
magnetic field topology with superposed RMPs by EFCCs to develop scenarios of RMPs experiment in the
JT-60SA. In the operational aspects, how much the EFCC current to stochastize the magnetic field structure is
necessary since EFCCs must be used for the error field correction and the capacity of EFCC power supplies is
limited.
We have modeled RMPs of n=3 and found that the current of EFCCs (I_EFCC) higher than 10kA can
stochastize the magnetic field in the edge region under the vacuum approximation without including plasma
responses. To evaluate an effect of plasma responses, the 3D MHD equilibrium is calculated by the HINT2
code resulting in significant changes of the magnetic topology. Namely, magnetic islands in the plasma core
evolve but the stochasticity of magnetic field lines in the edge region decreases. To recover the same
stochasticity in the vacuum approximation with I_EFCC of 10kA, current higher than 30kA is necessary for
the 3D plasma responses. Thus, the 3D plasma response can shield RMPs. Moreover, fast ion losses directly
depend on the magnetic topology. 3D Monte Carlo simulations are performed with RMPs and the loss
behavior is significantly changed by the 3D plasma response.
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This is the first report of the spatiotemporal dynamics of edge plasma during L-H transition, which is based on
the direct measurement of radial electric field, density gradient and turbulence intensity in the JFT-2M
tokamak. The observations with fine spatial- and time- resolutions provide quantitatively clear views of the
L-H transition, which enable us to discuss detailed physical mechanism, as follows: (i) At the L-H transition,
an abrupt increase [time scale of O(100 μs)] of strong mean radial electric field (which is localized in radius
with FWHM ~ 7 mm) leads the increase of density gradient and reduction of turbulence intensity. Reynolds
stress force remains too small to drive the abrupt increase of the radial electric field. (ii) Rapid inward
propagation of the turbulence suppression that makes front is observed at the transition. This might be linked
to the fast core-edge coupling seen in global improvement of confinement after the H-mode transition.
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The operational window of the divertor in a fusion reactor is mainly given by power handling requirements
limited by the material properties, and He ash exhaust requirements limited by the effective pumping speed
performance of the divertor vacuum system. Hence, the divertor has to reconcile key physics and technology
functions in a sound way. This paper is presenting an integrated assessment of the operational window for an
ITER-type divertor in the European pulsed DEMO1 scenario.
While the high recycling divertor regime may be acceptable for ITER, the high heat flux and the large incident
ion fluxes seriously limit the lifetime of the divertor target. As a solution, the detached divertor regime is
investigated here in view of DEMO. The expected detachment characteristics, such as the existence of a
considerable electron pressure drop along the field lines in the scrape-off layer, and the compatibility of the
decrease in plasma flux to the divertor plate with the observed increase of neutral pressure and hydrogen
emission from the divertor region, are calculated in the light of an existing analytical and numerical model for
plasma detachment. The detachment criterion defines very clearly operational limits that can be translated
into requirements on the gas throughput and the exhaust vacuum system. In order to illustrate this
interrelation, a quantitative analysis has been made for two torus exhaust vacuum system configurations in a
DEMO reactor environment. One is based on scaled-up ITER style cryopumps, including their complex
pumping speed dependence on pressure and gas species; the second is based on vapour diffusion pumps which
have recently been introduced as reference for the European DEMO. In both cases, the geometry of an ITER
type divertor is being used and Ar being utilized as radiative seeding gas, the window of divertor detachment
operation is investigated depending on plasma and neutral gas densities. The analysis compares the two
configurations and provides the number of pumps required for steady-state operation under detached
conditions. The chosen approach is novel as such that it results in a pressure dependent pump albedo which
takes into account that the neutrals are in collisional flow regime at various degrees of rarefaction. This
concept represents a substantial improvement over the previously employed assumption of constant albedo.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

422 



Poster 7 / 495

Experimental Study of Disruption Mitigation Using Supersonic Molecular
Beam and Massive Gas Injection on HL-2A and J-TEXT
Dr. DONG, Yunbo 1; Dr. ZHANG, Yipo 1; Prof. ZHUANG, Ge 2; Dr. CHEN, Zhongyong 2; Dr. ZENG, Long 3; Mr. CHEN, Chengyuan 4;

Dr. ZHUANG, Huidong 3; Dr. GAO, Jinming 1; Mr. LUO, Yihui 2; Prof. LIU, Yi. 1; Prof. XU, Yuhong 1

1 Southwestern Institute of Physics
2 Huazhong University of Science and Technology
3 Institute of Plasma Physics
4 Southwestern institute of physics

Corresponding Author: caroldyb@swip.ac.cn

In tokamak experiments, including JET, JT-60U, Tore Supra, and TEXTOR, it has been shown that the
runaway electron (RE) generation occurs usually above a threshold at Bt ≈ 2 T independent on machine size.
Recently, disruption mitigation experiments with SMBI and MGI have been carried out in the HL-2A and
J-TEXT tokamaks to study various injection scenarios and gas jet penetration. The improved SMBI system has
been developed at HL-2A with a larger orifice(0.5mm of diameter), a quite shorter opening time (0.2ms), and
its maximum throughput is up to 1.0×10^21 (10ms，50bar). The SMBI was triggered by a negative voltage spike
in the loop voltage signal prior to the thermal quench. In the SMBI mitigation experiments at HL-2A, the RE
plateau is achieved even at Bt = 1.3 T, much lower than the Bt threshold observed in other tokamaks. Both Ne
and Ar gases could create runaway electron at Bt = 1.3 T. In addition, A fast massive gas injection valve has
been constructed and tested on the J-TEXT tokamak, whose shortest opening time is about 0.25ms and
maximum gas capacity is 1.0×10^24. In J-TEXT disruption mitigation experiments, after injecting Ar to induce
disruption, both Bt threshold and electron density threshold of the RE plateau generation are observed in
J-TEXT. The threshold of Bt is 1.2T, similar to that found in HL-2A. The RE plateau is easier to obtain at lower
electron densities. This might be understood by hot tail RE generation.
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Demonstration power plant is the next step for fusion energy following ITER. Key questions remain before a
design is selected. Some of these questions can be addressed by simulation through system codes. System
codes aim at modeling the whole plant with all its subsystems and identifying their interactions and their
impact on the design choice. The SYCOMORE code is a modular system code developed to address key
questions relevant for tokamak fusion reactor design. SYCOMORE is developed within the European
Integrated Tokamak Modelling framework (ITM) and provides a global view of the plant, from technological
elements to physics-oriented issues. It contains modules for plasma, divertor, blankets, shields, magnets,
power conversion and global plant power balance. The modules are connected in a calculation chain to ensure
self-consistency of the design.
The code has recently shown that increasing the minor radius of a reactor is much more beneficial from the
net electric power output than increaser the major radius, even at similar plasma volumes. The major radius
effect on confinement is a trade-off between larger plasma volume and lower plasma current due to fixed q95.
On the contrary, increasing the minor radius increases the plasma volume and keeps a high enough plasma
current resulting in a linear increase of net electric output with the minor radius. Similarly, small minor radius
(below 2.5 m for 9.4 m major radius R=9.4 m) lead to high amounts of heating power required to compensate
for thermal losses and subsequently high argon seeding fraction to protect the divertor and low fusion power.
This shows the critical importance of the radial build on the reactor performances as well as the necessity to
compute all subsystems sizes and characteristics in a self-consistent way.
Benchmark activities with international system codes are also led to confirm these results. They show a good
general agreement with other international codes and highlight some critical differences in the way some
physics or technological processes are treated (radiation power, shielding thickness…).
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Pedestal behaviors play a key role in determining the global energy confinement of tokamak plasmas, and
fusion reaction efficiency of burning plasmas. It is essential to understand the mechanism of the pedestal
formation and evolution for optimizing plasma performance and improving accuracy of predictive models.
Thus it is important experimentally to track the swift evolution of the pedestal parameters and underlying
instabilities in the narrow and steep gradient region.
In HL-2A, the characteristics of the edge plasma instabilities and their effects on the dynamical evolution of
pedestal have been investigated. Firstly, quasi-coherent modes have been observed in density fluctuations. The
dominant mode with frequencies in the range of (50-100) kHz appears during the ELM-free period prior to the
first ELM. By analyzing the pedestal density gradient, we found that there is a threshold for the excitation of
the mode. This mode can also be observed during inter-ELMs. Experimental results show that the modes are
excited after the ELM crash and terminated before the onset of the next ELM. The radial wave-number of the
mode is estimated from the data measured by two radially separated reflectometers. The wave-number
spectrum shows that the mode is radially propagating inward. The toroidal mode number of the edge mode is
n=7 deduced from Mirnov signals. The corresponding poloidal mode number is about m=21 according to the
local safety factor. A statistic method is applied to evaluate the relationship between the amplitude of the
pedestal mode and the pedestal electron density gradient during ELM cycle. The result indicates that the
modes are excited at about 40% of normalized interval before the ELM onset. During and after the ELM event,
the modes disappear. It seems that the presence of the modes is linked to a relatively larger density gradient.
In addition, the results made by a gyrokinetic simulation show that a Kinetic Peeling Ballooning Mode
(KPBM) is localized in pedestal region, which has similar features to our observation. Thus, the edge mode in
HL-2A is very likely a KPBM mode, and which may play a significant role in determining the dynamics of a
pedestal.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

425 



Poster 7 / 257

Design Concept of K-DEMO In-Vessel Components
Dr. IM, Kihak 1; Mr. PARK, Jong Sung 1; Dr. KWON, Sungjin 1; Dr. KIM, Keeman 1; Dr. KESSEL, Charles 2; Mr. BROWN, Thomas 3; Dr.

NEILSON, George 2

1 National Fusion Research Institute
2 Princeton Plasma Physics Laboratory
3 Princeton University, Princeton Plasma Physics Laboratory

Corresponding Author: khim@nfri.re.kr

As a way to realize a large-scale fusion energy, a DEMO device has been considered as a next step after the
international ITER device. Pre-conceptual DEMO studies are being carried out by international fusion
community including China, EU, Japan and Korea (with participation of US). Early in 2007 in Korea, Fusion
Energy Development Promotion Law (FEDPL) was enacted to settle down the legal base of fusion energy
development. As a following step, a pre-conceptual design study for the Korean fusion demonstration reactor
(K-DEMO) has been initiated with the uniqueness of high magnetic field (B_0 = 7.4 T), R=6.8 m, a=2.1 m, and
steady-state tokamak.
K-DEMO tokamak plasma will be operated in double-null configuration with high elongation (κ = 2) and
triangularity (δ = 0.625). Pressurized water is used as coolant for in-vessel components.
Blanket modules are toroidally subdivided into 16 inboard modules and 32 outboard modules, in order to
allow the vertical maintenance. Each blanket module consists of plasma-facing first wall, layers of breeding
parts, shielding and manifolds. Vanadium is placed as interlaying material between tungsten first wall and
RAFM structural material. K-DEMO blanket system adopts ceramic breeders using Li4SiO4 pebbles with
beryllide as neutron multiplier to ensure better safety with water coolant. Layers of breeders and multipliers
were optimized by MCNP simulations to achieve global TBR > 1.05. Material selection and thickness of
shielding are optimized to maintain the nuclear heating to the superconducting magnets below allowables.
Heat load on blanket first wall by core plasma radiation is maintained below ~0.5 MW/m2. Approximately
60% of plasma power is handled in divertor region. To maintain the target peak heat flux below 10 MW/m2,
~90% of divertor plasma power should be radiated in divertor region with 10degree of target tilting angle and
a power decay length λq = ~1.5 mm as expected by recent result. Tungsten-based target is used with
steel-based structural material carrying pressurized water coolant. In line with the blanket toroidal
segmentation for vertical maintenance, upper and lower divertor modules are also subdivided into 32 toroidal
modules, respectively.
The results of thermo-hydraulic and structural analyses are presented to support the developed design
concepts.
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A DEMO device has been considered the next step following ITER as a near-term prototypical reactor design
that is tritium self-sufficient and produces a limited amount of net electricity. The machine maintenance
approach and planned configuration concept plays a major role in establishing the design point. DEMO will
also need to show that adequate operating availability can be achieved over a reasonable time period, as a last
step before full-scale electricity production. The ability to operate with high availability/reliability plays a key
ingredient in defining the DEMO configuration, fostering the need for rapid removal/replacement of
limited-life in-vessel components. DEMO pre-conceptual studies are being carried out by China, EU, Japan
and South Korea (with US participation). The device designs span a range of maintenance approaches from
full radial extraction of large in-vessel modules through all TF horizontal openings to vertical maintenance of
segmented in-vessel components. Progress made on the S. Korea’s K-DEMO design will be provided with
emphasis on the design choices identified to promote high availability and a review of how these design
selections compare with the choices made on the Chinese, EU and Japan concepts.
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The paper is devoted to theoretical issues in the problem of plasma stability in the toroidal fusion systems
with a resistive wall. The basis of the existing stability theory is the standard energy principle [1] derived
within the ideal magnetohydrodynamics (MHD) model. A part of that generally accepted approach is the
condition that the Poynting vector vanishes at the plasma-facing surface of the toroidal vacuum vessel (simply
called wall). In other words, the standard stability theory treats the wall as an ideal conductor preventing the
energy flux outside. Ideal plasma with an ideal wall constitute a conservative system. In reality, the system is
dissipative at least because of the wall resistivity. In experiments with pulse duration longer than the resistive
wall time, this is manifested in excitation of the resistive wall modes (RWMs) in the regions stable according
to predictions of the ideal MHD with an ideal wall. Here the energy principle is modified by incorporating the
dissipation due to the wall resistivity. Mathematically, the difference from the classical task is that tangential
component of the perturbed electric field is now nonzero at the wall. Physically, this means the outward flux
of energy (absent in the standard energy principle). This flux can be found by calculating the full energy
balance in the outer region or estimated with substitution of proper trial functions. The latter is an element of
the variational approaches. Here it is applied by using a proper ansatz for the perturbation in the plasma-wall
vacuum gap and in the wall, suitable for the modes faster than conventional RWMs. Accuracy of this method
is discussed and asymptotic relations are considered. One of them is the modified energy principle allowing
estimates of the growth rates of the fast RWMs. These are, for example, the precursors of more violent and
much faster ideal MHD modes. The proposed method is a natural extension of the classical energy principle
and contains it in the asymptotic limit. Theoretical and experimental applications of the results are also
discussed.

[1] I.B. Bernstein et al., Proc. Roy. Soc. London A 244, 17 (1958).

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

428 



Poster 7 / 22

ADX: a High Field, High Power Density, Advanced Divertor Test Facility
Dr. LABOMBARD, Brian 1; Dr. MARMAR, Earl 1; Mr. DOODY, Jeffery 1; Dr. ELLIS, Robert 2; Dr. ERNST, Darin 1; Dr. FIORE, Catherine 1;

Dr. GRANETZ, Robert 1; Dr. GREENWALD, Martin 1; Dr. HARTWIG, Zachary 1; Dr. HUBBARD, Amanda 1; Dr. HUGHES, Jerry 1; Prof.

HUTCHINSON, Ian 1; Dr. IRBY, James 1; Dr. KESSEL, Charles 2; Dr. KOTSCHENREUTHER, Michael 3; Mr. LECCACORVI, Rick 1; Dr.

LIN, Yijun 1; Dr. LIPSCHULTZ, Bruce 4; Prof. MAHAJAN, Swadesh 3; Dr. MINERVINI, Joseph 1; Dr. NYGREN, Richard 5; Prof. PARKER,

Ronald 1; Dr. POLI, Francesca 2; Dr. TERRY, James 1; Prof. PORKOLAB, Miklos 1; Dr. REINKE, Matthew 4; Dr. RICE, John 1; Dr.

ROGNLIEN, Tom 6; Dr. ROWAN, William 3; Dr. SHIRAIWA, Syunichi 1; Mr. TERRY, David 1; Dr. THEILER, Christian 1; Mr. TITUS, Peter
2; Dr. UMANSKY, Maxim 1; Mr. VIEIRA, Rui 1; Dr. VALANJU, Prashant 3; Dr. WALLACE, Greg 1; Prof. WHITE, Anne 1; Dr. WILSON,

James 2; Dr. ZWEBEN, Stewart 2; Prof. WHYTE, Dennis 1; Dr. WOLFE, Steve 1; Dr. WUKITCH, Stephen 1; Mr. BECK, William 1; Dr.

BONOLI, Paul 1

1 MIT Plasma Science and Fusion Center, USA
2 Princeton Plasma Physics Laboratory, USA
3 Institute for Fusion Studies, University of Texas, USA
4 University of York, UK
5 Sandia National Laboratories, USA
6 Lawrence Livermore National Laboratory, USA

Corresponding Author: labombard@psfc.mit.edu

The MIT Plasma Science and Fusion Center and collaborators are developing a concept for an advanced
divertor experimental test facility (ADX) – a tokamak specifically designed to address critical gaps in the
world fusion research program on the pathway to DEMO. This high field (6.5 tesla, 1.5 MA), high power
density (P/S ~ 1.5 MW/m^2) facility will test innovative divertor concepts for next-step DT fusion devices
(FNSF, DEMO) at reactor-level boundary plasma pressures and parallel heat flux densities while producing
reactor-relevant core plasma conditions. The experimental platform will also test advanced lower hybrid
current drive (LHCD) and ion-cyclotron range of frequency (ICRF) actuators at the plasma densities and
magnetic field strengths of a DEMO, with the unique ability to deploy launcher structures both on the
low-magnetic-field side and the high-field side – a location where energetic plasma-material interactions can
be more easily controlled and reduced. This innovative experiment will perform plasma science and
technology R necessary to inform the conceptual development and accelerate the readiness-for-deployment of
next generation DT fusion devices – in a timely manner, on a flexible, reconfigurable research platform.
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The TCV tokamak is characterized by the most extreme plasma shaping capability worldwide, the highest
microwave EC power concentration in the plasma, and a large degree of flexibility in its heating and control
schemes. TCV is presently undergoing major heating upgrades, installing a neutral beam for direct ion heating
and increasing the EC power injected in X-mode at the third harmonic (X3). The injection of 1MW 30keV D
beam will allow access to regimes with Ti/Te>1 and βN~2.8 in L- and H-mode, with densities compatible with
X3 EC heating. A lower energy and power (20keV, 0.5MW) D NBI is suitable for lower densities with X2 EC
heating and current drive. Tangential injection is necessary, due to beam access, shine through and orbit
losses. The modifications to the TCV vacuum vessel required for installing two ports, through which 1MW of
power can be injected, are presently under way. The neutral beam is under construction at Budker
INP-Plasma (Russia), with energies of 20-35keV and power up to 1MW for 2s.
The X3 upgrade consists of adding two dual-frequency gyrotrons (X2/X3, 126GHz/84GHz) with a total power
at 126GHz of 2MW. The design of the new gyrotron will be carried out at CRPP with contributions from KIT,
and will be based on the gyrotron (140GHz/1MW/CW) manufactured by Thales Electron Devices for the
W7-X stellarator.
Further substantial improvements in the TCV infrastructure are under examination. Additional power in the
dual frequency gyrotron systems is envisioned, to complete and maintain the heating capabilities in regimes
of relevance for burning plasma conditions. Substantial diagnostic improvements would also be undertaken, in
the areas of THz waves and of advanced imaging systems in the visible, infrared, and mm-wave ranges. An
even more substantial modification would be the insertion of new in-vessel modular structures, generating a
divertor aperture with variable closure to explore solutions to the crucial problem of the heat and particle
exhaust, yet maintaining a good degree of flexibility. To be considered for DEMO, innovative solutions like
the snowflake divertor need in fact to be proven viable in the presence of a closed divertor chamber, which
allows for high neutral density in the divertor, and of an effective pumping system for particle control.
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Plasma Facing Material Alternatives to Tungsten
Prof. BROOKS, Jeffrey 1; Dr. EL-GUEBALY, Laila 2; Prof. HASSANEIN, Ahmed 1; Dr. SIZYUK, Tatyana 3

1 Purdue University
2 University of Wisconsin
3 USA

Corresponding Author: brooksjn@purdue.edu

Tungsten is the leading high-Z candidate surface material for future tokamak divertor and first wall plasma
facing components. There are good reasons for this choice including low activation, high melting point, good
thermo-mechanical properties, low sputter erosion, and low tritium retention/co-deposition. However, there
are concerns about He, D-T, and neutron-induced microstructure integrity, fatigue, dust, and other issues, and
a general major concern about relying on one material. To broaden the options for fusion development we
identified and examined five potential alternative high-Z plasma facing materials: zirconium, niobium,
molybdenum, hafnium, and tantalum. These can potentially serve as full-thickness structural materials, or
thinner coating materials, depending on the plasma environment, hydride-formation, etc. We assessed these
materials from three initial standpoints: neutron-induced activation, sputter erosion/redeposition, and plasma
transient response. This initial analysis is encouraging showing: 1) environmentally attractive activation/waste
disposal for a commercial power plant divertor surface, using advanced recycling, 2) acceptable sputtering
erosion/redeposition performance, similar to a tungsten divertor, and 3) concerns about the transient response
of the alternative materials but not fundamentally different than concerns for tungsten. We identify future
steps needed to advance the qualification of these materials.
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Spectra of Neutrons from a Beam-Driven Fusion Source
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A tokamak-based source of nuclear fusion neutrons, such as considered in some recent papers and program
talks, employs injection of fast atom beams into plasma. Energy spectrum is one of the key characteristics of a
neutron source. Distributions of electrically charged fusion products are also important to know since they
contribute to plasma heating, if they are confined, and they influence the first wall, if they are lost from the
plasma. Compared to thermonuclear fusion product spectra, the treatment of distributions of fusion products
from a beam-heated plasma is much less complete in existing bibliography. The bibliography is not abundant
for the case of non-Maxwellian velocity distributions of fuel nuclei. The results in early works show different
shapes of neutron spectra for DT reaction. Spectra in more recent works differ from earlier ones. In addition to
beam particle slowing down, suprathermal tails due to nuclear elastic scattering of fast ions are taken into
consideration in some recent studies. The details of calculation of fuel nuclei distribution functions and
particular numerical techniques to obtain the fusion product spectra are not discussed in those works. The
purpose of this contribution is to describe a fast, easily reproducible semianalytical approach to calculate the
distributions of fusion products in case of the presence of substantial suprathermal tails in fuel nuclei velocity
distributions. Results for a variety of distributions of suprathermal fuel nuclei will be presented. Numerical
techniques and a number of methods of verification of calculated fusion product spectra will be discussed.
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Observation of Intermittent Plasma Ejection from a Highly Overdense
Spherical Tokamak Plasma Maintained by Electron Bernstein Wave
Heating and Current Drive in LATE
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Non-inductive start-up of spherical tokamak (ST) is an important issue to realize compact and economical
fusion reactors. In the Low Aspect ratio Torus Experiment (LATE) device, non-inductive start-up and
formation of ST by electron Bernstein (EB) waves in a highly overdense regime has been explored. By
injection of a 2.45 GHz microwave power of ~60 kW, the plasma current Ip is ramped up to ~12 kA and the
electron density increases up to ~7 times the plasma cutoff density. Such a highly overdense ST plasma is
produced by improved polarization adjustment for EB mode-conversion in the first propagation band.
However, when Ip exceeds ~10 kA, Ip and the density become saturated. Intermittent plasma ejections across
the last closed flux surface (LCFS) have been observed for the first time. Repetition of large ejection events
causes saturation and gradual decrease of density and plasma current.
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Study of Carbon Transport in the Scrape-off Layer of HL-2A with
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Impurity transport in the scrape-off layer (SOL) has been studied for the ohmic heating plasma based on a
space-resolved vacuum ultra-violet spectroscopy of which the intensity is absolutely calibrated with
bremsstrahlung continuum in the HL-2A divertor tokamak. The radial profiles of carbon emissions of CIII (977
Å: 2s2 1S0-2s2p 1P1) and CIV (1548 Å: 2s 2S-2p 2P) as well as the ratio of CIV to CIII are used to investigate
the edge impurity transport with relation to the source locations and the sputtering characteristics. The
experimental results show that impurity profiles in the SOL have been clearly changed against different
source locations: the profiles of CIV and CIII become flat for the dominant divertor source, but they become
peaked for the dominant baffle source. Furthermore, in low electron density condition (ne < 2.6 x 1013 cm-3)
the normalized intensities of CIV and CIII by the line-averaged electron density, CIV/ne and CIII/ne, decrease
with the increase of density. The ratios of CIV to CIII increase with ne. On the other hand, in the moderate
density conditions (ne > 2.6 x 1013 cm-3) the values of CIV/ne and CIII/ne become saturated. The ratios of CIV
to CIII gradually decrease with density. The observations have been analyzed with the EMC3-EIRENE
simulation code. The calculated profiles are fairly in a good agreement with the observations, i.e., peaked
profile for the baffle source and flat profile for the divertor source. The reason why the impurity profile is
sensitive to the configuration is due to the screening efficiency depending on the source location. An
enhanced physical sputtering is also suggested by the simulations to explain the observations on the electron
density dependence of the carbon ions transport in the SOL region.
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In this work it is investigated the capabilities of hybrid fusion neutron source (FNS) blankets in reprocessing of
spent nuclear fuel and generation of nuclides 233U, 239Pu and tritium. The basic kinds of blankets are
considered. There are the blanket with use of heavy water solutions of salts and oxides of uranium and
thorium, solid-state and molten salt blanket. The structure and geometrical parameters of blankets, moderator
and fertile materials are optimized to obtain the ultimate nuclear fuel yield at the least accumulation of
radiation toxic wastes. The neutronics comparative analysis of the different blanket models is presented. In the
result, the optimal FNS blanket models are chosen.
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The approach to the integrated modelling of plasma regimes in the projected neutron source DEMO-FNS [1]
based on different codes is developed. The integrated modelling allows eliminating uncertainties in external
parameters for such tasks as plasma current ramp up, steady-state plasma consistency, plasma stability and
heat load onto the wall and divertor plates. The following codes are employed for the integrated modelling
1. The ASTRA transport code [2] is used for adjustment of the steady-state regime parameters. The NUBEAM
Monte Carlo code incorporated into the ASTRA code
2. The DINA free boundary equilibrium and evolution code [3]
3. The SPIDER free boundary equilibrium and equilibrium reconstruction code [4] and KINX ideal MHD
stability code [5
4. The TOKAMEQ free boundary equilibrium code [6] and the TOKSTAB vertical displacement stability code
[7].
5. The SOL-Onion-skin semi-analytic modelling code of self-consistent description of the core, edge and
divertor plasmas based on the experimental scaling laws [8]. The uncertain parameters are verified by
calculations of the main plasma profiles with the ASTRA code and of the edge and divertor plasma with the
B2SOLPS5.2 [9] code.
The consistent steady state regime for the DEMO-FNS plasma and the plasma current ramp up scenario are
developed as a result of integrated modelling approach. The design with the long-legged divertor is proposed.
The copper insets are suggested for the suppression of the instability to vertical displacement.

[1] B.V.Kuteev et al., This conference
[2] G.V. Pereverzev, P.N. Yushmanov, (2002) Max-Planck-Institut für Plasmaphysik ID 282186
http://edoc.mpg.de/282186
[3] R.R. Khayrutdinov and V.E. Lukash. J. Comput. Physics, (1993),V. 109, p 193
[4] A A Ivanov et al 2005 32nd EPS Conf. on Plasma Physics 29C (ECA) P-5.063
[5] L.Degtyarev et al Comput. Phys. Comm. vol. 103, 10 (1997)
[6] D.Yu.Sychugov, VANT, Termoyadernyi sintez 31 (4), (2008), 85 (in Russion).
[7] D.Yu.Sychugov, VANT, Termoyadernyi sintez 33 (3), (2010), 46 (in Russion).
[8] V.Yu.Sergeev et al., Plasma Physics Reports, 2012, Vol. 38, No. 7, pp. 521.
[9] V. Rozhansky, et al. Nuclear Fusion (2001) 41 387 .
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Poloidal and toroidal plasma rotation play an important role on particle and energy confinement and on the
stabilization of magnetohydrodynamic instabilities, depending on the rotation intensity.
In the TCABR tokamak, the intrinsic toroidal rotation in ohmic discharges is normally sheared, with
counter-current in the core and co-current rotation at plasma edge.
The origin of co-current rotation may be related to a radial friction force between neutral particles and
ions/electrons during gas injection. This radial force in the presence of a poloidal component of the magnetic
field accelerates plasma in the toroidal direction. If the speed of neutral particles is much larger than the
diffusion velocity of ions/electrons, the friction force is in radial direction (outward), which produces
co-current rotation.
In turbulent plasmas, electrons and ions can diffuse in radial direction with equal velocity due the ambipolar
diffusion. In the TCABR tokamak the velocity of neutral particles is of order of 10^3 m/s, while the ions and
electrons diffusion velocity is about 10 m/s, which produces an outward radial friction force. We suspect that
in small machines, where the electron temperature at plasma edge is of order of 10 eV, neutral gas can
penetrate into the plasma column for a short time before being ionized. These neutral particles will produce
co-rotation. A rough estimate for ionization time at the plasma edge in TCABR is 10^-4 s, for electron
temperature and density around 10eV and 10^18 m^-3, respectively. For this characteristic ionization time, a
neutral particle can penetrate 10 cm inside the plasma.
To investigate this mechanism, we are carrying out an experimental program for measuring the toroidal
rotation at plasma edge for different poloidal positions of gas injection, i.e., top, outboard, and inboard, at the
same poloidal cross-section and always in the radial direction. We have observed increase of co-current
rotation at radial position r/a=0.94 during gas injection at all poloidal positions.
The next phase of the experimental campaign will focus on gas injection in the toroidal and poloidal
directions. In the paper we will present a comprehensive report on the experimental results and will discuss a
model to describe the correlation of intrinsic co-current rotation at plasma edge with the position of gas
injection.
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Deuterium Plasma
Prof. KOIDAN, Vasily 1; Dr. KHRIPUNOV, Boris 2; Mr. UNEZHEV, Vitaliy 3; Mr. DANELYAN, Leon 3; Dr. KULIKAUSKAS, Vatslav 4; Dr.

ZATEKIN, Vladimir 4; Prof. RYAZANOV, Alexander 3; Mr. GUREEV, Victor 3; Mr. KORNIENKO, Sergey 3; Mr. LATUSHKIN, Sergey 3;

Mr. MUKSUNOV, Aleksey 3; Dr. PETROV, Vladimir 3; Mr. SEMENOV, Evgeniy 3; Mrs. STOLYAROVA, Valentina 3

1 NRC "Kurchatov Institute", Moscow, Russia
2 NRC "Kurchatov Institute
3 NRC "Kurchatov Institute"
4 Lomonosov University, Moscow

Corresponding Author: koidan_vs@nrcki.ru

Method of high-level radiation damage production in tungsten have been developed and studied on the
facilities of the Kurchatov institute together with high flux plasma effect on the damaged material. The results
of the experimental work for the last two years are presented in the paper. Radiation damage from DT
neutrons is simulated with surrogate irradiations by high energy ions from accelerator. Tungsten W 99.95
wt.% was irradiated by different ions species on cyclotron – by helium ions He2+ at 3.5-4 MeV and by carbon
ions C3+ at 10 MeV to the total fluence of 1021-1023 ion/m2. The samples have been obtained with primary
displacements in the range 0.1-600 dpa that covers the whole range according to the fusion reactors including
the ITER and DEMO projects. The task was to find out the dependence of the result of the plasma action on
tungsten with the presence of radiation damage in it. Radiation swelling effect for both ion species has been
exhibited in tungsten by evaluation of linear dimension changes with profilometer (0.5-0.8 % in case of carbon
ions). The irradiated samples were exposed to steady state deuterium plasma in the linear plasma device
LENTA in the divertor and SOL simulated conditions. Erosion of the material surface as well as the surface
and damaged layer microstructure changes have been studied in those condition. Important increase in
deuterium retention in tungsten (by an order) has been found at the depth of maximal damage. Implanted
helium content in the surface layer has been measured by Elastic Nuclear BackScattering.

The work was supported by RFBR grants: № 11-08-01093-а, № 13-08-00692-а.

[1] B.I.Khripunov, et al., JNM, 390-391 (2009) 921-924.
[2] A.I.Ryazanov, et al., Fus. Sci.& Technol., V.61, Nr. 2, FUSTE8 (2) 107-117 (2012).
[3] V.S. Koidan, et al. IAEA FEC-23, 2010, CD Rep. FTP/3-3Rb.
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Improvement in tokamak plasma confinement using biased electrodes observed in many tokamaks is a
well-established phenomenon. In this paper we show that very use of the same biased electrode can mitigate
the disruptions in tokamak plasmas through stabilization of magnetohydrodynamics (MHD) modes.
Disruption induced in Aditya tokamak by H2 gas puffing is successfully mitigated by applying the positive
bias voltage to the electrode placed in the LCFS prior to the gas injection. Sheared ((E_r)times(B_phi)) rotation
of the plasma generated by biasing leads to substantial reduction in growth of MHD modes (m /n = 3/1, 2/1)
and avoids disruptions through prevention of mode locking.
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Technology of controlled thermonuclear fusion (CTF) is traditionally regarded as a practically inexhaustible
energy source. However, development, mastering, broad deployment of fast breeder reactors and closure of
nuclear fuel cycle (NFC) can also extend fuel base of nuclear power industry (NPI) up to practically unlimited
scales. Under these conditions, it seems reasonable to introduce into a circle of the CTF-related studies the
works directed towards solving some principal problems which can appear in a large-scale NPI in closed NFC.
It was shown [1] that advanced nuclear fuel (231Pa-232U-233U) can be generated in thorium blanket of hybrid
thermonuclear reactor (HTR). The first challenge is a large scale of operations in NFC back-end that should be
reduced by achieving substantially higher fuel burn-up in power nuclear reactors. As was shown in [1], the
use of 231Pa-232Th-232U-233U fuel in light-water reactor (LWR) opens a possibility of principle to reach very
high (about 30% HM) or even ultra-high fuel burn-up.
The second challenge is a potential unauthorized proliferation of fissionable materials. As is known, a certain
remarkable quantity of 232U being introduced into uranium fraction of nuclear fuel can produce a serious
barrier against switching the fuel over to non-energy purposes.
Involvement of HTRs into NPI structure can substantially facilitate resolving these problems. If HTR will be
involved into NPI structure, then main HTR mission consists not in energy generation but in production of
nuclear fuel with a certain isotope composition.
The present paper analyzes some neutron-physical features in production of advanced nuclear fuels in
thorium HTR blankets. The obtained results demonstrated that such a nuclear fuel may be characterized by
very stable neutron-multiplying properties during full LWR operation cycle and by enhanced proliferation
resistance too. The paper evaluates potential benefits from involvement of HTR with thorium blanket into the
international closed NFC.

[1] E.G. Kulikov, G.G. Kulikov, E.F. Kryuchkov, A.N. Shmelev. “Achievement of higher LWR fuel burn-up by
introducing 231Pa into fuel composition” – Nuclear Physics and Engineering, Vol. 4, No. 4, pp. 291-299 (2013).
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Nanostructured vanadium alloys of V-Me (Cr, W)-Zr-C system have good prospects as structural materials for
a new generation of fusion and fission (fast) nuclear power reactors. The required properties of the alloys are
achieved by methods of combined heat treatment, including conventional (traditional) thermomechanical
treatment (TMT), as for the referenced V-4Ti-4Cr alloys (annealing at 1000 °C for 1 h), and additional
thermochemical treatment (TCT – oxygen saturation and internal oxidation).
Alloys V-8.75Cr-0.14W-1.17Zr-0.01C-0.02O-0.01N (wt.%, ingot weight is 0.9 kg, sheet thickness is 1 mm) and
V-4.23Cr-7.56W-1.69Zr-0.02C-0.02O-0.01N (wt.%, ingot weight is 1.2 kg, sheet thickness is 1 mm) have been
smelted. Methods have been developed and combined treatment (TMT + TCT) of alloys obtained has been
performed (internal oxidation with a given level of bulk oxygen concentration determined, in turn, by the
zirconium concentration), which provides the formation of nanoscale particles ZrO2 of controlled dispersity in
alloys, preservation of nanoscale heterophase structure up to the temperature 1300 – 1400 °C, increase of
recrystallization temperature up to 1400 – 1600 °C.
Formation of such microstructure results in significant precipitate and substructure hardening and
substantially (as compared to traditional TMT modes) improvement of the mechanical properties of the
vanadium alloys throughout the whole range of temperatures up to 800 °C. At the maximal hardening effects
of the internally oxidized alloy specimens the value of elongation at room temperature remains high enough
(about 12%). Obtained mechanical properties of the vanadium alloys by using the combined treatment are
significantly higher than those achieved so far for the referenced alloy V-4Ti-4Cr.
High thermal stability of the specified nanoparticles and defect substructure indicates the prospects of using
the proposed methods of combined treatment (TMT + TCT) to significantly improve the performance of not
only short-term but also long-term high-temperature strength of new vanadium alloys. An important
advantage of the combined method of the alloys treatment is the possibility of its implementation for
semimanufacture articles or end-products (sheets, pipes, etc.) obtained from initially high technological (low
strength and high ductility) vanadium alloys.
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The Uragan-3M device is equipped with two antennas which are fed by RF power with the frequency below
ion cyclotron. The frame antenna was used for pre-ionization and the three-half turn (THT) antenna makes
plasma heating. Such a regime of heating is briefly described in Ref. 1. In this experimental series, the radial
profiles of CV and H-alpha lines intensity and the second cyclotron harmonic emission are measured using a
pulse-by-pulse technique. The results of these measurements and Biot-Savart calculations could be explained
by existence of a small central area with relatively good plasma confinement surrounded by a zone where the
confinement is poor. If so, the relatively low average electron temperature and high RF power needed to
sustain plasma are the consequences.
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The Broader Approach Agreement (BA) to ITER was signed jointly by Europe and Japan, in February 2007, for
a period of ten years. The BA comprises three projects: IFERC, the International Fusion Energy Research
Center, including the Computational Simulation Center, CSC, IFMIF-EVEDA, Engineering Design and
Validation of a 14MeV neutrons irradiation facility for material testing and STP, the ITER Satellite Tokamak
Program, with the JT-60SA project. CEA is participating respectively for 85%, 33% and 42% of the EU
contribution to the three projects. The purpose of the BA is to support ITER operation and to contribute to
DEMO design and studies. For IFERC-CSC, CEA provided the “Helios” supercomputer, having a performance
of 1.5 Petaflop/s peak (1.2 Petaflop/s Linpack). During the last period 2012-2013, the operation feedback
exhibits an overall utilization exceeding 85% summarized in effective computation approaching 30
Mnodes.hours/y and in several hundreds of associated scientific publications. The IFMIF/EVEDA project
consists in Design and Validation Activities aiming at providing the IFMIF Intermediate Engineering Design,
IIED which is now completed and in developing the Linear IFMIF Prototype Accelerator (LIPAc). The LIPAc
injector, developed, built and tested at CEA is now being installed at Rokkasho. The prototype of the
superconducting Half Wave Resonator (HWR) is now validated, and the Engineering Design for the
SRF-LINAC proposed jointly by CEA and CIEMAT was approved. For JT-60SA, CEA is responsible for
procuring the full Cryogenic System, 9 of the 18 Toroïdal Field Coils, TFC, (the other 9 by ENEA) and the
whole Magnet Supporting Structures, the TFC Cold Test Facility, CTF, and the cold test performance, as well
as 5 Superconducting Magnet Power Supplies. Since the last IAEA conference, specification and contractual
phases have been ended. All the related industrial contracts were placed to European manufacturers well
renowned in the fusion field. Industrial designs as well as industrial qualifications for manufacturing
processes are now achieved and manufacturing are ongoing. At about 3 years to the end of the BA agreement,
this report synthesizes progress and status of the CEA contributions which, at various degrees have entered
the realization or operation phases and are still progressing or working well.
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Energetic and crystallographic characteristics of various interstitial configurations of H atoms and their
complexes with self-point defects (SIA – self-interstitial atom, vacancy) in bcc Fe have been calculated by
molecular statics using Fe-H interatomic interaction potential developed by A. Ramasubramaniam et al. (Phys.
Rev. B 79 (2009) 174101) and modified here and Fe-Fe matrix potential M07 developed by L. Malerba et al. (J.
Nucl. Mater. 406 (2010) 19).
The most energetically favorable configuration of an interstitial H atom is tetrahedral configuration. The
height of the energy barrier for H atom migration is 0.04 eV. H atom in the substitution position is unstable
and shifts in the direction of the nearest octopore during the relaxation process staying at a distance of 0.024
nm from it. The resulting configuration has the highest binding energy of all the considered complexes
“vacancy – H atom” (0.54 eV). The energy barriers for the jump of H atom from a vacancy to the nearest
tetrapore and back are 0.47 eV and 0.05 eV, respectively. The binding energy of the most energetically
favorable configuration of the considered complexes “SIA – H atom” equals 0.15 eV. The interaction energy of
H atom with a SIA decreases with distance slower than in the case of interaction with a vacancy. The binding
energy of H atom with an edge dislocation in <100>{001} slip system is 0.49 eV.
The binding energies of complexes “vacancy – n H atoms” (n = 1, ..., 15) have been calculated. The binding
energy of H atom with the complex decreases from 0.54 eV to 0.35 eV with increasing of n from 1 to 6. The
value of binding energy decreases sharply to ~0.1 eV at n > 6. One vacancy can contain up to 6 H atoms.
Adding of the seventh H atom leads to the expulsion of one of the other six H atoms from the vacancy.
The temperature dependences of hydrogen isotopes diffusivities (D^H, D^D, D^T) in Fe have been calculated
for the temperature range 70 – 1100 K using molecular dynamics. The temperature dependencies of D^H,
D^D, D^T have a parabolic form at temperatures higher than 300 K. The values of D^H, D^D, D^T are almost
the same at 300 K. The isotope effect becomes stronger at higher temperature, e.g., ratios D^H/D^D and
D^H/D^T at 1100 K equal 1.2 and 1.3, respectively.
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Plasma Flows and Fluctuations with Resonant Magnetic Perturbations on
the Edge Plasmas of the J-TEXT Tokamak
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Plasma flows and fluctuations are studied with resonant magnetic perturbations (RMPs) using Langmuir
probe arrays on the edge plasmas of the J-TEXT tokamak. The toroidal velocity near the last closed flux
surface (LCFS) tends to increase at first with increasing RMP current. When the RMP current reaches 6kA, the
toroidal velocities increase (inside the LCFS ) and decease (outside the LCFS). The effects of RMPs on toroidal
rotations suggest that the intrinsic rotation is driven with RMPs. The absolute amplitude of the radial electric
field Er near the LCFS also increases at first with RMP, then significantly decreases at 6kA. A narrow zone
(NZ) is detected in the edge plasmas. In the NZ, the Er sign is changed from negative to positive, and the
electron temperature, and turbulence and zonal flow intensity all drop. Significantly, the profile of poloidal
and toroidal turbulent stresses is also changed in the NZ. The occurrence of the NZ results in the formation of
a new shear layer in the edge plasma. The results suggest that the NZ formation occurs due to the magnetic
island overlap near the rational flux surface of q=3, due to 3/1 RMP coils. The measurements of turbulent
stresses and Er are consistent with that the intrinsic rotation can be driven with RMPs. Both Low frequency
zonal flows (LFZFs) and geodesic acoustic modes (GAMs) are damped by strong RMPs.
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Two blanket concepts were considered and found perspective in Russian design of demonstration
thermonuclear reactor DEMO-S (1998-2000): ceramics helium cooled and lithium self-cooled, where lithium is
used as tritium breeder and coolant. Indian specialists proposed in 2007 a concept of the lead – lithium
ceramic breeder (LLCB) blanket for their DEMO reactor and a test module for International Thermonuclear
Experimental Reactor ITER. Lead – lithium eutectic and ceramic are used for tritium breeding, eutectic is
cooling also the breeding zone and helium is cooling the blanket first wall and module structure. Analysis of
this concept for Russian DEMO-S reactor is made in the paper. Some advantages over helium cooled ceramic
breeder and pure lead – lithium blankets are revealed, in particular higher value of tritium breeding ratio and
longer service life. The conclusion on viability of LLCB blanket for DEMO reactor and RF interest in
developing and testing in ITER of this blanket type is expressed.
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The presentation describes the conceptual design of the superconducting magnet (SC) of the fusion neutron
source DEMO-TIN that is now under development in Russia and the estimations of the mechanical and
electrical loads in it, its shielding, as well as cooling and other performances. The main parameters of that
device are as follows: plasma major radius R0 = 2.5 m, minor radius of the plasma column apl = 1 m,
elongation k = 2.1, plasma current Ipl = 5 MA. The magnet should produce the toroidal field (TF) on the
plasma axis B0 = 5 T, and that in the coils Bm = 12 T. Coils outer dimensions are 9 m x 5 m, their radial
thickness is 0.5 m, inner bore radius for inductor Ri = 0.5 m. The shield thickness for protection against
irradiation between the coils and the vacuum vessel is equal to 0.5 m. Therefore the space for TF magnet legs
comes out very small and the current density is 27 MA/m2 which is considerably higher than in existing
magnets. Magnet will use the Nb3Sn wire produced at present for ITER magnet at Chepetsk engineering
works in Russia. In principle the fabrication of such magnet is possible, however it has too small margins in
estimated mechanical stresses in coil cases, in the number of wires for required current-carrying capacity, in
the cross section of high-conductivity stabilizing material and in the proper cooling of magnet. Therefore, the
application of high-temperature SC materials is strongly preferable for such magnet although it requires more
R for its design and fabrication. However designing and testing of current-carrying cable, the model coil with
it and then the prototype coil are necessary in all cases.
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This report will describe conceptual design of the fusion DT fuel cycle for steady-state facility DEMO-FNS
project in comparison with fuel cycle for FNS-ST and with engineering design of fuel cycle for T-15 tokamak
which is considered as mockup of the fuel cycle without tritium.
Project DEMO-FNS is developed for demonstration of fusion and hybrid technologies and it requires
technologies with resource up to 5000 hours/year, remote maintenance, significant amount of tritium involved
in the fuel cycle.
Optimization of the fuel cycle characteristics was aimed at integration of the blanket in the tokamak design,
pumping systems, fuel feed systems and fueling of additional heating systems, water and gas detritiation
waste, reduced flows and inventory of hydrogen isotopes and tritium in the fuel cycle sybsystems. Special
attention was paid to safety issues. Distribution of hydrogen isotopes in technological systems and rooms,
possibilities and consequences of explosions and fires at the facility, the maximum emissions of radiotoxicity
in case of any accident were estimated.
In the concepts of the fuel cycles the following new provisions are used:
- noncomplete separation of D/T mixture and using equal shares of D and T;
- choice of turbomolecular pumps for a ~1 MW level facility and cryogenic pump for a higher than 10 MW
facility;
- small fraction of fuel (0.5-5%) delivering to the hydrogen isotope separation system;
Studies confirm feasibility of the fuel cycles for the facilities considered. Tasks on technology life time, as well
as problems of safety and licensing require a significant R program. Consistent implementation of the fuel
cycles systems for T-15 and then for DEMO-FNS will provide the opportunity for fuel cycle of the next level
facilities like pilot hybrid reactor and DEMO.
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Finite Larmor radius effects (FLR) on the low-n MHD modes at high-mode (H-mode) pedestal are investigated
in this paper with the inclusion of bootstrap current for equilibrium and rotation effects for stability. When
bootstrap current is taken into account, a safety-factor reversal or plateau can be generated at the pedestal. We
have shown that the modes of infernal type (or fat interchange modes) can prevail at the safety-factor reversal
or plateau region and such a type of modes exhibits the typical features of the so-called edge hormonic
oscillations (EHOs) at the QH-mode discharges. There is a physical ground for us to consider the FLR effects.
We note that the diamagnetic frequency ($\omega_*$) is directly proportional to pressure gradient and
inversely proportional to density. This leads $\omega_*$ to become big and vary dramatically at the pedestal,
where the infernal modes tend to develop. The AEGIS code is extended to include the FLR effects using the
steep pressure gradient ordering. The JET H-mode discharges are reconstructed numerically using the VMEC
code, with bootstrap current taken into account. Generally speaking, the FLR effects are stabilizing for infernal
modes. Our results show that the FLR effects depend sensitively on the safe factor value ($q_s$) at the
safety-factor reversal or plateau region. The FLR effects are weaker, when $q_s$ is larger than an integer;
while stronger, when $q_s$ is smaller or less larger than an integer. We also found that the FLR effects also
depend sensitively on the rotation direction. The FLR stabilization in the co-rotation case (for sheared
rotation) is stronger than in the counter rotation case with respect to the ion diamagnetic drift direction. We
have studied $n=1$, $2$, and $3$ cases and found that with the FLR drift effects being taken into account the
frequency-multiplying rule $\omega = n\Omega_s$ are still roughly held. However, we found that in the
higher mode number case the wave-particle resonance effects need to be considered. We are also applying the
AEGIS-K code to study the MHD modes at the plasma edge fully kinetically. Our investigation on low-n
MHD modes at H-mode pedestal is relevant to ITER as well.
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The interaction of the intensive neutron fluxes with the first wall components of the fusion reactors result on
serious structure damages in fusion materials. Atomic displacement cascades induce formation of point defects
(i.e. vacancies, interstitial atoms, vacancy and interstitial clusters) and segregation of alloying elements, while
nuclear transmutation reactions produce helium and hydrogen atoms. The measure for the radiation damage
in the material microstructure is dpa. The development of models for the accumulation of radiation defects
and transmutation products, including helium and hydrogen, in complex microstructures will be one of the
priorities for the EU Materials Modelling programme for the Horizon 2020. Computational studies of atom
cascades due to the 14 MeV neutrons passage in Fe and W targets have been performed by transport Monte
Carlo codes MCNP/MCNPX and FLUKA. The purpose was to determine the dpa and percentage of the formed
helium atoms in Fe and W samples. We plan also to compare the computational data from FLUKA and
MCNPX.
The second part of the study has coved the positron lifetime computer simulations by TCDFT for 14 MeV
neutrons in alpha-Fe and W samples, containing helium. The positron lifetimes calculated by TCDFT correlate
with the magnitude of electron density of the sample.
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Novel approaches for the fusion devices first wall include materials with 'advanced' surface structures. The
general idea is the creation of a specific layer (of a micron size) at the first-wall surface. Most promising are -
liquid-metal at a capillary-porous structure [1-2], and recently discovered tungsten 'fuzz' structure that
consists of metal nanowires [3-5]. The advantages of these surfaces are - low sputtering yield, reducing of
surface cracking etc. However, there is an undesirable feature - the promotion of the self-sustained unipolar
arcs that can be ignited more easily at such film-like surface [6-7].
It has been found that the arcing is promoted by the pulsed action of ELM-plasma, and that arc cathode spot
burn in the tungsten layer of a few-micron size [8-9].
Vacuum arc investigations on film cathodes [10] strongly promotes the understanding of physics of whole
'vacuum discharge' [11-13].
The vacuum discharge implies a formation of plasma from the electrode material for a large current transfer.
It consists of three stages - vacuum breakdown, vacuum spark, and final - vacuum arc. The basic feature of all
these stages - explosive electron emission (EEE) pulses - ectons that arise from microcenters at the cathode
and are responsible for an electron emission current of a large density and large magnitude.
The model of unipolar arcing [7,14-15] will be further improved with taking into account the ignition of the
EEE pulses under the external action of plasma and power fluxes at a surface microstructure.

[1] Hirooka et al 2010 Nucl. Fusion 50 077001
[2] Mirnov et al 2006 Plasma Phys. Control. Fusion 48 821
[3] Kajita et al 2007 Nucl. Fusion 47 1358
[4] Doerner, Baldwin and Stangeby 2011 Nucl. Fusion 51 043001
[5] Wright et al 2012 Nucl. Fusion 52 042003
[6] Kajita et al 2009 Nucl. Fusion 49 032002
[7] Barengolts, Mesyats, Tsventoukh 2010 Nucl. Fusion 50 125004
[8] Herrmann 2009 J. Nucl. Mater. 390-391 747
[9] Rohde 2011 J. Nucl. Mater. 415 S46–S50
[10] Kesaev 1968 ‘Cathode Processes of Electrical Arc’, Nauka, Moscow
[11] Mesyats and Proskurovsky 1989 Pulsed Electrical Discharge in Vacuum (Berlin: Springer Verlag)
[12] Mesyats 2013 IEEE Trans. Plasma Sci. 41 676
[13] Anders 2008 Cathodic Arcs (Springer, NY)
[14] Barengolts, Mesyats, Tsventoukh, 2008 JETP 107 1039
[15] Barengolts, Mesyats, Tsventoukh 2011 IEEE Trans. Plas. Sci. 39 1900
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The effect of externally applied resonant helical magnetic fields (RHFs) and a set of saddle coils on plasma
column were calculated. The magnetic field of saddle coils compared with magnetic field of the helical
winding coil on IR-T1 tokamak in a simulation method. The equation of helical windings that they mounted
on vacuum chamber in a spiral modes (L=2, n=1) and (L=3, n=1), where L represents the number of toroidal
rounds, and n represents the direction of the poloidal round, using Green function has been calculated. The
coordinate system defined on a torus and an electric current applied to create a magnetic field and the
magnetic field of resonant helical magnetic field disorders of the confinement were calculated in the whole
space. The results shown that the magnetic resonance field in the absence of plasma flow on the direction of
the magnetic field confining the plasma column is performed, it was observed that the resultant structure for
L=2 is symmetric in 180 degrees but in the L=3 is less symmetric. Also, it was observed that the intensity of
perturbed magnetic field in the edge of plasma column for L=3 is higher, so that it could conclude that RHF
application may effect mostly on edge magnetohydrodynamics behavior. The shape and structure of the
Saddle coils has been defined toroidally and then poloidally configuration. The resulting simulation code is
used to predict the position and structure of saddle coil that has same magnetic field generation with respect
to helical winding.
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A parametric distribution function has been proposed as equilibrium distribution function (EDF) for charged
particles in fusion plasmas, representing, e. g. , supra-thermal particle distribution produced by additional
external heating sources in tokamak experiments.
This EDF describes an equilibrium because it exclusively depends on constants of motion (COMs). Assuming
an axisymmetric system with no equilibrium electric field, the EDF depends on the toroidal canonical
momentum P_phi, the kinetic energy w and the generalized pitch angle lambda=mu/w where mu is the
magnetic moment. For a given equilibrium magnetic field these COMs are suitably expressed in guiding
center (GC) coordinates. COMs are useful variables for describing and classifying GC orbits, as shown in this
work for the general case.
It is shown that, by varying the EDF control parameters, it can represent anisotropic equilibria for Neutral
Beam Injection, Ion Cyclotron and Electron Cyclotron Resonance Heating scenarios. Moreover it can also
represent isotropic equilibria for Slowing-Down alpha particles and core thermal plasma populations.
The purpose of the work is to present the derivation of the EDF from first principles and general hypothesis.
The present derivation is probabilistic and makes use of the Bayes Theorem.
The joint probability to find a GC in a specific state is obtained from Bayesian inference. The posterior
probability density function (pdf) is proportional to the product of the prior pdf (e. g. the population described
by a Maxwellian ) multiplied by the conditional pdf which is the product of Birnbaum-Saunders pdf,
concerning the magnetic moment, multiplied by a Gaussian pdf, describing the GC velocity.
The bayesian argument, used in the present derivation, allows us to describe how far from the prior pdf (e.g.
Maxwellian) the plasma is, based on the information obtained from magnetic moment and GC velocity pdf.
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Recently, a class of distinctive MHD activities before the onset of disruption has been identified on HL-2A
density limit and radiation induced disruptive discharges, where the higher radiation level is generally
considered as the consequence of high electron density or excessive boundary fueling. This precursor mode is
named here according to its phenomenological behavior as the Synchronous Oscillation prior to Disruption
(SOD), which is characterized by the synchronous oscillations between electron cyclotron emission (ECE)
signal, the core soft X-ray signal, Mirnov probe signal, and Hа line radiation signal in the divertor. Although
the frequency of this behavior will decrease as the plasma evolves towards the onset of thermal quench, the
oscillations will maintain in-phase throughout the process. It is also found that the frequency evolution of
SOD has a strong correlation with the following thermal quench. This long time-scale behavior makes it
suitable to be incorporated as a part of disruption prediction, avoidance and mitigation scheme. Furthermore,
these characteristics of SOD also enable us to look deeper into the physics behind those phenomenological
behaviors, thus provide us a clearer understanding about density limit and radiation induced disruptions.
It is found that a 2/1 mode and its higher order harmonics are dominant during the SOD activities. The
frequency of this 2/1 mode would maintain above 2 kHz for several ten milliseconds or even longer before
beginning to slow down. The ultimate mode locking will always trigger the onset of thermal quench. It should
be noted that the frequency of this 2/1 mode corresponds to the toroidal rotation frequency at the plasma
edge, suggesting that MHD modes locating at the plasma edge might be responsible for those activities. For
most SOD discharges, it has been observed that most plasma current is contracted within the q=2 rational
surface. The analysis of perturbation structure implies that resistive kink mode might be responsible for SOD.
Further, it seems that the non-linear evolution of a resistive kink mode and its higher order harmonics, rather
than the overlapping of a few major islands, triggered the disruption.
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To study the mechanism of the ELM mitigation by SMBI, a high spatial and temporal resolution charge
exchange recombination spectroscopy (CXRS) has been developed. This paper presents the first observation of
the evolutions of ion temperature and its gradient in the pedestal measured with CXRS. It is found that the
gradient of the ion temperature and the pedestal size both decrease around one third during ELM mitigation.
In addition, it is observed that at least 20% decrement of Ti has to be attained in order to achieve a noticeable
ELM frequency change.
In shot 22536, around 2.5×10^19 deuterium molecules are injected and the plasma density increases from 2.8 to
3.1 ×10^19 m^-3. The ion temperature and plasma toroidal rotation velocity decrease from 276 eV and 30 km/s
to 81 eV and 13 km/s, respectively; the ELM frequency measured from D_α signals increases from ~140 to
~1200 Hz. As for the ETB of ion temperature, its height decreases but its structure sustains during the ELM
mitigation phase.
To assess the cooling effect of the SMBI in detail, edge ion temperatures of 24 shots and 33 SMBI pulses are
analyzed. The averaged ion temperature at the pedestal top decreases from 216 eV to 108 eV; whereas it
decreases from 89 eV to 58 eV at the pedestal bottom, indicating the ion temperature decreases more at the
pedestal top than that at the pedestal bottom. This cooling effect results in the ion temperature gradient
decreasing from 45 eV/cm to 26 eV/cm. Furthermore, the averaged pedestal width decreases from 2.9 cm to 2
cm.
The ELM frequency can be increased significantly by SMBI. However, no ELM frequency change can be
observed when the injected inventory is small. By increasing the SMBI pulse duration from 1.5 ms to 3 ms (the
pressure keeps constant as 2 MPa) in shot 22497, the injected inventory is doubled. The first two SMBI pulses
result in the relative decrement of Ti around ~20%, and the influence on the Dα and its frequency is ignorable.
However, the ELM frequency increases significantly when the last two SMBI pulses are injected, as the
relative decrements of Ti are 35% and 37%, respectively. It seems that the ELM frequency keeps no change
when the decrement of Ti is equal or less than 20%. And the increment of ELM frequency increases
exponentially with δTi/Ti. The trend indicates that the decrement of δTi/Ti of ~20% is the critical value.
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A novel theory to describe the formation of shear flow patterns and avalanches by radially propagating heat
flux waves is presented. A model for heat avalanche dynamics is extended to include a finite delay time
between the instantaneous heat flux and the mean flux, based on an analogy between heat avalanche
dynamics and traffic flow dynamics. The response time introduced here is an analogue of the drivers’
response time in traffic dynamics. The microscopic foundation for the time delay is the time for mixing the
phase space density. The inclusion of the finite response time changes the model equation for avalanche
dynamics from Burgers equation to a nonlinear telegraph equation. Based on the telegraph equation, the
formation of heat flux jams is predicted. The growth rate and typical interval of jams are calculated. The
connection of the jam interval to the typical step size of the shear flow staircase is discussed. The separation
between shear flow layers is calculated and constitutes the effective outer scale of the avalanche distribution.
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Linear plasma devices (LPDs), sometimes called divertor simulators, bridge the gap between single effect
measurements (such as ion beam sputtering measurements, or electron beam high-heat flux tests) and more
complicated toroidal plasma confinement facilities. LPDs offer the opportunity to investigate the synergy and
coupling between the variety of processes taking place at the interface between a material object and an
incident high-energy plasma. This submission describes benefits associated with performing plasma-based
research using linear plasma devices and will describe some of the key contributions (both from a plasma
physics and a material science viewpoint) of the research performed in these facilities. The benefits to
interpretation of measurements made in existing toroidal confinement devices by data from LPDs will be
highlighted. In addition, research in LPDs aimed at future DEMO-like devices is already underway and results
describing the behavior of tungsten in this environment will be described. In recent years, linear plasma
devices have evolved to increase their relevance to existing machines and future fusion devices, for example
by coupling of advanced diagnostics and by improving machine capabilities. In addition, their contribution to
the direct support of ITER research needs showcases their importance in fusion technology development. As a
consequence, linear plasma devices contribute greatly to the advancement of plasma-material interactions as a
field of scientific research, to technology development for next step facilities and to the testing of advanced
materials as long term solutions for future fusion reactors.
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In this report we discuss key issues of design of the divertor and the first wall of DEMO-FNS. Parameters
determining heat loads on the wall and on the divertor targets are similar to those of ITER. Therefore,
technologies being developed for ITER project may be partly used in DEMO-FNS design.
As a result of analysis of modern solutions and a simple hybrid modelling, a double null close magnetic
configuration was chosen with a long external leg and a V-shaped corner that are preferable for obtaining the
detachment regime. The divertor has a modular design like in ITER. The number of divertor cassettes is equal
to 48=3N, where N=16 is the number of toroidal magnetic coils. Water cooled first wall of the tokamak is
made of Be-CuCrZr-SS. It functions as a stabilizer of MHD instabilities.
Calculations of thermal loads on the wall and divertor plates done with a simple hybrid model were enhanced
using a 1D code ASTRA for the core plasma, and a 2D code B2SOLPS5.2 for peripheral plasma. The
calculations have shown that it is possible to organize the heat load distribution so that the heat flux density
does not exceed 10 MW/m2 on the divertor plates. Addition of a small amount of neon with no significant
impact on the effective charge of the core plasma allows obtaining regimes of partial detachment or detached
divertor plasmas.
Surfaces of wall and divertor plates are covered by beryllium tiles. In the project, the usage of liquid lithium
on plasma facing components is foreseen. Circulation of lithium will contribute to a reduction of impurities in
the plasma core, a reduction of heat flux through «non-coronal radiation» of lithium, and to protection of
solid-state plasma facing components from radiation damages by fast alpha-particles.
New test bed experiments with a flat mockup of the first wall coated by beryllium tiles and cooled by water
will be presented in the report, which were made on CEFEY-M facility. The temperature of the surface of a
beryllium plates reached 280-300 С at 5 MW/m2 and 600-650 С at 10.5 MW/m2. The mockup successfully
sustained 1000 cyclic loads with the lower power and 100 cyclic loads with the higher power. None of the
beryllium plates lost the thermal contact with the coolant. The design can be recommended for divertor plates
to make a machine with mono-material plasma facing components.
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It is essential to understand L-H transition mechanisms to provide a predictable power threshold for a
successful operation in fusion reactors. Early theoretical and experimental studies have shown that plasma
may pass an intermediate phase (I-phase) when the heating power gradually increases, approaching the
H-mode power threshold. This extended time scale provides opportunity to study the L-H transition
mechanism. Recently, this phenomenon accompanying with limit cycle oscillations was studied using a
Langmiur probe array on the HL-2A in detail. Here, we report extended observations of dynamics in
high-intermediate-high (H-I-H) confinement transitions on this device. The H-I transition was stimulated by
the supersonic molecular beam injection (SMBI) with gas pressure2.5 MPa and pulse width2.0 ms. The
Lissajous diagram between the normalized radial electric field X=e\rho_\theta|E_r|/T_e and the envelope of
density fluctuations in the I-phase shows that all cycles rotate in the counterclockwise (CCW) direction, which
means that the increase of the turbulence causes the reduction of radial electric field while the increase of the
radial electric field induces decrease of turbulence. It seems that once the system enters such CCW LCO state
the plasma may be able to enter a positive feedback loop which triggers the I-H transition. Another interesting
finding is a coherent mode with 11.7 kHz appearing just prior to the I-H transition (lasting about 1.0 ms). The
mode numbers of the magnetic fluctuations are identified to be m/n=3/1. It was found that the amplitude of
magnetic fluctuations rapidly increases while that of LCOs significantly reduces. This contrast indicates that
there is a possible interaction between the coherent mode and the turbulence, which is also favorable for the
I-H transition. Detailed results will be presented.
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A new conceptual design of the 3GW-level, low-magnetic-field, superconducting spherical tokamak (ST)
power plant was proposed as an attractive choice for tokamak fusion reactors. We reassessed a possibility of
the ST as a power plant using the conservative reactor engineering constraints often used for the conventional
tokamak reactor design for the first time. An extensive parameters scan which cover all range of feasible
superconducting ST reactors was completed using the system code: TPC code by developing a new bootstrap
current fraction (f_BS) scaling. The superconducting TF coils were designed by the SCONE code, where
Nb_3Al is chosen as the superconducting material and the number of TF coils is set to be 12. The CS coils
system is included in this design not only for position control of the steady-state ST plasma but also for flux
supply for the plasma ramp-up. Five constraints: (i) advanced plasma constraint, (ii) blanket constraint, (iii)
beta limit constraint, (iv) plasma confinement constraint, and (v) divertor heat load constraint, were
established for the purpose of determining the optimum operation point among more than 16 million
operation points obtained in the above parameters scan. Using the five constraints, we obtained 2269 operation
points for the ST reactors with 3GW fusion output. Their COEs were evaluated using the classical cost model
by CRIEPI, and they decisively depend on the f_BS values regardless to the aspect ratio. Compared with the
estimated future energy COEs in Japan, cost-effective ST power plants can be designed if their COEs are
smaller than 120 mill/kWh (2013$), corresponding to f_BS of 70 ~ 87 %. A 2D self-consistent free-boundary
MHD equilibrium and PF coils configuration of the ST plant was constructed by modifying the neutral beam
injection (NBI) system and plasma profiles using the ACCOME code. Off-axis NBI enables the equilibrium to
have low plasma inductance, hence high elongation and reversed shear of q_min > 2. The optimized
low-field/large-size ST reactor design is based on moderate and realistic plasma and fusion engineering
parameters such as its acceptable wall load, but it is still attractive due to economic competitiveness against
existing energy sources in Japan.

This work was supported by a Grant-in-Aid for JSPS Fellows 24-1756.
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Since it is predicted from the previous studies that the effects of tritium on corrosion of F82H steel, one of
Reduced Activation Ferritic Martensitic Steels, would be higher than that of SUS304 stainless steel, a corrosion
behavior of F82H steel in tritiated water circumstance was studied by means of anodic polarization
measurements, one of the electrochemical techniques, with changing the tritium concentration and dissolved
oxygen concentration in 0.05 M sodium sulfate solution at 293 K. The experimental results indicate that the
self-passivation of F82H steel induced by dissolved oxygen was inhibited in tritiated water solution at ambient
temperature. If passivation of F82H steel would not proceed, the surface was kept corrosive and therefore the
corrosion would be enhanced. Furthermore, when dissolved oxygen, which is necessary to make F82H steel
self-passivated under the present experimental condition, coexisted with tritium, the corrosion of F82H steel
became much less apt to be passivated: Even the electrochemical passivation was inhibited. Similar
phenomenon has been investigated for SUS304 stainless steel, indicating that the key reaction was supposed to
be elution of chromium during passivation by further oxidation induced by oxidative radiolysis products such
as hydroxyl radical, super-oxide radical and so on. Therefore, it is indicated that the mechanism of the tritium
effects on the passivation of F82H steel would be similar to or the same as that of SUS304 stainless steel, since
the chromium plays an important role in the passivation of F82H steel as well as SUS304 stainless steel. It was
found from the present results that the effects of tritium on corrosion of F82H steel would not be negligible
problem to design the blanket and the other relevant components since radiochemical reactions are generally
less susceptible to temperature.
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Fishbone instability not only can lead to loss of energetic particles, but also can trigger other low-frequency
MHD modes, such as tearing mode/neoclassical tearing mode (TM/NTM) and the long-lived mode (LLM),
then to effect the confinement of the fusion plasma. Meanwhile, the TM/NTM is a very important MHD
mode, which can cause serious confinement degeneration and will be the principal limit on performance in
large tokamaks, like ITER. It is also found that the LLM can lead to confinement degradation and flatten the
toroidal rotation. The obvious reduction of plasma stored energy can be observed usually in the presence of
such perturbation. It has been found that fishbone instabilities as seed magnetic island can trigger the 2/1 and
3/2 NTMs on ASDEX-U and NSTX. Recently, simulations according to the discharge parameters and
equilibrium on NSTX and MAST have been done, and the results are in agreement with experiment
phenomena. The low-frequency MHD modes, such as fishbone, LLM and TM/NTM modes had been identified
on HL-2A. In this paper we will present the new experimental results about transition and nonlinear
interaction of these low-frequency MHD modes.
The transition from fishbone to LLM has been observed, and the fishbone triggering TMs has been presented
during NBI on HL-2A. It is found that the LLM localizes at r=4.5cm, but the two TMs occur at r=16.3cm and
r=21.5cm. The frequencies of fishbone and its harmonic decrease from f~30-10 kHz and f~60-20 kHz,
respectively, during t=655.5-657.5 ms. And the two TMs, with initial frequencies about f~10 and f~20 kHz,
follow fishbone and its harmonic at t≈657.5 ms. And the two TM frequencies drop from f~10-1.5 kHz and
f~20-3 kHz, respectively, during t=657.5-660 ms. At last, the two TM frequencies keep as f~5 kHz and f~10 kHz.
Note that the mode numbers of two TMs are m/n=2/1 and 3/2, respectively.
The nonlinear couplings of LLM and TMs are observed by the multi-channel ECE signals. It’s observed that
the 1/1 LLM and 2/1 TM provide the same frequencies, with f~5 kHz, but they localize at different radial
position during t=661.0-667.0 ms. And the matching conditions are satisfied between two TMs and LLM, i.e.
fTM1+fLLM=fTM2 and nTM1+nLLM=nTM2, indicating that the one of the TMs may be induced by the
coupling between the other two modes through the wave–wave non-linear interaction.
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The nuclear design and optimisation of fusion facilities and their components rely on the data provided by
neutronic calculations. Suitable computational approaches, tools, and data, qualified and validated for design
applications are required to enable reliable design analyses and ensure a sufficient prediction accuracy of the
results. Recent efforts aim at extending the capabilities of the simulation tools for the provision of
high-fidelity neutronic results on meshes generated on the basis of engineering CAD geometry models. Such
meshes can be adapted to the requirements of subsequent thermal-hydraulic (TH) and structural mechanics
(SM) calculations and can be also used for the results visualisation.
At the Karlsruhe Institute of Technology (KIT), Institute for Neutron Physics and Reactor Technology (INR),
the development efforts lately focused on various computational schemes coupling, on the one hand, the MC
radiation transport simulation to the CAD geometry, and, on the other hand, to high resolution activation
calculations, TH/ SM simulations and the visualisation of the results on the CAD geometry. The related
development works have been mainly performed in the framework of the Power Plant Physics and
Technology (PPPT) programme launched initially by the European Fusion Development Agreement (EFDA)
and integrated now into the new Eurofusion projects.
This paper presents the recent progress achieved at KIT on (i) the related development of a multi-physics
coupling approach for neutronics, TH and SM analyses, (ii) the extension and improvement of the conversion
software tool McCad for the generation of MC geometry models from CAD geometry data, and (iii) the
further enhancement of a coupled programme system for the MC based calculations of high-resolution
shut-down dose rate distributions. The paper includes application examples on ITER and DEMO showing the
suitability of the tools for real design analyses.
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Shear Alfvén waves (SAWs) are very common in magnetized plasmas both in space and laboratory. In
present-day fusion and future burning plasmas, SAWs are easily excited by fast particles and energetic alpha
particles produced by nuclear fusion reactions. SAWs can cause the loss and redistribution of energetic
particles so that affect plasma performance or damage the plasma wall. The physics of SAWs is an intriguing
but complex area of research. Meanwhile, it is important of studying axi-symmetry mode and nonlinear mode
coupling. The axi-symmetry mode such as zonal flows(ZFs) and geodesic acoustic mode (GAM) is associated
with the plasma turbulence and confinement. The role of nonlinear mode coupling is generally important in
determining the mode excitation, saturation or damping. The SAWs can interact nonlinearly, and lone wave
packets can suffer decay instabilities including the parametric and modulational those, where the pump
decays into a daughter SAW, ion acoustic wave or ZFs.
In the paper, we will report the excitation and generation of the AEs and two kind axi-symmetry magnetic
activities in the presence of strong tearing modes (TMs) during NBI on HL-2A, and present that there exists
the intense nonlinear interactions between AEs and low-frequency MHD modes, and develop a theory to
explain this experimental phenomenon. Detailedly, in the presence of large magnetic island, the TAEs or
BAEs are driven by the energetic-particles. The AEs then are modulated by the strong TMs, resulting in the
subsequent generation of Alfvénic sidebands including the co-/counter-propagating AEs, and two kind
axi-symmetry magnetic activities with n=0 have been observed in the presence of strong tearing modes. One
kind has been identified, and belongs to EGAM. The density fluctuations induced by EGAM are firstly
measured by microwave Doppler reflectometers. Another kind is found for the first time, its frequency lies in
the range of TAE frequency. The Fourier bicoherence analysis suggests these axi-symmetry modes are
generated by the nonlinear mode coupling via the decay process between AEs and low-frequency MHD
modes. The experimental results indicate that the nonlinear mode coupling is one of mechanisms of the
energy cascade in energetic-particle turbulence or Alfvén turbulence.
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Theoretical understanding of the low to high confinement (L-H) transition in magnetic fusion devices such as
ITER still remains unresolved, causing significant uncertainties on the power requirements for entering the
H-mode. In particular, turbulence is known to be stabilised by sheared ExB flows, but the mechanism
generating the flows in an H-mode is not clearly identified yet.
In this work, spontaneous stabilisation of turbulence leading to generation of a transport barrier is achieved in
flux-driven 3D edge turbulence simulation with an extended fluid model accounting for collisional relaxation
of the flow towards force balance. The transition to this state of improved confinement occurs with an input
power threshold.
Above this threshold, a strong equilibrium shear flow governed by force balance stabilises the turbulence,
causing a steepening of the pressure gradient close to the last closed flux surface.
The dynamics of the barrier onset is characterised by a complex interplay between the equilibrium flow and
zonal-flows when the threshold is marginally crossed, which is reminiscent of the I-phase observed in
experiments.
Performing simulations over several confinement times with a reduced 1D model reveals a regime of
relaxations of the barrier at constant input power. This regime is found slightly above the power threshold,
and disappears when increasing further the input power. In this regime, the barrier collapses
quasi-periodically, and each relaxation is associated with a burst of turbulent flux. Simulations have shown
that the relaxations become less frequent when the injected power is increased, a behaviour reminiscent of
type-III ELMs.
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Fusion development will require materials capable of withstanding the harsh bombardment of 14 MeV D-T
neutron bombardment. The Gas Dynamic Trap (GDT) neutron source concept is aimed to test and qualify
suitable materials and sub-components. In this paper we evaluate two ways to further increase the
attractiveness of the neutron source suggested by the GDT team.. First is the use of ECH power to reduce the
neutral beam injection power required to heat and sustain the warm plasma. Second is the use of an additional
coil on each end to reduce the power and particle end leakage. These two ideas will increase the electron
temperature and thereby increase the neutron output. In addition, these ideas also reduce the gas throughput
and thereby reduce the size of the tritium reprocessing system and reduce the number of neutral beam
injectors subject to neutron exposure. We benchmark our ideas and modeling to GDT experiments as well as
earlier experiments.
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A MagnetoHydroDynamic (MHD) equilibrium model to treat plasma rotation approximately in
three-dimensional (3D) tokamak geometry with nested flux surfaces is explored. For this purpose, we assume
in 3D that the velocity is purely toroidal in (R,phi,Z) cylindrical coordinates. Furthermore, we impose that the
toroidal angular rotation frequency is constant on each flux surface. Isothermal conditions are invoked so the
temperature is also constant on a flux surface. The MHD force balance relation contains an extra term absent
in the axisymmetric limit that causes problems to obtain a closed analytic formulation. However,
experimental observations provide us with a guide to progress further. Specifically, the measurements on
MAST with Long-Lived Modes (LLM) indicate that the toroidal rotation becomes rigid in the core of the
plasma where the 3D deformation is large, but sheared flow survives in the outer region which essentially
retains axisymmetric properties. Under these conditions, the term in question vanishes. Then, the rigourous
energy functional that describes MHD toroidal flow in the axiymmetric limit becomes applicable in this case.
The 3D VMEC equilibrium solver has been adapted to numerically investigate the approximate toroidal
rotation model we have derived. We concentrate our applications on the simulation of MAST LLMs. We have
successfully computed bifurcated solutions of the MHD equilibrium state with a helical core deformation in
the presence of toroidal flow with an angular rotation frequence that is flat in the core (nearly rigid) and
sheared at the edge. The centrifugal force has the effect of diminishing the helical distortion of the pressure
compared with that of the magnetic geometry. The magnitude of the deformation is most sensitive to details
of the safety factor q-profile, mainly the proximity of q_(min) to unity and the radial location of q_(min) in
the simulations with weak reversed magnetic shear that we have performed. Fast particle confinement is
investigated with the guiding centre orbit code VENUS. In the presence of toroidal flow, the drift orbit
equations depend on the electrostatic potential Phi_E associated with the rotation and quasineutrality. When
the equilibrium state has 3D deformations, geometrical terms appear from the evaluation of Ohm's Law that
considerably complicate the description of fast particle confinement.
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Effects of the classical and neo-classical impurity transport across the magnetic B-field in the Scrape-Off Layer
(SOL) of fusion plasmas, have been studied with a new kinetic model using Binary Collision method (BCM).
Our model is able to simulate the following two effects, which have been theoretically predicted but neglected
in all the existing kinetic impurity transport simulations in the SOL/Divertor plasmas; (1) the inward pinch
(IWP) due to density gradient of background plasmas and (2) the temperature screening effect (TSE, outward
transport) caused by temperature gradient.
The IWP and TSE, which are proportional to the impurity charge Z, become more important for high-Z
impurities such as tungsten. Under typical parameters of fusion SOL/Divertor plasma, the simulated IWP and
TSE flow have shown non-negligible magnitudes (several meters per second) compared with the anomalous
diffusive flow.
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The Tritium Breeding Ratio (TBR) is a critical quantity on DEMO as it will determine the continued
availability of one the required fuels and thus strongly affect the viability of the device. The breeding blanket
segments will be designed to cover as much of the inside of the vessel as feasible, excepting the divertor
region. They must also take account of remote maintainability and allow necessary gaps for plasma heating
systems and plasma diagnostics to function. The location and size of such ports on the reactor vessel may
reduce the TBR by reducing the area of the blanket. In order to examine the sensitivity of the TBR with
respect to the placement of Neutral Beam (NB) ports, modelling of Neutral Beam Current Drive (NBCD) has
been undertaken in relevant plasma scenarios with reference to a model of a Helium Cooled Pebble Bed
(HCPB) blanket. For the scenarios examined, it is shown that NBCD can equally well be deployed using ports
at elevations up to 4m above and below the mid-plane. Consequently, the effect of the ports required for NB
on the available blanket area reduces the TBR in the model from 1.12 to 1.08 if they are located at the
mid-plane, but only to 1.09/1.10 if the ports are located optimally above or below the mid-plane. This
difference may become critical as other aspects of the design requiring ports, such as diagnostics, are
integrated into the design as the value of TBR must, critically, exceed unity by a healthy margin.

This work was funded by the RCUK Energy Programme under grant EP/I501045 and the European
Communities under the contract of Association between EURATOM and CCFE, and by the European Union's
Horizon 2020 research and innovation programme. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.
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The dynamics of Alfven waves and fast ions in JT-60U plasmas driven by powerful Negative-ion-based
Neutral Beams (N-NB) are studied for the first time using long-time simulations, which include N-NB sources,
collisions, MHD and wave-particle interactions self-consistently. The simulations are able to reproduce
experimentally observed bursts of MHD activity, which chirp down and up in the frequency range 40-60 kHz
and occur at intervals 5-15 ms. The underlying modes are identified as resonant wave-packets known as
Energetic Particle Modes (EPM) with dominant toroidal mode number n=1. The EPM bursts modify the fast
ion distribution significantly, which means that self-consistent simulations as performed here are needed for
accurately computing fusion rates, heating and current drive. The successful reproduction of chirping bursty
modes in JT-60U validates the new tools for predictive simulations of future experiments, such as JT-60SA and
ITER. On the physics side, the self-consistent simulations enable us to study the important meso-time-scale
dynamics that connect slow and fast processes. For instance, it is found that the large Larmor radius of N-NB
ions together with resistive dissipation play a key role for the intermittency of the bursts. The JT-60U plasmas
studied are also subject to Abrupt Large Events (ALE), which are characterized by short intense magnetic
fluctuation signals and subsequent drops in the plasma core neutron rates. Efforts are underway to reproduce
these relaxation events with the long-time simulations in order to unravel the underlying physical processes,
such as the trigger mechanism. The self-consistent simulations are complemented with conventional
simulations, where the plasma response is probed starting from a suitable initial condition. It is shown that
EPMs with toroidal mode numbers n>1 may be excited by particles that have energies about 100-200 keV
below the N-NB ion birth energy (400 keV). The ALE period is comparable to the time needed for a particles to
slow down into that energy range, which indicates that n>1 modes are important for ALEs. Furthermore,
EPMs are subject to convective amplification and different harmonics interact via scattering of resonant
particles. These nonlinear effects may play a role for triggering relaxation events, like ALEs. Further analyses
are in progress and will be reported at the conference.
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A major concern in burning plasmas is that high energy ions can excite plasma instabilities in the frequency
range of Alfvén eigenmodes, which significantly enhance their transport. We focus on the Toroidal Alfvén
Eigenmode (TAE). In many TAE experiments, the mode frequency is observed to split into two branches that
sweep upwardly and downwardly. This nonlinear frequency sweeping (chirping) is due to the dynamics of
phase-space structures, known as holes. Holes are vortex-like (BGK-like) structures in phase-space, with a
depletion of density. Holes are formed by electrostatic self-trapping. Simulations of the Berk-Breizman
extension of the bump-on-tail model reproduce many features of chirping TAEs, in a regime of
quasi-periodically repetitive bursts.
In this paper, we analyse data of TAE experiments on MAST based on simulations of the Berk-Breizman
model. We report on the impacts of phase-space structures on particle transport. We show that this
nonlinearity induces collective transport, which exceeds the quasilinear estimate in unstable plasmas, and a
new convective (drag) term. It is well known that the conventional wave-coherent response yields diffusive
transport. In contrast, phase-space structures are wave-incoherent, and introduce convective transport. Indeed,
trapped particles are convected along with phase-space structures. The flux-gradient relation confirms the
existence of a strong convective flux.
Phase-space structures also contribute to diffusive transport. This is despite the absence of turbulence, since
we consider a single mode. In other words, the observed transport contradicts quasi-linear theory, which
predicts no transport at all. Phase-space structure-driven transport thus dominates for isolated single modes.
In addition, our simulations suggest the possibility of strong turbulent flux (energy exchange) in
linearly-stable plasmas.
These results impact resonance-driven modes in general, and TAE-driven transport in tokamaks with strong
neutral beam injection in particular.
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It is widely accepted that the transient heat flux carried by edge localized mode-filaments (ELM-filaments) can
dramatically erode divertor materials, increase impurities and recycling. Thus, it is an extremely challenge to
decompose heat flux originating from core plasma. In this paper, the statistical characteristics of ELM-filament
within mitigation by the Supersonic Molecular Beam Injection (SMBI) and Pellet Injection (PI) have been
studied.
In these experiments, we use four-tip probe to measure the temporal evolution of floating potential, electron
temperature and density. The injection depths are about 1~2 cm and 15~18cm inside LCFS by the SMBI and
the PI, respectively. It is found that ELM amplitude reduces and its frequency increases after SMBI/PI. We
extract ELM filament structure on the basis of threshold δne/σ, where σ is the standard deviation of δne. In
both mitigations, larger amplitude filament burst rate decrease significantly, implies that the larger amplitude
filaments are suppressed. The divertor ion-electron collisionality, and the long-range correlation are also
calculated, respectively. In both ELM-mitigations, we observe that the ion-electron collisionality increases
after SMBI/PI, while the long-range correlation decreases significantly. This phenomenon is in good
agreement with the theory prediction that collisionality affects the parallel correlation.
The particle and heat fluxes are estimated, respectively. Taking the heat fluxes for example, it is found that the
transient heat fluxes decrease 50%-60% after SMBI and 40%-50% after PI. This is a direct evidence for the
transient heat flux suppression. The average heat flux decreases from 1.2kW/m2 to 0.4kW/m2 after SMBI,
meanwhile the thermal radiation increase, implies that there is another energy loss channel by thermal
radiation, in addition to the energy loss carried by filaments. But after PI, the thermal radiation does not
increase, the average heat flux only change from 1.2kW/m2 to 1.1kW/m2, almost retaining.
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New features [1] of the Quasi Coherent Mode (QCM) have been observed in the EDA H-Regime and our
theoretical model indicates that: i) the relevant resistive mode driving factor is the edge sharp plasma pressure
gradient; ii) a novel mode topology is involved as the usual “disconnected mode approximation” cannot be
applied given that the rotational transform iota(psi)=1/q(psi)=0 on the LCMS around which the mode is
localized; iii) the mode ballooning (poloidally) is related to the limited region [2] around the equatorial plane
where the pitch of the magnetic field is about constant. Modes producing reconnection in low collisionality
regimes have been observed to have a phase velocity in the direction of the ion diamagnetic velocity [3]
contrary to the well accepted drift-tearing mode theory [4]. Then two theoretical lines leading to a mode with
this phase velocity direction have been pursued: i) a theory based on the simultaneous effects of classical
transport coefficients (plasma resistivity, longitudinal thermal conductivity and transverse ion viscosity) ii) an
analysis [5] introducing a “mode inductivity” [6] to represent the electromagnetic coupling of the current
channels inside the reconnection layer to other outside it. The “spontaneous rotation” of axisymmetric
plasmas is confirmed to be related [7], to the excitation of modes involving the extraction of angular
momentum from the plasma column and the recoil of the background plasma in the opposite direction. The
features of the drift-tearing mode [4], of the ion-drift reconnecting mode [3] and of m=1 internal modes, that
are responsible for the “generation” of the experimentally observed angular momentum within the plasma
column, are identified. Velocity profiles reproducing the observations are obtained from the angular
momentum balance equation [7] with sources associated with both the internal electrostatic and
electromagnetic modes.

[1] B. Labombard, Bull. Am. Phys. Soc. 58, (2013) 367.
[2] L. Sugiyama, Phys. Plasmas 17, (2010) 062505.
[3] P. Buratti, B. Coppi, G. Pucella, et al., Bull. Am. Phys. Soc. 58, (2013) 142.
[4] B. Coppi, Phys. Fluids 8, (1965) 2273.
[5] B. Coppi and T. Zhou, MIT-LNS Report HEP 13/09 Cambridge, MA (2013).
[6] B. Coppi, Bull. Am. Phys. Soc. 45, (2000) 366.
[7] B. Coppi, 2000 IAEA Int. Fus. En. Conf., (Vienna, 2000); Nucl. Fusion 42, (2002) 1.
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With ITER now under construction, increased attention is being paid to the roadmap from ITER to a fusion
DEMO, including studies of next-step fusion facilities with nuclear missions. Among these, South Korea’s
K-DEMO is unique in its focus on a high toroidal magnetic field, large major radius, steady-state tokamak
design for the core of a facility to test fusion nuclear components in Phase I and, after upgrades, produce 500
MW of electricity in a Phase II. Innovative features of the K-DEMO magnet set include the use of two toroidal
field (TF) coil winding packs, each of a different design, to reduce the amount of costly superconducting
material in the low-field regions. Also, the configuration is constrained by maintenance considerations,
leading to a magnet arrangement with large TF coils and widely-spaced poloidal field (PF) coils to
accommodate removal of in-vessel components as large modules. A Princeton Plasma Physics Laboratory
team has supported the pre-conceptual K-DEMO study with the following physics and engineering
assessments of the magnet configuration: 1) design point and operating space assessment, 2) conductor
assessment, and 3) structural assessment. It is found that a reference design point at 6.8 m major radius and 7.4
T toroidal field provides sufficient operating margins for the 500 MWe Phase II mission. An analysis of the
electro-mechanical behavior of candidate cable-in-conduit conductors predicts 10-30% critical current
degradation in the initial load cycle, and an additional degradation in the range of 5% with cyclic loading,
supporting current design assumptions. A first-pass global analysis of the magnet system found out-of-plane
deformations of the TF coil to be only ~1 cm, but the inner leg of the TF coil was found to be over-stressed by
about 40%. An increase of 10 cm (25%) in the wall thickness in the wedged “nose” of the case was estimated to
be sufficient to resolve the issue. Although the design evolution is still at an early stage, these assessments
support the design point choices to date and the expectation that a feasible solution for the high-field
K-DEMO magnet system can be found.
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SPECTRE is a 0-D physics code developed for Indian DEMO reactors. The code gives a set of operating points
based on the ignition criteria and the radial build up is estimated by solving iteratively for the plasma
temperaturefor a given fusion power and fusion gain (Q). The ratio of plasma density to Greenwald density is
chosen so that the reactor operateswithin density limit while the beta limit is checked after obtaining the
consistent plasma parameters. The code takes pre-defined plasma shape parameters,aspect ratio, profile factors
of temperature and density, edge safety factor. Engineering constraints like maximum allowable field at the
TF inner leg, blanket and shield thickness are also given depending upon the technological requirements.
The energy confinement for this study is based on IPB98(y,2) scaling law.The helium fraction is estimated by
balancing the net power coupled to plasma with transport losses by assuming the ratio of helium particle
confinement time to global energy confinement time. The ratio of the ion temperature to electron temperature
is estimated and given as an input to the code. The power balance includes losses like
synchrotron,Bremsstrahlung and impurity line radiation.The possible impurities depending upon the choice of
plasma facing components are considered for estimating the line radiation.Line radiation from Tungsten and
Beryllium are considered in the code from the impurity fractions. The plasma temperature is estimated by
solving the power balance equation iteratively. Derived plasma parameters like L- H power threshold,
bootstrap fraction, neutron wall load, loop voltage and Divertor heat load are estimated.
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Recent simulation results have indicated that in experiments with weakly reversed magnetic shear and the
minimum in safety factor q just above unity, energetic particles in a slowing down distribution can drive two
important MHD modes unstable, one a non-resonant, dominantly 1/1 mode localized within the minimum in
q, and the other a resonant, dominantly 2/1 mode, which can cause a disruption of the discharge. These
discharges tend to have a long steady state with high confinement, and are therefore a candidate operational
scenario for burning plasma experiments. The delta-f kinetic-MHD model in the 3-D extended MHD code
NIMROD is used to perform a simulation study of energetic particle effects on these two instabilities. The
analysis makes use of model equilibria relevant to the DIII-D and NSTX experiments, where related
instabilities are observed.
Experimentally, during steady state operation, a benign nonlinearly saturated m/n=1/1 structure is observed,
in qualitative agreement with the computed mode in key physical respects. At slightly higher beta-N the 2/1
mode is found unstable and terminates the discharge. To explain the physics of the driven instabilities we
examine their theoretical origins in simplified configurations, including an analysis of the mode-particle
resonances.
We use the Orbit code to analyze these resonances between the particles and the mode, in both the ideal MHD
stable and particle driven cases. Ideal MHD eigenfunctions have a fixed phase of the instability with radius,
which is the usual basis on which to study mode-particle interaction, while the non-ideal MHD eigenfunctions
with particle interaction effects can have phase variation in the radial direction. The Orbit code has thus been
modified to account for this phase variation. The details of the resonant interaction in the simulations is
clarified by this analysis, in that the perturbations generate islands in the phase space of particle orbits, the
structure of which sheds light on the physics of the interaction.
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ADITYA is a medium size tokamak with major radius 0.75 m and minor radius of 0.25 m, with toroidal
magnetic field up to 1.5 T and has circular plasma in hydrogen gas. The diagnostics used in ICRH experiments
are Langmuir probes, visible camera, spectroscopy, soft X-ray and hard X-ray detection techniques,
diamagnetic loop, heterodyne on-line density measurements, Thompson scattering, Neutral particle analyzer,
Limiter thermography, Residual Gas Analyzer(RGA), microwave diagnostics along with normal machine
diagnostics like loop voltage, position and plasma current measurements. The indigenously developed ICRH
system is installed on ADITYA having 1 MW RF generator in the frequency range of 20-40 MHz, transmission
line with matching system, vacuum interface and fast wave poloidal type antenna with Faraday shield.
Here we report the recent experiments carried out on tokamak ADITYA using the developed ICRH system of 1
MW at 24.8 MHz frequency. The experiments are carried out to have plasma heating at second harmonic,
disruption mitigation and also wall conditioning in presence of toroidal magnetic field.
The wall conditioning experiments are carried out in presence of toroidal magnetic field under resonant
(0.75T), non-resonant (0.45 T) conditions as well as with 20% He gas in a hydrogen plasma (0.45T). All three
sets are found more effective in releasing wall impurities like water & methane as half an order (~ 5) of initial
vacuum condition. As per data, the resonant ICWC is more effective to reduce carbon impurity and
non-resonant ICWC is more effective to reduce oxygen impurity from vessel.
The heating experiments at second harmonic are carried out using RF pulses of different magnitudes (5 ms-100
ms) at different RF powers (40 kW-200 kW) in plasma duration of 100 ms. The soft X-ray data shows an
electron temperature rise from 250 eV to maximum of 500 eV and NPA data as well data from Doppler
broadening shows the ion temperature rise up to 350 eV.
In order to carry out mitigation of disruptions induced by hydrogen gas puff, ICRH system was used in both
fixed and real time feedback mode. In an attempt to control the disruptions in real time the gas-puff induced
H intensity increase is used as a precursor for the disruption and mitigation is successfully carried out.
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Dense Plasma Focus device represents a source of powerful streams of penetrating radiations (hot plasma, fast
electron and ion beams, X-rays and neutrons) of nanosecond-scale pulse durations. Power flux densities of the
radiation types may reach in certain cases the values up to 1013 W/cm2. They are widely used at present time
in more than 30 labs in the world in the field of radiation material science. Areas of their implementations are
testing of the materials perspective for use in modern fusion reactors (FR) of both types, modification of
surface layers with an aim of improvements of their properties, production of some nanometer structures on
their surface, and so on. To use the above-mentioned device correctly in these applications it is important to
understand mechanisms of generation of the above-mentioned radiations, their dynamics inside and outside
of the pinch and processes of interaction of these streams with targets. In this report the most important issues
on the above matter will be discussed in relation to the cumulative hot plasma stream and the beam of fast
ions with illustration of experimental results obtained at four DPF devices ranged in the limits of bank
energies from 1 kJ to 1 MJ. Among them mechanisms of a jet formation, a current abruption phenomenon, a
super-Alfven ion beam propagation inside and outside of DPF plasma, generation of secondary plasma and
formation of shock waves in plasma and inside a solid state target, etc. Nanosecond time-resolved techniques
(electric probes, laser interferometry, frame self-luminescent imaging, X-ray/neutron probes, etc.) give an
opportunity to investigate the above-mentioned events and to observe the process of interaction of the
radiation types with targets. After irradiation the specimens are analyzed by contemporary instrumentation:
optical and scanning electron microscopy, local X-ray spectral and structure analysis, atomic force
microscopy, the portable X-ray diffractometer that combines X-ray single photon detection with high
spectroscopic and angular resolutions, an X-ray microCT system with Cobra 7.4 and DIGIX CT software,
micro-hardness measurements, etc. A number of results in this area are presented.
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Extrinsic magnetohydrodynamic (MHD) events such as sawtooth crash, fishbone or edge localized mode
(ELM) instabilities are often required to provide the seed islands for triggering neoclassical tearing mode
(NTM). However, the spontaneous onset NTM (m/n=3/2) without any detectable extrinsic MHD events has
been observed in the HL-2A tokamak. The intrinsic error field is considered as an alternative mechanism to
provide the seed island for generating the NTM.
The spontaneous onset NTM on HL-2A was realized with PECRH = 1.7 MW and co-current PNBI = 0.8 MW in
an L-mode discharge. From the time-frequency spectrogram, the initial frequency of NTM is almost zero and
its frequency rises around 13 kHz, the mode existent time coincides with the NBI duration. This is different
from the seed island for the NTM is formed by toroidal coupling with the 2/1 tearing mode in the ELMy free
H-mode. The same oscillations appear in the βN and frequency spectrogram of the NTM. The amplitude of the
magnetic field corresponding to the 3/2 NTM decreases gradually during the ramping up phase of the mode
frequency. And then it keeps almost invariant until the disappearance of this mode. The NTM propagates in
the ion diamagnetic drift direction. In addition, the frequency of the 3/1 mode with a frequency of about 6
kHz exists during most ECRH phase. This mode has similar characteristics with the edge harmonic mode
(EHO), propagating poloidally in the direction of the electron diamagnetic drift and toroidally in the
co-current and NBI direction. All the observations suggest that there is no direct interaction between the EHO
and NTM. The error field in HL-2A mainly originates from the installation error of various coils. The 3/1
mode frequency is much larger than the error field one so that there is no clear interaction between them. The
initial frequency close to zero for the 3/2 NTM should be related to the error field. Here bootstrap current
fraction is estimated as ~15% when βN = 1. Although n = 2 error field is small, it is enough to provide the seed
island for the NTM. Thus, the intrinsic error field is a suitable candidate for triggering the NTM on HL-2A.
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A reduced model for turbulent transport driven by micro-instabilities such as ion temperature gradient (ITG)
modes is constructed based on nonlinear and linear gyrokinetic plasma turbulence simulations performed
under a wide range of conditions for the local plasma parameters and different field configurations of helical
systems. It is shown that the ion heat diffusivity has a functional dependence on the amplitudes of turbulent
fluctuations and zonal flows in the nonlinear simulations.
On the other hand, the amplitudes of turbulent fluctuations and zonal flows obtained from the nonlinear
simulations are well correlated with linear gyrokinetic simulation results on the ITG instability and zonal
flows. Based on these properties, the reduced model for the ion heat transport in helical plasmas is constructed
by combination of the linear growth rates of the instability, the linear response functions of the zonal flow
potentials, and elaborate nonlinear gyrokinetic simulations. The model involves a similarity with the
conventional mixing length ansatz but with explicit introduction of the zonal flow contribution. It is
confirmed that the model is in good agreement with nonlinear gyrokinetic simulation results including the
cases of the high ion temperature plasmas in the Large Helical Device experiment.
Since the present model is represented in terms of only linear calculation results, the computational cost of the
model, i.e. the elapsed time, is extremely smaller than that of the nonlinear turbulence simulations (the ratio is
less than 5 %). Therefore, the model can be applied to an integrated transport code or survey of the transport
levels in a wide range of multiple parameters corresponding to various experimental conditions. The basic
idea of the model is also applied to tokamak configurations including the both species of ions and electrons,
although detailed values of the coefficients in the model function may be altered.
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The L-H transition physics is one of the most important subjects for realizing a controlled nuclear fusion.In
this paper, we present new results to show the nature of L-H transition and related mechanisms that trigger its
onset. A novel feature, i.e., the coupling between the fishbone mode and the edge transport during NBI heated
discharges, is found. Some of the results are similar to the fishbone-triggering on internal transport barrier
while others are unique and appear to be pertinent to edge transport barrier. In some discharges a burst of a
large fishbone is followed immediately by an L-H transition or shortly followed by an edge localized mode
(ELM). Furthermore, an I-phase triggered by ‘persistent EPMs’ or sawtooth is also observed.
The measurement of edge plasma poloidal rotation, using reflectometry, has been performed to elucidate the
correlation between the nonlinear evolution of fishbone instability and the edge radial electric field. I was
found that a sudden increase in the plasma poloidal rotation happened immediately after the onset of each
fishbone and ultimately the last fishbone triggered the transition to I-phase when the poloidal rotation
velocity reaches 2km/s. Thus, the enhancement in plasma poloidal rotation leads to the radial electric field,
which subsequently suppresses the turbulent fluctuations and results in the transition. Further experimental
results suggest that the fishbone could provide a locally enhanced shear in the plasma flow by fast ion
redistribution and/or heat propagation, and act as a trigger for the L-H or L-I transition.
We present evidence showing that EPMs can affect bulk plasma confinement through flow generation &
kinetic effects. The finding of triggering phenomena by fishbone activities should be emphasized since the
resultant shear of electric field in a future burning plasma could reach a sufficiently large level to reduce the
turbulence transport. This gives us a hope that the alpha-particle losses induced by the alpha-particle driven
MHD instabilities in a burning plasma may cause a sudden change of the plasma confinement by resultant
structured electric field.
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Tungsten is a prime candidate as divertor material of ITER and DEMO reactors which would be exposed to
unprecedentedly high-flux plasmas as well as neutrons. Radiation defects such as vacancies and impurities
inherent in the divertor plasmas will play primary roles in enhancement of tritium retention in the tungsten.
In this paper, for a better characterization of the radiation damages in the tungsten under the divertor
condition, we examine influences of super-saturated hydrogen on vacancies in the tungsten. The present
first-principle calculations based on density functional theories (DFT) reveal unusual phenomena predicted at
super-saturated hydrogen concentration as follows.
1) Strongly enhanced vacancy concentration with the super-saturated hydrogen is predicted by a
thermodynamics model assuming multiple-hydrogen trapping in the vacancies. This is ascribed to strong
lowering of vacancy formation energies by trapping many hydrogen atoms.
2) The hydrogen trapping enhances vacancy clustering, also. Formation energies of di-vacancies are
significantly lowered by trapping single hydrogen atoms. The calculated formation energies for the first
nearest neighbor and the second nearest neighbor configurations almost coincide with an experimental value
deduced from field ion microscopy.
3) DFT molecular dynamics revealed that hydrogen clusters can prevent a vacancy from recombining with the
neighboring crowdion-type self-interstitial-atom. This suggests that neutron damage effects will be increased
in the presence of the hydrogen clusters.
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Plasma operation control scenario of the LHD-type helical reactor FFHR-d1 was examined using a 1-D
calculation code, which calculates temporal evolution of the plasma radial profile by solving a diffusion
equation in cylindrical geometry using the model based on LHD experimental results. This study is the first
1-D analysis of the plasma operation control scenario of helical reactors. It was found that direct feedback
control of fusion power by the pellet fuelling, which was considered in the 0-D analysis, was difficult because
of the delayed response of the fusion power due to shallow pellet penetration in the case of the pellet injection
velocity of 1.5 km/s, which is achievable without special technological development. In spite of the fusion
power, line-averaged electron density was selected as a controlled parameter because it promptly responds
after the pellet injection and there are several kinds of well-established diagnostics. It was confirmed that the
line-averaged electron density can be controlled over a wide parameter range by manipulating the pellet
injection timing. With a combination of the heating power control based on the measurement of the fusion
power, the fusion power can be smoothly increased to the target value and stably sustained. Perturbation in
the fusion power is less than 1%. Steady-state sustainment with a smaller fusion power is also achievable with
adequate auxiliary heating. In addition, there is no principal physics restriction in the rate of change in the
fusion power and then a plasma start-up at a slow rate (e.g., several hours to reach the steady state) is
achievable. This high controllability with a small number of simple diagnostics attributes to characteristics of
helical system with a net current-free plasma. It is desirable for the operation of peripheral equipment and
power plant equipment and indicates another advantage of the helical system. This operation control scenario
provides the design conditions of the plasma control system and contributes to the system design of FFHR-d1.
Although consistency check with equilibrium, transport, heating profile and impurity effect over a whole time
period is needed, the simple control method by the measurement of line-averaged electron density and fusion
power is expected to have robustness against the change in the plasma property.
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It has been found that the plasma confinement by magnetic field of alternating-sign curvature - with
convex-concave field lines results in a strong stabilizing action against convective (flute-interchange)
perturbations [1]. For simple combinations of mirrors and cusps the calculations give a strongly, centrally
peaked stable plasma pressure profiles instead of a shallow ones [1-2].
The pressure peaking arises at the minimum of the second adiabatic invariant J that takes place at the 'middle'
of a tandem mirror–cusp transverse cross-section. The peaking arises for various plasma anisotropy – e.g. for
the distribution function with ‘empty loss cones’ as well for opposite case – with a longitudinal velocity
prevailing. The magnetic configurations with peaking include e.g. axially symmetric mirrors equipped with
outer divertors and inner field reversing rings (cusps, internal rings, high-beta cells) and closed multimirror
traps.
Such a methodic gives a promising tool for the magnetic confinement systems optimization. It can be applied
in various fusion applications – like fusion-fission hybrid systems, as well as for intense plasma and particle
sources – like multiply-charged ion sources.
The question is whether the required conditions for the experimental obtaining of the pressure peaking are
limited by large enough alternating-sign magnetic field line curvature and low plasma-collisionality. This has
been addressed to a compact magnetic confinement system with reverse-dipole configuration and
ECR-discharge at low pressure [3].
This device has been modified by adding of external magnetic field to create the field lines of alternating-sign
curvature. The electrostatic and magnetic probe techniques have been improved to investigate the plasma
parameters spatial distribution and to find out whether the peaking can be experimentally observed in such a
conditions.

[1] M.M. Tsventoukh 2014 Nucl. Fusion 54 022004 (7pp) http://stacks.iop.org/0029-5515/54/022004
[2] M.M. Tsventoukh 2011 Nucl. Fusion 51 112002 (6pp) http://stacks.iop.org/0029-5515/51/112002
[3] G.V. Krashevskaya et al 2012 Proc. VIII International Workshop MICROWAVE DISCHARGES:
FUNDAMENTALS AND APPLICATIONS (MD-8) Russia, Zvenigorod, September 10-14, 2012. Edited by Yu.A.
Lebedev. Moscow 2012, pp 101-104
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This paper reports work done for EFDA PPPT in 2013. It includes the constraints of neutron fluence and
Tritium Breeding Ratio(TBR) on diagnostics installation; the technology readiness level of a minimum
diagnostics set for control (including burn control);an extended set of diagnostics for control code training;
results on diagnostics technology; burn and divertor control. Two DEMO devices (2GW power) are
considered:a long pulse inductive device (PLS) based on H-mode and a steady state(SS) fully non-inductive
device. The differences in parameters and operational constraints lead to different requirements for the
diagnosis and control of the devices. The space available is limited by cost constraints regarding blanket
thickness and Li6 enrichment to achieve the necessary TBR>1, so in DEMO only 3-5m2 can be available. The
DEMO neutron wall loading on the first wall (FW) is 1.82MW/m2 corresponding to 20dpa ( displacement per
atom) in 2FPY (Full Power Year), ~7 times the ITER damage level on FW. The damage due to neutrons is
maximum on the outboard equatorial side, and at a distance of 50cm from the first wall (FW) is 0.5dpa in
1FPY for DEMO1, while the damage decreases to 5x10-3dpa in 1FPY at 100cm from First Wall. Calculations
are performed for EUROFER. As consequence, using tungsten recrystalized mirrors (resistant to 3dpa damage)
is possible. So Microwave and IR(infrared) diagnostics are feasible on DEMO as well as direct line-of-sight
techniques like neutronics and X-rays. These findings open up the possibility of polarimetry for plasma
density and current control since Steady-state DEMO needs additional control on current and pressure
profiles. Both devices( PLS and SS) need burn control at high electron temperature and the MHD control on
neoclassical tearing modes. The divertor control must be considered implying the measurements of radiated
power fraction, plasma temperature, density and composition. The extrapolation from ITER to DEMO is large
but several promising techniques have been identified despite the nuclear and erosion-deposition problems.
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Multi-Parameter Measurement Using Finite Electron Temperature Effect
on Laser Polarimetry for Burning Plasma Reactor
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The authors have proposed a multi-parameter measurement system which identifies current density (j_phi),
total plasma current (I_p), electron density (n_e) and electron temperature (T_e) from information of a laser
polarimetry and a plasma boundary. This study carries out performance assessment of the multi-parameter
measurement and proposes a new equilibrium solver suitable for the measurement. Laser wavelength, an
injection laser layout and measurement errors were 57/119/171 micro-meter, 15 viewing chords, 0.1 degree
error on the Faraday effect measurement, and 0.6 degree error on the Cotton-Mouton effect measurement,
respectively. A reference profile of j_phi was supposed to be ITER operation scenario 2 (an inductive scenario),
and n_e and T_e at the magnetic axis were supposed to be 10^{20} m^{-3} and 30 keV, respectively. The
reconstruction error of j_phi (I_p), n_e and T_e were 3.8 %, 3.9 %, and 22 %, respectively. When the
reconstruction is carried out with the given information of a plasma boundary, a finite element method is
usually applied to the equilibrium solver. However, it is difficult to make equilibrium reconstruction in real
time by using the finite element method because of optimization of mesh generation and mapping the
measurement data to a local non-dimensional coordinate. The new equilibrium solver for the first time applies
meshless methods to a non-linear problem of the Grad-Shafranov equation and can solve problems of
applying the previous method to real-time plasma control. Modified meshless methods (RBF-MFS and Kansa’s
method) solved Grad-Shafranov equation ten to hundred times faster than the finite element method, to
obtain a same accuracy. Since a laser polarimetry does not depend on time history and a plasma boundary can
be detected by a time-history-independent diagnostics, the new reconstruction method including the new
equilibrium solver is suitable for steady state operation (e.g. one year) to obtain multi-parameters (j_phi, I_p,
n_e, and T_e) from a small number of diagnostics (e.g. a poloidal polarimeter and a reflectometer at least).
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Understanding and controlling the confinement of fast ion populations is increasing in importance as we
approach self-ignited devices. MHD instabilities in magnetically confined plasmas can often be driven by a
population of fast ions. In contrast, these instabilities can often lead to the anomalous loss of fast ions.
Therefore, numerous efforts have been dedicated to studying the fast ion transport and the interplay of fast
ions and MHD modes.
In 2013 HL-2A experimental campaign, the loss of neutral beam ions induced by MHD instabilities has been
measured with a new scintillator-based lost fast-ion probe (SLIP). A single luminous spot appears on the
scintillator plate when NBI source turn-on. The spot is consistent with loss at a single energy and pitch angle
and it is interpreted as the prompt loss of beam ions. The position and size of this spot is steady during the
whole NBI heating. Another luminous spot can be seen on the scintillator plate during TM. Moreover, the spot
becomes brighter with the TM becomes stronger. Along with the disappearance of the TM, the spot dims and
then vanishes. The position of the second spot in the scintillator plate is located in the region with lower
energy and lower pitch angle, in contrast to the first spot. The energy and pitch angle of the lost fast ions
induced by TM are 30 keV and 60°, respectively. The time evolution of the images of fast-ion losses due to
long-lived mode (LLM) and sawtooth was also measured during a discharge. The energy and pitch angle of
the lost fast ions induced by LLM are 25 keV and 67°, respectively. Compared to the spots due to TM and LLM,
the spot induced by sawtooth has a broad range of energies and pitch angles. The energy of the
sawtooth-induced lost fast-ions ranges from 25 keV to 35 keV, and the pitch angle ranges from 65° to 75°. The
brightness of the luminous spot due to LLM is significantly weaker than the brightness of the spot due to
sawtooth, which imply that the deteriorated effect of sawtooth on the confinement of fast ions is obviously
stronger than the effect of LLM. There may be some interactions between MHD modes and fast ions, which
causing the fast ion losses with the wide range of energy and pitch angle.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

477 



Poster 7 / 391

Simulations and Validations of Transport during Fueling by SMBI in
HL-2A Tokamak
Dr. WANG, Zhanhui 1; XU, Xueqiao 2; Mr. XU, Min 1; Dr. SHI, Zhongbing 1; Ms. SUN, Tiantian 3; Prof. YAO, Lianghua 1; Mr. XIA,

Tianyang 4; Dr. YU, Deliang 1; Dr. ZHENG, Guoyao 5; Mr. HUANG, Jie 3; Dr. CHEN, Shaoyong 3; Mr. ZHONG, Wulu 6; Prof. DONG, Jiaqi
1; Dr. SUN, Aiping 7

1 Southwestern Institute of Physics
2 Lawrence Livermore National Laboratory
3 Sichuan University
4 Institute of Plasma Physics, Chinese Academy of Sciences
5 No.3,3rd Section, South of 2nd Ring Road, Chengdu, Sichuan ,610041, China
6 Southwestern Institute of Physics, P.O. Box 432, Chengdu 610041, People’s Republic of China
7 Southwestern Institute of physics

Corresponding Author: zhwang@swip.ac.cn

Plasma fueling with higher efficiency and deeper injection is crucial to enable fusion power performance
requirements at high density for next generation devices such as ITER. In BOUT++ code framework, a new
module (named trans-neut) has been developed to deal with neutrals and plasmas transport during fueling of
supersonic molecular beam injection (SMBI) or gas puffing(GP). It modifies the BOUT++ code of boundary
plasma turbulence to study the dynamics of neutrals transport and their interactions with plasma during
fueling. Results of calculations have been done for the realistic divertor geometry of the HL-2A tokamak. A
seven-field fluid model coupling plasma density, heat, and momentum transport equations together with
neutral density and momentum transport equations for both molecules and atoms has been developed.
Collisional interactions between molecules, atoms, and plasma have been included such as dissociation,
ionization, recombination and charge-exchange reactions. During SMBI, neutral molecules and atoms
propagate inwards continuously across the separatrix and penetrate about 4cm inside the separatrix where the
propagating front of molecules stagnates due to the total molecule dissociation rate balancing with the
molecule injection rate. Both positive and negative parallel ion velocities are driven near SMBI region due to
parallel pressure gradient, which provides convection for parallel plasma density transport. The poloidal
propagation of plasma density blobs (i.e., source) and ion temperature holes (i.e., sink) has been observed. The
simulations of mean profiles variations during SMBI have been compared and validated with HL-2A
experiment results which are consistent qualitatively well with each other.
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The International Fusion Materials Irradiation Facility (IFMIF), presently in its Engineering Validation and
Engineering Design Activities (EVEDA) phase under the frame of the Broader Approach Agreement between
Europe and Japan, has accomplished on summer 2013, on schedule, its EDA phase with the release of the
engineering design report of IFMIF plant, which is here described, compliant with our mandate. Many
improvements of the design from former phases are implemented, relevantly a reduction of beam losses and
operational costs thanks to the superconducting accelerator concept; the re-location of the quench tank outside
the Test Cell with a reduction of tritium inventory and a simplification on its replacement in case of failure;
the separation of the irradiation modules from the shielding block gaining irradiation flexibility and
enhancement of the remote handling equipment reliability and cost reduction; and the water cooling of the
liner and biological shielding of the Test Cell, enhancing the efficiency and economy of the related
sub-systems. In addition, maintenance strategy has been modified to allow a shorter yearly stop of the
irradiation operations and a more careful management of the irradiated samples. The design of IFMIF plant is
intimately linked with the EV activities carried out since the entry into force of IFMIF/EVEDA in June 2007.
These last and their on-going accomplishment have been thoroughly described elsewhere [1], which combined
with the present paper allows a clear understanding of the maturity of the European-Japanese international
efforts. This released intermediate design report, which could be annexed if required concurrently with the
accomplishment of the on-going EV activities, will allow taking decisions on its construction and/or serve the
basis for a less ambitious facility in terms of dpa, aligned with the needs of our fusion community.

[1] J. Knaster et al., 2013 Nuclear Fusion 53 116001
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The Observation of Pedestal Turbulence Contributing Inward Particle and
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The theoretical and experimental results indicate that the total confinement of the core plasma in a fusion
device relies on the structure of pedestal on the edge, and the pedestal turbulence plays an essential role on the
pedestal structure. The pedestal turbulence have been studied by using the Langmuir probe arrays on the edge
of HL-2A tokamak. The probe arrays were performed about 1cm inside the separatrix With the NBI heating
power of 0.7MW and ECRH power of 1MW, some kind of low frequency (20~80kHz) pedestal turbulence
(shorted for LFT) with large amplitude has been observed during the construction and recovery of pedestal on
HL-2A. The LFT begins to excite with the increasing of local electron density and temperature. Amplitude of
LFT is large about ~250V in the potential field, while the corresponding magnetic fluctuations of LFT is weak.
The abnormal particle and heat flux contributed by LFT have also been measured by four-tip probe. The result
shows that the LFT contributed inward particle and total heat flux during the construction and recover of the
pedestal on HL-2A. Those results may indicate a physical mechanism of the construction of the pedestal after
the L-H mode transition, as well as the recovery of pedestal between ELMs.
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Recent development of a DEMO concept with a medium size (major radius of ~8.2 m) and a lower fusion
power (~1.5 GW) is presented together with assessment of relevant technologies. The maximum toroidal field
is evaluated at ~13 T, which is nearly independent on strand materials (Nb3Sn or Nb3Al) unlike a compact
DEMO, while the increase of the allowable design stress has a large impact on that. The divertor simulation
study indicates that the tolerable level of divertor heat flux (~5 MW/m^2) is foreseeable for the medium size
DEMO, and the design study of short super-X divertor as an option is progressing to efficiently obtain the
fully detached plasma. The assessment of various maintenance schemes indicates that the vertical port
maintenance scheme provides advantages in the easy handling, the layout of poloidal coils, the size of toroidal
coils, and separate maintenance of the in-vessel components. Finally, the study of the waste management
suggests that the ratio of the radioactive waste to be disposed of in shallow land burial can be increased
thanks to the lower fusion power.
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Alfven Eigenmodes Can Limit Access to High Fusion Gain, Steady-State
Tokamak Operation
Prof. HEIDBRINK, William W. 1
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Experiments on the DIII-D tokamak show that Alfven eigenmode (AE) activity degrades fast-ion confinement
in many high β_N, high q_{min}, steady-state scenario discharges. (β_N is the normalized plasma pressure and
q_{min} is the minimum value of the safety factor.) An extensive set of diagnostics measure degraded fast-ion
confinement: neutron detectors, fast-ion D_α (FIDA) spectrometers, neutral-particle analyzers, and fast-ion
pressure and current profiles inferred from the equilibrium. All fast-ion diagnostics that are sensitive to the
co-passing population exhibit reductions relative to classical predictions. The increased fast-ion transport in
discharges with strong AE activity accounts quantitatively for the previously observed [1] reduction in global
confinement with increasing q_{min}; however, not all high q_{min} discharges show appreciable degradation.
In current ramp plasmas, stochastic transport by multiple resonances with many small-amplitude AEs causes
“stiff” fast-ion transport; as a result, the achieved fast-ion profile is insensitive to the beam-deposition profile
[2]. We postulate that a similar process often occurs in steady-state scenario plasmas. Initial linear stability
calculations predict unstable toroidal AEs for these conditions; comparisons with critical-gradient models are
underway. If AE degradation of fast-ion confinement can be avoided, modeling indicates that a discharge
scenario with q_{min}>2 can provide the MHD stability and bootstrap fraction required for high fusion gain,
steady-state operation. The broad current and pressure profiles consistent with elevated qmin enable stable
operation at reactor-relevant β_N {\sim -} 5. One-dimensional modeling shows that these conditions are
attainable in DIII-D using practical neutral-beam and electron-cyclotron current drive sources and that a
self-consistent fully noninductive scenario exists. The challenge in future work is to incorporate calculations
of AE-induced transport into the analysis.

This work was supported by the US Department of Energy under SC-G903402 and DE-FC02-04ER54698.

[1] J.R. Ferron, et al., Phys. Plasmas 20, 092504 (2013)
[2] W.W. Heidbrink, et al., Nucl. Fusion 53, 093006 (2013)
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Neutron Irradiation Effects on Grain-Refined W and W-Alloys
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Microstructural data of neutron irradiated W such as size and number density of voids and precipitates
obtained by W up to 1.5dpa irradiation in the temperature range of 400-800C were compiled quantitatively.
Nucleation and growth process of these defects were clarified and a qualitative prediction of the damage
structure development and hardening of W in fusion reactor environments were made taking into account the
solid transmutation effects for the first time. Irradiation behavior of grain-refined W-alloys, produced by K- or
La-doping, was also examined. Expected radiation resistant W-alloys, by combined Re addition and the grain
refining process, were fabricated and characterization of unirradiated state were performed.
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Development of materials is an important issue for the future nuclear fusion reactors. In this paper, the
developments and main achievements of fusion reactor materials at Southwestern Institute of Physics (SWIP)
are overviewed by focusing on the plasma facing materials/components (PFMs/PFCs), structural materials and
functional materials. For PFMs/PFCs, an ITER grade high purity tungsten and the CVD-W coating with a fast
deposition rate up to 0.5 mm/h have been developed and characterized. High heat flux components fabricated
by joining them with CuCrZr alloy have been developed, which can provide a simple and economics method
for the construction of W first wall and divertor in the current fusion devices. For structural materials, two
kinds of low activation materials are developed, one is a reduced activation ferritic/martensitic (RAFM) steel,
named as CLF-1, aiming at the near team use, such as ITER-TBM and CFETR. The other one is V-4Cr-4Ti
alloy, aiming at future applications in the next generation fusion reactors. Compared with other RAFM steels,
such as Eurofer 97 or F82H, CLF-1 has similar chemical compositions, but N is selected as a controllable
element and has slightly higher content, which induces higher tensile strength, in particular better
high-temperature creep performances. As to vanadium alloys, an engineering scale ingot of V-4Cr-4Ti alloy
with 30 kgs has been prepared by melting, and mechanical alloying has been used for dispersion strengthening
with different particles, such as Y2O3, TiC, SiC and Ti3SiC2. Preliminary results indicate the newly designed
multi-component alloy V-4Cr-4Ti-1.5Y-0.3Ti3SiC2 has the most efficient strengthening effect and the best
thermal stability. In the case of functional materials, tritium breeder and neutron multiplier materials are
developed for the fabrication of ITER-Chinese Helium Cooled Ceramic Breeder Test Blanket Module (CN
HCCB TBM), and the potential application in CFETR. Moreover, some of the specialized facilities have been
constructed at SWIP, a comprehensive capability for development, evaluation and testing of
materials/components is being established.

Poster 7 / 715

Configuration Studies for an ST-Based Fusion Nuclear Science Facility
Dr. MENARD, Jonathan 1

1 Princeton Plasma Physics Laboratory

Corresponding Author: elguebaly@engr.wisc.edu

A Fusion Nuclear Science Facility (FNSF) could play an important role in the development of fusion energy by
providing the nuclear environment needed to develop fusion materials and components. The spherical
tokamak (ST) is a leading candidate for an FNSF due to its potentially high neutron wall loading and modular
configuration. A key consideration for the choice of FNSF configuration is the range of achievable missions as
a function of device size. Possible missions include: providing high neutron flux (1-2MW/m2) and fluence
(3-6MWy/m2), demonstrating tritium self-sufficiency (tritium breeding ratio TBR ≥ 1), and demonstrating
electrical self-sufficiency. All of these missions must also be compatible with a viable divertor, first-wall, and
blanket solution. During the past two years, U.S. studies have for the first time developed ST-FNSF
configurations simultaneously incorporating: (1) a blanket system capable of TBR ~ 1, (2) a poloidal field (PF)
coil set supporting high elongation and triangularity for a range of li and normalized beta values consistent
with NSTX/NSTX-U previous/planned operation, (3) a long-legged / Super-X divertor analogous to the
planned MAST-U divertor which substantially reduces projected peak divertor heat-flux and has all outboard
PF coils outside the vacuum chamber and as superconducting to reduce power consumption, and (4) a vertical
maintenance scheme in which blanket structures and the centerstack (CS) can be removed independently.
Progress in these ST-FNSF mission vs. configuration studies including dependence on plasma major radius R0
for a range R0 = 1 – 1.6m will be described. TRANSP/NUBEAM calculations of negative neutral beam heating
and current drive scenarios will also be described.
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Interaction between Neoclassical Tearing Modes and Non-Local
Transport in HL-2A
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Scaling laws for the prediction of neoclassical tearing modes (NTMs) onset in next generation fusion devices
such as ITER have been carried out. However, it is difficult to extrapolate current island width thresholds for
the NTM onset to ITER due to the uncertainty physics behind the threshold mechanisms. And some events
can also influence the mode onset, such as the large sawtooth period and pellet injection. In the HL-2A
tokamak, NTMs driven unstable by the transient perturbation of local electron temperature induced by
non-local transport (NLT) phenomenon have been observed in low beta plasmas for the first time. In HL-2A,
the onset of m/n=3/2 NTMs during NLT phenomenon induced by supersonic molecular beam injection (SMBI)
has been observed in low beta plasmas with electron cyclotron resonance heating (ECRH). The inversion
surface of electron temperature perturbation (δTe) due to NLT effect is near the q=3/2 surface, which is
determined by the peak of 3/2 mode amplitudes measured by the ECE diagnostics. Compared with 3/2 NTMs
triggered by sawtooth activities in HL-2A, the transient perturbation of local Te gradient induced by non-local
effect plays a crucial role on changing NTM threshold, which dramatically reduces the critical βonset of 3/2
NTMs. In spontaneous 3/2 NTMs without detected core and edge MHD instabilities are observed during
strong NLT effect. After the onset of NTM during NLT phenomenon induced by SMBI, additional molecular
beam pulses are injected to study the interaction of magnetic islands with NLT effect. The non-local effect still
exists with the small 3/2 island, island width w3/2/a~0.06. In the case of large 2/1 magnetic islands,
w2/1/a~0.15, the effect of NLT is almost suppressed. By the way, the collapse of the central electron
temperature with an increase in the edge electron temperature is observed.

Poster 7 / 731

The Role of MHD in 3D Aspects of Massive Gas Injection for Disruption
Mitigation
Ms. IZZO, Valerie A. 1

1 University of California San Diego

Massive gas injection (MGI) is a leading candidate technology for disruption mitigation in ITER, and recent
modeling has suggested that MHD modes play a critical role in determining the distribution of radiated power
during an MGI shutdown. NIMROD 3D MHD simulations of MGI in both ITER and DIII-D reveal how the
distribution of gas jets and the n=1 mode interact to determine the localization of radiated power, and the
likelihood of wall-melting on ITER. Various combinations of the four ports allocated for the ITER disruption
mitigation system (DMS) are modeled, along with a range of gas quantities and species to determine the
optimal scenario for ITER. The midplane port interacts with the plasma very differently than the upper ports
due to the difference in minor radius. Use of the midplane port improves the radiated energy fraction with no
detrimental effect on the radiation toroidal peaking. In DIII-D, dedicated experiments were performed to
understand the effect of the n=1 mode phase on the distribution of radiated power. By varying the phase of
applied n=1 fields, the radiation toroidal peaking during MGI was altered. Simulations of MGI in DIII-D with
external n=1 fields are carried out and compared to the experiments to better understand this effect and its
implications for optimizing radiation symmetry.

This work was supported in part by the US Department of Energy under DE-FAG02-95ER54309,
DE-FC02-04ER54698, DE-AC05-00OR22725, and DE-AC52-07NA27344.
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DEMO Design Point Studies
Dr. KEMP, Richard 1

1 Culham Centre for Fusion Energy

To allow coherent conceptual design activities, and later engineering design activities, for a demonstration
fusion power plant (DEMO), a self-consistent design point must first be developed. The DEMO design point is
a set of parameters characterising the key features of a DEMO power plant on which evaluation of different
systems can be based with confidence that there are no significant conflicts between those systems. System
codes representing the full plant by capturing the interactions between (usually relatively simple) models of all
the important plant subsystems are used to identify design points based on assumptions about plasma
performance and technology. The purpose of using a systems code is to identify potential solution spaces
without having to carry out complex analysis at every point.

The EU DEMO strategy currently considers two possible operating scenarios: a conservative pulsed design,
using near-ITER technology and plasma performance, termed DEMO1; and an optimistic, higher-performance,
steady-state option (DEMO2). This contribution presents the work being carried out to develop these design
points, including development of the systems code models. The process involves an iteration between the
systems code PROCESS and more detailed analysis such as integrated scenario modelling with transport
codes. The results of the detailed modelling are used to refine the assumptions and thus the design space of
available solutions, within which the design points can be re-optimised. The target performance parameters
for each DEMO option and the current device parameters in each case are also presented, and we discuss the
sensitivity study work that has been carried out to assess the robustness of each design and justify the choice
of variables. In each case the variables are subject to change as more DEMO-relevant models and
experimental data become available and technological knowledge improves. However, these operating points
are intended to provide a well-justified and stable foundation on which to base wider design evaluation work.

This work was funded by the RCUK Energy Programme and the European Communities under the contract of
Association between EURATOM and CCFE, and by the European Union's Horizon 2020 research and
innovation programme. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.

Poster 7 / 733

Integrated Modeling of Toroidal Rotation with the 3D Non-Local
Drift-Kinetic Code and Boundary Models for JT-60U Analyses and
Predictive Simulations
Dr. HONDA, Mitsuru 1

1 Japan Atomic Energy Agency

The integrated framework for toroidal momentum transport is developed, which self-consistently calculates
the neoclassical toroidal viscosity (NTV), the radial electric field Er and the resultant toroidal rotation together
with the scrape-off-layer (SOL) physics-based boundary model. The coupling of TOPICS, VMEC and
FORTEC-3D makes it possible to calculate the NTV due to the non-axisymmetric perturbed magnetic field in
the actual geometry. It is found that the NTV significantly influences toroidal rotation in JT-60U and Er holds
the key to determine the NTV profile. The sensitivity of the toroidal rotation profile to the boundary rotation
necessitates the boundary condition modeling. Owing to the high-resolution measurement in the JT-60U edge
region, Er is found to be rather insensitive at the separatrix. Focusing on Er, the boundary model of toroidal
momentum can be developed in conjunction with the SOL/divertor plasma code. This modeling realizes
self-consistent predictive simulations for operation scenario development in JT-60SA and ITER.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

484 



Poster 7 / 732

The Low Threshold Parametric Decay Instabilities Leading to Anomalous
Absorption at ECRH in Toroidal Devices
Dr. POPOV, Alexey 1

1 Ioffe Institute

In the paper the universal scenarios of the low-threshold parametric decay instabilities (PDIs), explaining the
anomalous phenomena being already observed [1,2] and potentially important for the energy budget in the
future ECRH experiments, are treated.
We investigate the scenario of a low-threshold absorptive PDI [3] based on the parametric excitation of the
electron Bernstein wave 3D trapped in the drift wave eddies, filaments or blobs possessing density maximum
and aligned with the magnetic field. The nonlinear excitation of this wave and the heavily damped low
frequency oscillations manifests itself as the low-threshold absolute PDI resulting in anomalous absorption of
the part of the microwave power by ions and electrons. In particular, this instability can be responsible for fast
ion production often observed in 2nd harmonic ECRH experiments in toroidal plasmas [1]. We consider the
anomalous backscattering reported in [2] as a secondary nonlinear process, which accompanies a primary
low-threshold PDI [4]. The effect of the parametric decay of the 2nd harmonic extraordinary (X)-mode wave
into two short wave-length upper hybrid (UH) plasmons, propagating in opposite directions, is considered.
The radial localization of both the UH plasmons can be achieved in a vicinity of the density profile local
maximum corresponding to either the discharge axis for the peaked profile, or the O-point of the magnetic
island, or the presence of a blob. On the other hand, when the UH plasmons propagate oppositely and the
pump microwave beam has the finite size, the absolute two - plasmon PDI of the X wave is possible, the
power threshold of which, being derived explicitly, is two orders of magnitude smaller than the one derived in
the case of a monotonous density profile.
The estimations of the threshold for the ordinary wave parametric decay into the 2D trapped UH plasmon and
an ion Bernstein wave for the projected ITER conditions are presented as well.

[1] D. Rapisarda et al., Plasma Phys. Control. Fusion 49, 309 (2007).
[2] S.K. Nielsen et al., Plasma Phys. Control. Fusion 55, 115003 (2013).
[3] E.Gusakov, A.Popov, A. Saveliev, Plasma Phys. Control. Fusion 56, 015010 (2014).
[4] E. Gusakov, A. Popov, EPJ Web of Conferences 32, 01007 (2012).
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Multi-Phase Simulation of Alfvén Eigenmodes and Fast Ion Distribution
Flattening in DIII-D Experiment
Dr. TODO, Yasushi 1

1 National Institute for Fusion Science

This paper presents the first simulation that predicts both nonlinear saturation amplitude of Alfvén
eigenmodes (AE modes) and fast ion transport that are close to measured values in experiment. This
simulation enables us to predict the alpha particle distribution and the AE modes activity, which is one of the
major concerns for burning plasmas such as ITER. A multi-phase simulation [1], which is a combination of
classical simulation and hybrid simulation for energetic particles interacting with a magnetohydrodynamic
(MHD) fluid, is employed in this work. The classical simulation follows energetic particle orbits in the
equilibrium magnetic field without MHD perturbations. The hybrid simulation code MEGA is extended with
realistic beam deposition profile, collisions (slowing down, pitch angle scattering, and energy diffusion), and
losses, and is used for both the classical and hybrid phases. The simulation is applied to DIII-D discharge
#142111 where the fast ion spatial profile is significantly flattened due to multiple AE modes [2]. Temperature
fluctuations due to two of the dominant toroidal Alfvén eigenmodes (TAE modes) in the simulation results are
compared in detail with the electron cyclotron emission (ECE) measurement in the experiment. It is
demonstrated that the temperature fluctuation profile and the phase profile are in very good agreement with
the measurement, and the amplitude is also in agreement within a range of 40%. The fast ion pressure profile
flattening observed in the experiment is also successfully reproduced.

[1] Todo Y. et al submitted to Nucl. Fusion
[2] Van Zeeland M. A. et al 2012 Nucl. Fusion 52 094023
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Core Microturbulence and Edge MHD Interplay and Stabilization by Fast
Ions in Tokamak Confined Plasmas
Dr. GARCIA, Jeronimo 1

1 CEA IRFM

Extensive linear and non-linear gyrokinetic simulations, including kinetic electrons, collisions, flow shear,
realistic geometry, electromagnetic effects, impurities as well as perpendicular and parallel magnetic
fluctuations, and linear MHD analyses performed respectively with the GENE and MISHKA codes, have
shown for the first time that the large population of fast ions found in the plasma core under particular
heating conditions has a strong impact on core microturbulence and edge MHD. In particular, nonlinear
electromagnetic stabilization of Ion Temperature Gradient (ITG) turbulence can be very much enhanced by
fast ion pressure gradients. These results can explain the improved ion energy confinement regime observed in
L-mode ion heat transport studies at the JET tokamak which manifests itself as a reduction of the ion
temperature stiffness and which, until now had not been reproduced by nonlinear gyrokinetic simulations.
The same effect has been shown to be important in high beta hybrid scenarios from JET and JT-60U with a
large population of fast ions. Up to 4 times of lower ion heat flux for the same R/LTi is obtained in these
plasmas when the fast ions contribution is taken into account. This can explain the higher core ion
temperature gradients obtained in these regimes as the flow shear is found to play a much weaker role. In
addition to the core transport stabilization, the fast ions have been seen to favorably impact edge transport.
The high core total pressure achieved due to fast ions modifies the Shafranov-shift leading to a pedestal
pressure which can increase by 10% when the extra core pressure is taken into account. Therefore, a virtuous
circle starts in these plasmas when the fast ions increase the total core pressure without increasing the
turbulence drive, even reducing the ITG microturbulence. This leads to an improved edge pedestal pressure by
means of the increased Shafranov-shift in a manner unachievable by simple thermal pressure, which is
strongly limited by microturbulence.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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An ITPA Joint Experiment to Study Runaway Electron Generation and
Suppression
Dr. GRANETZ, Robert 1

1 MIT

Results from an ITPA joint study of the threshold conditions for runaway electron (RE) generation suggest
that suppression of RE’s during disruptions on ITER could be less demanding than currently envisioned. In
this study of quiescent, non-disrupting discharges, it is found that generating and maintaining measurable
RE’s is more difficult than predicted by collisional damping only, indicating that additional loss mechanisms
may play a significant role in the dynamics of RE formation and decay. If this result also holds true during
disruptions, which seems likely, then mitigation of RE’s would not require fueling to the extremely high
‘Rosenbluth’ density.
A study to compare empirical RE threshold conditions to Connor-Hastie (C-H) is being carried out by the
ITPA MHD group. In order to obtain well-documented, reproducible results, the study is concentrating on
RE’s produced during quiescent, flattop conditions, when Vloop and ne can be accurately measured. RE
threshold data from a number of tokamaks (DIII-D, TEXTOR, FTU, KSTAR, C-MOD, JET so far), indicate that
E-fields well in excess of C-H, or conversely, densities well below C-H are required for the detection of RE’s,
implying that other loss mechanisms in addition to collisional drag may be playing an important role. An
alternative to the threshold method, involving the characterisation of the RE growth and decay rates at
different densities after the RE’s have formed, also supports the finding that other loss mechanisms in addition
to collisional drag are playing an important role. Clear opportunities for involvement by the theory
community will be stressed, including understanding the nature of non-collisional RE energy and particle loss
mechanisms, and how these would scale from the quiescent flattop conditions in this study to the disruption
conditions in ITER.
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Novel Approaches for Mitigating Runaway Electrons and Plasma
Disruptions in Tokamak ADITYA
Mr. TANNA, Rakesh 1

1 Institute For Plasma Research

ADITYA tokamak is engaged in carrying out several dedicated experiments on runaway mitigation,
disruption control etc. which are of utmost importance for the successful operation of large size tokamaks,
such as ITER. Runaway electron generation and mitigation remains challenging topic in the present tokamak
research, as these high-energetic electrons can cause severe damage to the vacuum vessel of any tokamak if
left uncontrolled. An innovative mechanism has been developed in ADITYA tokamak to mitigate the runaway
electrons before they can gain high energies. A localized vertical magnetic field perturbation is applied at one
toroidal location to extract runaway electrons. During the start-up phase, ~260 G of perturbation field caused
significant reduction in initial runaway electron energies. The applied local vertical field perturbation acts like
an error field for the high energetic runaway electrons.
Disruptions: rapid events in which large fractions of the plasma thermal energy is lost, must be avoided for
successful operation of a fusion reactor. Disruptions, induced by hydrogen gas puffing, are successfully
mitigated by two innovative techniques in ADITYA tokamak. These experiments led to better understanding
of the disruption control mechanisms and also can be thought of as one of options for disruption control in
ITER. We have demonstrated that (1) a bias electrode placed inside the LCFS of ADITYA tokamak can
mitigate disruptions and (2) applying an ICRH pulse with power ~ 50 to 70 kW can also mitigate the
disruption successfully. In both the cases the physical mechanism seems to be the control of MHD modes with
induced poloidal rotation of edge plasma due to the generated radial electric fields. Real time control of
disruption with identifying proper precursors in both the mechanisms is successfully attempted. Analysing
thoroughly the huge database of different types of spontaneous and deliberately-triggered disruptions from
ADITYA tokamak, a significant contribution has been made to the international disruption database (ITPA).
Apart from these several other experiments regarding low loop voltage start-up and current ramp-up have
been carried out using ECRH and ICRH. The details of experimental results along with data analysis
procedures and plausible mechanisms of different events will be presented in this paper.

Poster 7 / 752

Effects of MHD Instabilities on Neutral Beam Current Drive
Dr. PODESTA, Mario 1

1 Princeton Plasma Physics Laboratory

Neutral beam injection (NBI) is one of the primary tools foreseen for heating, current drive (CD) and q-profile
control in future fusion reactors such as ITER and a Fusion Nuclear Science Facility. However, fast ions from
NBI may also provide the drive for energetic particle-driven instabilities (e.g. Alfvénic modes - AEs), which in
turn redistribute fast ions in both space and energy, thus affecting the control capabilities and overall
efficiency of NB-driven current. Based on experiments on the NSTX tokamak, the effects of AEs and other
low-frequency MHD instabilities on NB current drive efficiency are investigated. It is found that instabilities
do indeed reduce the NB-driven current density over most of the plasma radius by up to ~50%. Experimental
results are then used to benchmark numerical tools to simulate NB-CD in the presence of instabilities. A new
fast ion transport model, which accounts for particle’s transport in phase space as required for resonant AE
perturbations, is developed for the tokamak transport code TRANSP and utilized to obtain consistent
simulations of NB-CD. Predictions for the NSTX-Upgrade device, which features a new set of off-axis NB
injectors, are finally discussed for projected scenarios with different levels of MHD activity.
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Fast Ion Transport during Applied 3D Magnetic Perturbations on DIII-D
Dr. VAN ZEELAND, Michael 1

1 General Atomics

Pitch angle and energy resolved measurements as well as wide field-of-view infrared imaging show fast ion
losses correlated with applied 3D fields in DIII-D plasmas. In L-mode discharges with slowly rotating n=2
magnetic perturbations, 3D field induced fast ion loss signals from separate scintillator detectors (FILDs), near
and well below the plasma midplane, are observed to decay within one poloidal transit time after beam
turn-off indicating they are predominantly prompt loss orbits. Beam deposition and full orbit modeling of
these losses, both to the FILDs and wall, using M3D-C1 calculations of the perturbed kinetic profiles and fields
reproduce many features of the measured losses. In particular, the predicted phase of the modulated loss signal
with respect to the I-coil currents is in close agreement with FILD measurements as is the relative amplitudes
of the modulated losses for the different beams used. Measurements and modeling indicate total prompt loss
to the wall increases with application of the n=2 perturbations by up to 7%, in these discharges, with the exact
level depending on the phase of the applied 3D field. Modeling also shows negligible impact on the overall
confined fast ion profile in these discharges however, it is found that localized regions of velocity space can
resonate with the applied fields leading to large changes in toroidal canonical angular momentum –
something potentially useful as an EP control tool. Initial application of these tools to RMP ELM suppressed
H-mode plasmas show that the applied fields induce a large loss of fast ions (10%-20% of injection rate for
half-energy beam ions) from the edge of the plasma and that the magnitude of the loss depends significantly
on the model of the perturbed magnetic field. Calculations including the plasma response to the
non-axisymmetric fields show up to a factor of two enhancement of the losses relative to those with vacuum
n=3 fields alone.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698, SC-G903402,
DE-AC02-09CH11466, DE-AC52-07NA27344, DE-FG0204ER54761, and DE-FG02-07ER54917.
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Runaway Electron Generation with the ITER-like Wall and Efficiency of
Massive Gas Injection at JET
Dr. REUX, Cedric 1

1 CEA, IRFM, F-13108 Saint Paul-lez-Durance, France.

Disruptions are a major concern for next generation tokamaks, including ITER. These MHD instabilities lead
to the loss of the plasma thermal energy and current on the millisecond timescale. Large electric fields created
by the plasma current quench can accelerate several MA of runaway electrons (RE) up to 20 MeV. The
influence of the full-metal JET ITER-Like Wall (JET-ILW) on RE is thus a key question for future all-metal
PFC machines. Experiments at JET have shown that even though RE are very rare in spontaneous disruptions,
they can still be generated during disruptions with fast current quenches induced by argon massive gas
injections. The operational domain where runaways appear under those conditions is similar to what it was in
carbon wall (JET-C). Hard X-ray spectra show energies up to 10 MeV. Although the boundary location is
similar, the runaway generation might be larger in JET-ILW than JET-C inside the domain with higher
currents in JET-ILW with like-to-like plasma parameters. Temperatures of up to 900°C have been observed on
PFC following beam impact.
Disruptions can also generate excessive heat loads on plasma facing components (PFC) and electromagnetic
forces in the machine structures due to halo and eddy currents. Massive Gas Injection (MGI) is presently one
of the most promising techniques to mitigate both these effects by radiating away the plasma energy.
However, the fraction of energy radiated by MGI at high plasma thermal content as well as the radiation
peaking are key questions to ensure good extrapolability of the method to larger tokamaks. Recent
experiments at JET-ILW have confirmed that the fraction of the total energy radiated decreases with
increasing thermal energy content down to 70% for 10%/90% D2/Ar mixtures. Injections on plasmas with or
without a locked mode already present also show different radiation peaking pattern. This suggests that
toroidal asymmetries might be strong in case of injections in an already developing disruption.
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Radial Localization of Alfven Eigenmodes and Zonal Field Generation
LIN, Zhihong 1

1 UC Irvine

In the well-accepted and widely-exercised paradigm, the Alfven eigenmode (AE) growth rate can be
calculated from a perturbative energetic particle (EP) contribution to a fixed mode structure and real
frequency given by MHD properties of thermal plasmas. However, our studies show that accurate prediction
of the AE growth rate requires non-perturbative, self-consistent simulations to calculate the true mode
structures. GTC gyrokinetic particle simulations of DIII-D discharge #142111 near 525ms find a radial
localization of the toroidal Alfven eigenmode (TAE) due to the the modification of the MHD mode structure,
i.e., non-perturbative EP contribution. The EP-driven TAE has a radial mode width much smaller than that
predicted by the MHD code NOVA. The TAE radial position peaks at and moves with the location of the
strongest EP pressure gradients. Experimental data confirms that the eigenfunction drifts quickly outward in
the radial direction. The EP contribution also breaks the radial symmetry of the ballooning mode structure
and induces a dependence of the TAE frequency on the toroidal mode number, in excellent agreement with
the experimental measurements. The radial localization could have profound implications on the EP transport.
GTC nonlinear simulation of the TAE in DIII-D discharge #142111 near 525ms finds that zonal fields are
driven by TAE mode coupling (passive generation). The collisionless skin-depth effects suppress the
modulational instability. The growth rate of the zonal fields is twice of the TAE growth rate, consistent with
earlier MHD-gyrokinetic hybrid simulations. A threshold of the TAE amplitude for driving the zonal fields is
also observed. The effects of the zonal fields on the TAE nonlinear saturation are weak. GTC nonlinear
simulations of beta-induced Alfven eigenmode (BAE) show that the mode frequency has a fast chirping
associated with the oscillation of the mode amplitude. Localized zonal fields with a negative value around the
mode rational surface are generated by BAE. In the weakly driven case, the zonal fields with a strong geodesic
acoustic mode (GAM) component have weak effects on the BAE evolution. In the strongly driven case, the
zonal fields are dominated by a more significant zero frequency component and have stronger effects on the
BAE dynamics.
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Response of Ion and Electron Temperatures, Electron Density and
Toroidal Rotation to Electron Cyclotron Heating in JT-60U
Dr. YOSHIDA, Maiko 1

1 Japan Atomic Energy Agency

Temporal and spatial responses of the electron and ion temperatures (Te and Ti), the electron density (ne), and
the toroidal rotation velocity (Vφ) with electron cyclotron heating (ECH) have been clarified for the first time
with fast measurements in positive shear (PS) H-mode plasmas, weak shear (WS) plasmas with internal
transport barriers (ITBs) and reversed shear (RS) plasmas with ITBs on JT-60U. We have found that: (i) Ion
temperature inside the steep Ti gradient decreases with ECH after the Te increase in PS and WS plasmas. The
Ti reduction can be avoided with a large Vφ shear (dVφ/dr) that easily forms in RS plasmas. (ii) Electron
density with peaked ne profile decreases with ECH after the Te increase. (iii) Counter intrinsic rotation is
generated after the Te increase and increases with the Te increase. Time scale of the Vφ change is much
longer than that of the Te increase [1]. The observations in the ne, Ti and Vφ in PS plasmas are consistently
explained by theoretical models and gyrokinetic (GK) calculations.
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Integrated Discharge Scenario for High-Temperature Helical Plasma on
LHD
Prof. NAGAOKA, Kenichi 1

1 National Institute for Fusion Science

Study of high-temperature plasma is a key for realizing helical fusion reactor, because helical plasmas have
good confinement properties in high density regime and a significant advantage in steady state operation.
Recently, after the last IAEA-FEC 2012, discharge scenarios for high-temperature helical plasma have been
developed in LHD.
An ion ITB was formed in neutral beam injected (NBI) plasmas with wall conditioning and carbon pellet
injection. It was observed with a newly installed high-dynamic-range Balmer-alpha spectroscopy that the wall
conditioning reduced the neutral density even in the core plasma. The ion heat transport in the ion ITB core is
further improved due to reduction of charge exchange loss of fast ions. The carbon pellet injection also
enhances the ion ITB formation and enlarges the width of ion ITB. Repetitive helium discharges with duration
over 10s were carried out more than 30 times with electron cyclotron heating (ECH) and ion cyclotron heating
(ICH) for wall recycling, and central ion temperature of 8keV was achieved with enhanced ion ITB formation.
An ion ITB and an electron ITB were successfully combined with application of localized on-axis ECH to ion
ITB with wall recycling and carbon pellet injection, and T_e0~T_i0~6keV were achieved. The width of ion ITB
is larger than that of electron ITB. The scale length of temperature gradients for ion and electron, R/L_Ti and
R/L_Te, are over 10, indicating simultaneous improvement of ion and electron heat transports. The positive
radial electric field was observed in the combined ITBs plasma, while the ion ITB in NBI plasma was formed
with negative electric field. The ion temperature gradient at the barrier is observed to decrease with the local
temperature ratio (T_e/T_i). It is noted that the improvement of ion heat transport was attributable to the
reduction of anomalous transport [1], and it does not depend so much on the radial electric field, but on the
temperature ratio (T_e/T_i). As a result of this dependence, the combination of the wide ion ITB and the
narrow electron ITB is realized.
This study demonstrated that the profile control is a key to combine ion ITB and electron ITB and have a
potential to improve the performance of helical plasmas.

[1] H. Takahashi et al., Nuclear Fusion. 53 (2013) 073034.
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Heavy Impurity Transport in the Core of JET Plasmas
Dr. VALISA, Marco 1

1 Consorzo RFX

In the context of the investigations on JET of the effects of an ITER-like wall on the plasma performance, this
contribution presents a comprehensive picture of the W transport in the core of JET H-mode plasmas with up
to 2.5 MA of plasma current, based on a successful agreement between experiment, interpretative simulations
and theoretical predictions. The main outcome is that W is particularly sensitive to neoclassical transport,
which is affected by any type of poloidal asymmetry and in particular largely enhanced by centrifugal effects.
In presence of peaked density profiles and insufficiently peaked ion temperature profiles, the neoclassic
inward pinch leads to W accumulation in the core and in extreme cases to a premature discharge termination.
Only around mid-radius, turbulent outward convection competes with neoclassical transport. MHD activity
may hamper or speed up the accumulation process depending on circumstances. The path towards W
accumulation is described in details for a representative 2 MA hybrid discharge in which the W behavior
follows closely the evolution of the electron density profile. Neoclassical and linear gyro-kinetic calculations
of W transport closely reproduce both a 2D interpretive W density diagnostics based on the tomographic
inversions of SXR signals and the interpretive simulations of a 1D impurity transport code (JETTO/SANCO.
Ion Cyclotron Resonance Heating in the plasma center flattens the electron density profile and peaks the ion
temperature profile and represents a means to reverse the neoclassical convection. Evidence of such flow
reversal has been obtained by injecting Mo and analyzing the transient behavior of the impurity, which allows
the deconvolution of convective and diffusive transport terms. This confirms analogous results of impurity
out-flushing by central ICRH found in other experiments and in JET plasmas with carbon wall.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Toroidal Rotation Profile Structure in L- and H-Mode KSTAR Plasmas
Dr. SHI, Yuejiang 1

1 National Fusion Research Institute

We report the results of L- and H-mode toroidal rotation experiments in KSTAR. Both NBI and ECH with
varying resonance conditions were used for the heating mix and turbulence population control. The
experimental results show that ECH causes a counter-current rotation increment both in L- and H-mode
plasmas. In the H-mode case, the rotation profiles are flattened by on-axis ECH with a clear pivot point inside
the pedestal and on-axis ECH can produce larger counter-current rotation than the off-axis ECH. There is no
pivot point observed in rotation profiles for ECH in L-mode plasma. These KSTAR results suggest that toroidal
rotation profiles are determined by an interplay of i) a co-current NBI torque, ii) a pedestal intrinsic torque,
which is notable in H-mode plasma and insignificant in L-mode plasma, iii) a core intrinsic torque, which can
become counter-current with ECH. We hypothesize here that the change of the core intrinsic torque with
ECH is due to a transition from a state of ITG turbulence to CTEM turbulence, and thus a change in the sign
of the turbulence-driven residual stress. For H-mode plasma, linear gyrokinetic analyses suggest that the
steepening of ∇Te and density peaking are two important mechanism for ITG→TEM transition. For L-mode
plasmas, gyrokinetic analyses indicate that off-axis ECH causes the excitation of TEM at r/a=0.5, while on-axis
ECH can excite TEM at core region only (r/a=0.25). TEM at r/a=0.5 is stronger than TEM at r/a=0.25 within
the framework of linear growth rate. This stronger TEM excitation in the off-axis ECH can be understood as a
consequence of increased trapped particle population as the ECH resonance location moves to radially
outward direction. The momentum transport coefficients i.e. diffusivity and convection velocity were
investigated with modulation ECH experiments in KSTAR. An inward pinch was found with the perturbation
method. More detailed gyrokinetic analysis of micro-instabilities will be presented for varying ECH deposition
locations and target plasmas. Also, we will perform nonlinear gyrokinetic simulations to calculate Te
fluctuation spectra and compare them with ECEI fluctuation measurements. Combining transport analysis
and the nonlinear simulations, we will identify the role of the non-diffusive stress component in the formation
of global rotation profile.
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A Long-Pulse H-Mode Regime with a New Coherent Mode Providing
Continuous Transport across Pedestal in EAST
Dr. XU, Guosheng 1

1 Institute of Plasma Physics, Chinese Academy of Sciences

A long-pulse H-mode regime with a record pulse length over 30 s has been achieved in the EAST
superconducting tokamak, sustained by RF heating and current drive with advanced lithium wall coating,
exhibiting a good global confinement quality with H_98y2 ~ 0.9. The H-mode plasmas are either ELM-free or
mixed with irregular small ELMs. A new electrostatic edge coherent mode (ECM) is present continuously
throughout the long-pulse H-mode discharges in the steep-gradient pedestal region, near the local electron
diamagnetic frequency (20-90 kHz), propagating in the electron diamagnetic drift direction in the plasma
frame. A significant fraction of the particle and heat exhaust across the pedestal is driven by the ECM, as
demonstrated, for the first time, by direct probing the ECM-driven radial fluxes inside the separatrix using a
new diamond-coated reciprocating probe array, which is essential for achieving steady state without large
ELMs. In addition, the 2D structures of the ECM were examined with a unique, newly developed dual gas puff
imaging (GPI) system, which has two view areas, up-down symmetrically about the midplane, showing
strongly tilted ballooning mode structure and a poloidal wavelength of ~ 8 cm, corresponding to a poloidal
mode number m > 50 and a toroidal mode number n = 16-19. The ECM is a predominantly electrostatic mode
with rather small magnetic component, deltaB/B_p ~ 1*10^-4, as detected by small magnetic coils mounted on
the reciprocating probe at the ECM location. Simulations have been performed using GYRO eigenvalue solver
and GS2 initial value code in a flux tube domain near the peak gradient region of the EAST pedestal, which
indicate that the dissipative trapped electron mode (DTEM) is the dominant mode with characteristics
consistent with those of the ECM. Preliminary results from GTC simulation also indicate that TEM is the most
unstable mode under these circumstances. In addition, the ECM has been observed with the
central-line-averaged density, n_e = 1.9-5*10^19 m^-3 (n_e/n_GW = 0.28-0.7) in the experiments,
corresponding to a collisionality, nu*_e = 0.5-5, evaluated at the top of pedestal, which is the same
collisionality range where DTEM is active. These results may open a new avenue towards steady-state
H-mode operations with a stationary pedestal as maintained by benign electrostatic microinstabilities rather
than large ELMs.
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Compatibility of High Performance Operation with JET ILW
Dr. NUNES, Isabel Maria 1

1 IPFN/IST

As reported in the FEC 2012, operation with a Be/W wall at JET has had an impact on plasma confinement
and scenario development relative to the carbon wall. The main differences observed were a degradation of
confinement for low betaN scenarios (typically H98~0.8) and W accumulation in the plasma core at low
fuelling gas. In order to develop high performance plasmas in DD and ultimately in DT, subsequent effort has
been focused on understanding and improving the energy confinement, control of W accumulation in the core
and robustness of the scenarios against disruptions.
To achieve high performance, a high betaN scenario with H98~1.3, safety factor of 3.6~4, betaN>2.5 and
tailored q profile and a low betaN scenario, H98~1, safety factor of 2.6~3, betaN~1.8-2 with fully diffused
current profile are being developed. These scenarios operate at plasma currents up to 4.5MA and toroidal
magnetic fields up to 3.8T. Both scenarios achieve similar values of neutron yield, although the high betaN
scenario achieves it at lower plasma current values in quasi-stationary plasmas. To improve confinement
whilst controlling the W accumulation, gas fuelling, ICRH for central heating, position of the strike points and
increase of additional power are used.
Divertor heat load control is obtained by either sweeping the strike points or by impurity injection. Cooling
by N2 has been demonstrated and scenarios with Ne or Ar injection are being developed. Disruption forces
are approximately a factor 2 larger than with a JET-C wall and the use of massive gas injection has proven
effective in mitigating forces and avoiding melting.
The confinement studies will be extended to high plasma current and performance in terms of edge pedestal
parameters, betaN and power above the power threshold for the L-H transition and compared to previous
results in JET-C and previous rho star scaling. Extrapolations to DT will be presented.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. IST activities also received financial support from “Fundação para a Ciência e
Tecnologia” through project Pest-OE/SADG/LA0010/2013. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.
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Improved Confinement in JET High Beta Plasmas with an ITER-like Wall
Dr. CHALLIS, Clive 1

1 Culham Centre for Fusion Energy

The replacement of the JET carbon wall (C-wall) by a Be/W ITER-like wall (ILW) has affected plasma
confinement by the direct effect of wall materials on key plasma parameters and by the impact of operational
techniques necessary to avoid damage to plasma facing components. To investigate the effect of changing wall
materials on energy confinement scaling, experiments have been performed with both the C-wall and ILW to
vary the heating power over a wide range with two different plasma shapes, spanning the beta-N domain
between the ITER baseline ELMy H-mode (beta-N less than 2) and hybrid plasmas (beta-N up to 3). With the
ILW the power degradation of thermal energy confinement was found to be weak; much weaker than the
IPB98(y,2) scaling. This is consistent with the observation of higher H98 in the hybrid domain (typically
1.2-1.3 at beta-N close to 3) compared with baseline plasmas (typically 0.7-1.0 with beta-N=1.5-2.0) seen in the
wider JET database. This weak power degradation of confinement, which was also seen in the C-wall
experiments at low triangularity, is mainly due to increased edge pedestal pressure and core density peaking
at high power. By contrast, the high triangularity C-wall plasmas exhibited elevated H98 over a wide power
range with strong, IPB98(y,2)-like, power degradation. This strong power degradation of confinement appears
to be linked to an increase in the source of neutral particles from the wall as the power increased. The loss of
the improved confinement domain at low power with the ILW may be partly due to operational factors such
as higher gas fuelling and increased distance between the outer divertor strike-point and the cryopump. But
plasma radiation from the plasma core was also higher with the ILW, and other experiments with nitrogen
seeding suggest that plasma composition may also play a role. The results presented in this paper show that
the choice of wall materials can strongly affect core plasma performance, even changing confinement scalings
that are relied upon for extrapolation to future devices.

This work was part-funded by the RCUK Energy Programme and by EURATOM and carried out within the
framework of the European Fusion Development Agreement. The views and opinions expressed herein do not
necessarily reflect those of the European Commission
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Progress in Preparing Scenarios for ITER Operation
Dr. SIPS, Adrianus 1

1 EFDA-JET

In recent years, dedicated experiments and coordinated scenario simulations, initiated by the Integrated
Operation Scenarios Topical Group of the ITPA, have significantly advanced the preparation of ITER
operation. This contribution will review the progress made.
Plasma formation studies report robust plasma breakdown in devices with metal walls over a wide range of
conditions, while other experiments use an inclined EC launch angle at plasma formation to mimic the
conditions in ITER. For H-modes at q95~3 many experiments have demonstrated operation with scaled
parameters for the ITER baseline scenario at ne/nGW~0.85. Most experiments, however, obtain stable
discharges at H98(y,2)~1.0 only for βN=2.0-2.2. During the current rise, a range of plasma inductance (li(3))
can be obtained from 0.65 to 1.0, with the lowest values obtained in H-mode operation. For the rampdown, the
plasma should stay diverted and maintain H-mode. For an ohmic rampdown a reduction of the elongation
from 1.85 to 1.4 would minimise the increase in plasma inductance from 0.8 to 1.3-1.4.
Simulations show that the proposed rampup and rampdown schemes developed since 2007 are compatible
with the present ITER design for the poloidal field coils. ITER scenario preparation in hydrogen and helium
requires high input power (>50MW). H-mode operation in helium may be possible at input powers above
35MW at a toroidal field of 2.65T, for studying H-modes and ELM mitigation. In hydrogen, H-mode operation
is expected to be marginal, even at 2.65T with 60 MW of input power.
For a hybrid scenario at 12 MA the code simulations give a range for Q = 6.5 – 8.3, using 30MW NBI and
20MW ICRH. For non-inductive operation at 7 – 9 MA the simulation results show more variation. At high
edge pedestal pressure (Tped ~ 7 keV) the codes predict Q = 3.3 – 3.8 using 33 MW NB, 20 MW EC and 20 MW
IC. Simulations using a lower edge pedestal temperature (~ 3 keV) but improved core confinement obtain Q =
5 – 6.5, when ECCD is concentrated at mid-radius and ~20 MW off-axis current drive (ECCD or LHCD) is
added.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Development of the Q=10 Scenario for ITER on ASDEX Upgrade (AUG)
Dr. SCHWEINZER, Josef 1

1 IPP Garching

In ITER, H-mode operation at 15MA and q=3 is planned to achieve 500MW fusion power at Q=10 in
D-T-mixtures. This so-called ITER baseline (BL) scenario is characterized by normalized parameters for
plasma density fGW=0.85, energy confinement H=1 and betaN=1.8. A high triangularity shape has been
identified to be best suited to combine high density operation with good H-mode confinement.
Demonstration of this scenario in AUG requires central wave-heating to avoid core tungsten impurity
accumulation. This boundary condition limits the possible values for plasma-current and magnetic field to two
practical combinations for q=3 plasmas on AUG: (i) operation at 1.1MA/1.8T using ECRH in X3 mode and (ii)
1.2MA/2T using ICRH from two antennas with boron-coated protection limiter tiles. Such AUG discharges
have been explored and stationary behaviour has been obtained. Normalized parameters for confinement and
density come simultaneously close to the target values of 1 and 0.85, respectively, as long as betaN stays at
values 20% above the ITER target of 1.8. However, in the fully shaped flattop ELM-frequencies of 10 - 25 Hz
are typical as well as ELM-energies of 100 – 200 kJ which cause significant losses of 15 – 25% of the stored
energy. The observed large ELMs are intolerable in view of ITER. Therefore, three methods for ELM
mitigation were tried: (i) ELM pace making with pellets of different mass and frequency injected from the
HFS, (ii) application of magnetic perturbation coils and (iii) nitrogen seeding. Although these methods have
been successfully applied to other AUG scenarios, so far, none of these three methods led to a breakthrough in
the ITER BL demonstration discharges. Since the operation at q=3 and betaN < 2 turned out to be difficult in
particular with respect to the ELM behaviour, the idea came up to explore H-modes at lower plasma current
and higher safety factor which still fulfil the requirement of Q=10.
This paper will discuss the present status of ITER BL demonstration plasmas on AUG based on the 2012/13
data and will include the latest results of the 2014 AUG campaign which will focus on the extension of the
operational space of ELM mitigation techniques as well as on a slight shift of the scenario’s operational point
towards a potential less ‘difficult corner’ at 20% lower plasma-current and thus higher safety-factor.
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Indication of Bulk-Ion Heating by Energetic Particle Driven Geodesic
Acoustic Modes on LHD
Prof. OSAKABE, Masaki 1

1 National Institute for Fusion Science

Heating of bulk-ions by waves excited by energetic particles, such as fusion born alphas, was theoretically
pointed out in the past [1], but none of the experimental results related on this phenomena was reported. This
is the first report of experimental results indicating the increases of ion temperatures with Energetic-particle
driven Geodesic Acoustic Mode (EGAM) excitation.
On the Large Helical Device (LHD), ion temperature increase, which was evaluated from the low energy
neutral spectra, was observed with excitation of the EGAM for the first time. This phenomenon was observed
when the high energy Neutral Beam (NB) of ~170keV was injected into very low density plasmas below
~1x1018m-3 sustained by Electron Cyclotron Heating (ECH). In IAEA-FEC 2012, the excitation of the
instability and its identification as GAM were reported. In this report several possible mechanisms to explain
this phenomenon were discussed, i.e., (1) change of measured ion spectra due to the orbit topology change,
(2)increase of classical ion heating power by energetic particles, (3) enhancement of energy confinement
properties and (4) enhanced ion heating by the EGAM. Among them, it was found that the enhanced ion
heating by the mode activity was the most probable mechanism for this phenomenon. In addition to the
analyses, increase of effective ion temperatures was correlated with the time integrated power of the mode
amplitude.
These analysis suggests the existence of a new energy channel of bulk-ion heating by energetic particles
through the EGAM [2].

[1] N. J. Fisch and M. C. Herrmann: Nucl. Fusion 34 (1994) 1541.
[2] M. Sasaki, K. Itoh and S. Itoh: Plasma Phys. and Control. Fusion 53 (2011) 085017.
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Molecular Dynamics and Density Functional Simulations of Tungsten
Nanostructure Formation by Helium Plasma Irradiation
Dr. ITO, Atsushi 1

1 National Institute for Fusion Science

The tungsten nanostructure induced by helium plasma irradiation had been found by the experimental
researches for the plasma facing materials in fusion reactors. For the generation of the tungsten nanostructure,
it is concerned about the decrease of the maximum allowable heat load and the erosion by arcing on the
surface. To clear these problem, we had researched on the formation mechanisms of the tungsten
nanostructure by using molecular dynamics(MD), density functional theory(DFT), and any other simulation
methods.
The diffusion and agglomeration of helium in tungsten material were investigated by DFT calculation. As a
result, the binding energy of helium atoms at interstitial site is about 1.5 eV comparable to that at
mono-vacancy, about 2.5 eV[1]. This reason is that the electron density in the region around the interstitial
site trapping a noble gas atom decreases and then this region also becomes new trap site for the other noble
gas atoms[2]. The migration barrier energy of a helium atom in tungsten material is third part of that of a
hydrogen atom. Moreover, the migration barrier energies of helium dimer and trimer at an interstitial site are
much smaller than that of single helium atom. These facts imply that helium atoms can be spontaneously
agglomerated at interstitial site.
The nanostructure formation on the surface was calculated by MD using developed high accuracy potential
model[3]. According to our simulation result, the tungsten nanostructure formation proceeds as follows: The
growth of helium bubbles generated the foam structure of tungsten which means nano-walls separating the
helium bubbles. Simultaneously, the foam structure in the region close to the surface was lifted up by the
helium bubble swelling in the bulk region. Strictly speaking, the foam structure created by the MD is not
fuzzy fibered and then the MD is considered as early formation phase of tungsten nanostructure. We suggest
that the foam structure changes to porous structures due to the bursting of helium bubbles and it can
transform to the fuzzy structure by the surface diffusion.

[1] T. Tamura, R.Kobayashi, S.Ogata, A.M.Ito, Modelling Simul. Mater. Sci. Eng. 22 (2014) 015002.
[2] A. Takayama, A. M. Ito, S. Saito, N. Ohno, H. Nakamura, Jpn. J. Appl. Phys. 52 (2013) 01AL03.
[3] A. M. Ito, Y. Yoshimoto, S. Saito, A. Takayama, H. Nakamura, Phys. Scr. in Press.
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Design Concept of K-DEMO for Near-Term Implementation
Dr. KIM, Keeman 1

1 National Fusion Research Institute

Korean Fusion Energy Development Promotion Law (FEDPL) was enacted in 2007 to promote a long-term
cooperative fusion research and development among participating industries, universities and research
institutes. As a following step, a conceptual design study for a steady-state Korean fusion demonstration
reactor (K-DEMO) has been initiated in 2012. The conceptual design activity will continue to the end of 2021
and the finish of the construction is planned to be completed by the end of 2037.
One special concept discussed of K-DEMO is a two-staged development plan. At first, K-DEMO is designed
not only to demonstrate a net electricity generation (Q_eng > 1) and a self-sustained tritium cycle (Tritium
breeding ratio, TBR > 1.05), but also to be used as a component test facility. Then, at its second stage, a major
upgrade is carried out by replacing in-vessel components in order to show a net electric generation on the
order of 500 MWe. After the thorough 0-D system analysis, the major radius and minor radius are chosen to
be 6.8 m and 2.1 m, respectively, considering practical engineering feasibilities. In order to minimize the
deflection of wave and maximize the efficiency, a top launch high frequency (> 200 GHz) electron cyclotron
current drive (ECCD) system is the main candidate for the current profile control and off-axis current drive of
K-DEMO. For matching the high frequency ECCD, a high magnetic field is required and it can be achieved by
using high performance Nb3Sn-based superconducting conductor currently being used in accelerator magnet
area and the peak magnetic field is approaching to 16 T with the magnetic field at the plasma center above 7
T. Pressurized water is the most prominent choice for the main coolant of K-DEMO when considering balance
of plant development details. Considering the plasma performance and the peak heat flux in the divertor
system, a double-null divertor system becomes the reference choice of K-DEMO. For a high availability
operation, K-DEMO incorporates a vertical maintenance design.
A design concept and radial builds for K-DEMO considering a vertical maintenance scheme are presented
together with preliminary design parameters.
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Non-Linear MHD Simulations for ITER & Non-Linear MHD Modelling of
Edge Localized Modes and their Interaction with Resonant Magnetic
Perturbations in Rotating Plasmas
Dr. HUIJSMANS, Guido 1; Dr. BECOULET, Marina 2

1 ITER Organization
2 IRFM/CEA

A 
Validation of MHD models and MHD simulations on current experiments is needed to provide a physics basis 
for the application of these models to ITER. This paper describes the progress made towards validation in the 
area of the stability of the H-mode edge pedestal and ELM control. 
ELM control: pellet pacing 
The injection of pellets is one of the methods foreseen to control ELM energy losses and power fluxes in ITER. 
Previous non-linear MHD simulations using the JOREK code of pacing pellets in DIII-D have shown that the 
minimum pellet size for an ELM trigger is correlated with the 3D pressure perturbation created by the pellet. 
This has been extended to the simulation of pacing pellets injected in JET. The simulation domain including 
the divertor allows simulation of a full pellet triggered ELM cycle. The simulated ELM size is found to depend 
on the pedestal properties of the target plasma. The divertor heat load shows a n=1 asymmetry for low field 
side injection (as observed experimentally). The paper will discuss the dependence of the power deposition 
asymmetry on the injection geometry and the consequences for ITER. 
ELM control: QH-mode 
Recently, DIII-D has made significant progress in the development of ELM free QH mode plasmas in an ITER 
relevant regime, using the RMP coils to control the rotation profile. To develop the physics basis for ITER, 
non-linear MHD simulations of DIII-D QH-mode plasmas have been performed. The JOREK code has been 
coupled with the STARWALL code for the resistive wall, vacuum and coils contributions. The influence of the 
rotation and rotation shear on the stability and saturation of the kink mode will be investigated and compared 
with DIII-D experiments. 
SOL MHD stability 
Observations of the SOL heat flux width of the inter-ELM scrape-off layer (SOL) for low density H-modes, 
show an inverse dependence on the poloidal field. Extrapolating to ITER results in a narrow SOL width of ~ 1 
mm. The MHD stability limits of the pedestal and SOL pressure profile have been analysed to evaluate 
whether MHD limits could prevent such narrow profiles. ITER scenarios with narrow SOL widths are found 
to be stable to infinite-n ballooning modes. The ballooning stability in the pedestal shows a higher (by ~40%) 
stability limit in the SOL compared to the pedestal. This indicates that the narrow SOL are consistent with 
MHD stability limits in ITER. 
 
 
B 
The intensive experimental and theoretical study of Edge Localized Modes (ELMs) and methods for their 
control has a great importance for ITER. The application of small external Resonant Magnetic Perturbations 
(RMPs) has been demonstrated to be efficient in ELM suppression/mitigation in present day tokamaks. RMPs 
are foreseen as one of the promising methods of ELM control in ITER. In the present work the dynamics of the 
full ELM cycle including both the linear and non-linear stages of the crash and the possible explanation of the 
mechanism of ELM mitigation by RMPs are presented based on the results of the multi-harmonics non-linear 
resistive MHD modeling using the JOREK code. These simulations are performed in the realistic tokamak 
geometry with the X-point and the Scrape-Off-Layer (SOL) with relevant plasma flows: toroidal rotation, the 
bi-fluid diamagnetic effects, and neoclassical poloidal friction. The introduction of flows in the modelling 
demonstrated a large number of new features in the physics of ELMs and their interaction with RMPs 
compared to previous results. 
The novelty of the present work consists firstly in the demonstration of non-linear MHD simulations with the 
diamagnetic effects the multi-cycle ELMy regimes. Secondly, the ELMs rotation on the linear stage 
(precursors) and on the non-linear stage (ELM filaments) were modeled. Finally for the first time ELMs 
mitigation by RMPs was demonstrated for realistic JET-like parameters. The peak power reaching the divertor 
is found to be reduced by a factor of ten by RMPs. Mitigated ELMs represent small relaxations due to the
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non-linearly driven modes coupled to the imposed n=2 RMPs.The divertor footprints of the mitigated ELMs
exhibit structures created by n=2 RMPs, however, slightly modulating them due to the presence of other
harmonics, feature observed in experiments.
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Simultaneous Measurement of the ELMs at Both High and Low Field Sides
and ELM Dynamics in ELM Crash-Free Period in KSTAR
Mr. PARK, Hyeon 1; CHOI, Minjun 2; DOMIER, C.W. 3; Prof. LUHMANN, JR., nevelle 3; Dr. XU, X.Q. 4; Mr. KIM, Minwoo 2; Mr. LEE,

Jaehyun 2; Prof. LEE, W. 2; Ms. LEE, J.E. 2; Prof. YUN, Gunsu 2; Dr. JEON, Y.M. 5; Dr. LEE, S.G. 5; Dr. YOON, S.W. 5

1 Republic of Korea
2 POSTECH
3 UCD
4 LLNL
5 NFRI

Corresponding Author: hyeonpark@unist.ac.kr

Following successful characterization of the growth, saturation and bursting process of the Edge Localized
Mode (ELM) [1] by a 2D/3D Electron Cyclotron Emission Imaging (ECEI) system in KSTAR H-mode plasmas,
the observed mode structure is verified via synthetic image reconstruction based on the BOUT++ code. In
successive KSTAR campaigns, a wide range of toroidal mode numbers (~4 < n < ~16) of the ELMs have
enabled the establishment of the relationship between the poloidal and toroidal mode numbers (m, n) through
the local magnetic shear (safety factor - q) (=nq). ELM dynamics observed simultaneously at both high and
low field sides revealed necessity of the Pfirsh-Schlüter flow, shear suppression of high n modes and
inconsistency in mode numbers suggested further study. In KSTAR campaigns, Magnetic Perturbation (MP)
coils with n=1 and n=2 structures successfully suppressed the ELMs. In the ELM suppressed period, persisting
mode structures accompanied with weak bursting behaviours were observed.
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Three-Dimensional MHD Analysis of Heliotron Plasma with RMP
Mr. ICHIGUCHI, Katsuji 1; Dr. SUZUKI, Yasuhiro 2; Dr. SATO, Masahiko 2; Dr. TODO, Yasushi 2; Prof. SAKAKIBARA, Satoru 2; Dr.

OHDACHI, Satoshi 2; Dr. NARUSHIMA, Yoshiro 2; Dr. CARRERAS, Benjamin 3

1 Japan
2 National Institute for Fusion Science
3 BACV Solutions Inc.

Corresponding Author: ichiguch@nifs.ac.jp

In the recent study of magnetically confined fusion plasmas, resonant magnetic perturbations (RMPs) are
studied from the viewpoint of the magnetohydrodynamics (MHD) stability against pressure driven modes,
because RMPs can locally change the pressure gradient. Particularly, in heliotrons, since pressure driven
modes are the most dangerous, the change of the pressure gradient can directly influence the global stability.
Here, the interaction between pressure driven modes and magnetic islands generated by an RMP is
numerically analyzed in a Large Helical Device (LHD) configuration with a high aspect ratio and magnetic
hill. For the MHD analysis of the RMP effects, an equilibrium with a pressure profile consistent with the
disturbed magnetic surfaces is necessary. To obtain such an equilibrium, we utilize the HINT2 code, which
finds a three-dimensional (3D) equilibrium without any assumption of the existence of nested surfaces. A
horizontally uniform RMP is applied and an m=1/n=1 magnetic island is generated in the equilibrium. The
pressure profile is deformed so that the gradient is smaller at the O-point than at the X-point. Next, the plasma
dynamics is examined with the MIPS code, which solves the full 3D MHD equations by following the time
evolution. In this LHD configuration, a typical interchange mode is the most unstable instability in the case
without the RMP. On the other hand, in the case with the RMP, because of the poloidal asymmetry of the
equilibrium pressure a ballooning type mode is the most unstable, with the mode structure localized around
the X-point. The mode can utilize the driving force most effectively by being localized around the steepest
pressure gradient point. In the nonlinear evolution of the mode, the pressure starts to collapse around the
X-point, and then, the collapse spreads to the core region. Therefore, the phase of the mode structure in the
poloidal and the toroidal directions is fixed to that of the island. Such fixed phase is observed in the LHD
experiments with a natural error field that works as an RMP. Further analysis for a wide range of parameters
will allow us to understand further the RMP effects on the pressure driven modes.
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Progress in Preparing Scenarios for ITER Operation
Mr. SIPS, Adrianus 1; Dr. GIRUZZI, Gerardo 2; Dr. IDE, Shunsuke 3; Dr. KESSEL, Charles 4; Dr. LUCE, Timothy C. 5; Dr. SNIPES, Joseph 6;

Dr. STOBER, Joerg 7

1 European Commission
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4 Princeton Plasma Physics Laboratory
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6 ITER Organization
7 IPP Garching

Corresponding Author: george.sips@jet.efda.org

In recent years, dedicated experiments and coordinated scenario simulations, initiated by the Integrated
Operation Scenarios Topical Group of the ITPA, have significantly advanced the preparation of ITER
operation. This contribution will review the progress made.
Plasma formation studies report robust plasma breakdown in devices with metal walls over a wide range of
conditions, while other experiments use an inclined EC launch angle at plasma formation to mimic the
conditions in ITER. For H-modes at q95~3 many experiments have demonstrated operation with scaled
parameters for the ITER baseline scenario at ne/nGW~0.85. Most experiments, however, obtain stable
discharges at H98(y,2)~1.0 only for βN=2.0-2.2. During the current rise, a range of plasma inductance (li(3))
can be obtained from 0.65 to 1.0, with the lowest values obtained in H-mode operation. For the rampdown, the
plasma should stay diverted and maintain H-mode. For an ohmic rampdown a reduction of the elongation
from 1.85 to 1.4 would minimise the increase in plasma inductance from 0.8 to 1.3-1.4.
Simulations show that the proposed rampup and rampdown schemes developed since 2007 are compatible
with the present ITER design for the poloidal field coils. ITER scenario preparation in hydrogen and helium
requires high input power (>50MW). H-mode operation in helium may be possible at input powers above
35MW at a toroidal field of 2.65T, for studying H-modes and ELM mitigation. In hydrogen, H-mode operation
is expected to be marginal, even at 2.65T with 60 MW of input power.
For a hybrid scenario at 12 MA the code simulations give a range for Q = 6.5 – 8.3, using 30MW NBI and
20MW ICRH. For non-inductive operation at 7 – 9 MA the simulation results show more variation. At high
edge pedestal pressure (Tped ~ 7 keV) the codes predict Q = 3.3 – 3.8 using 33 MW NB, 20 MW EC and 20 MW
IC. Simulations using a lower edge pedestal temperature (~ 3 keV) but improved core confinement obtain Q =
5 – 6.5, when ECCD is concentrated at mid-radius and ~20 MW off-axis current drive (ECCD or LHCD) is
added.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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As reported in the FEC 2012, operation with a Be/W wall at JET has had an impact on plasma confinement
and scenario development relative to the carbon wall. The main differences observed were a degradation of
confinement for low betaN scenarios (typically H98~0.8) and W accumulation in the plasma core at low
fuelling gas. In order to develop high performance plasmas in DD and ultimately in DT, subsequent effort has
been focused on understanding and improving the energy confinement, control of W accumulation in the core
and robustness of the scenarios against disruptions.
To achieve high performance, a high betaN scenario with H98~1.3, safety factor of 3.6~4, betaN>2.5 and
tailored q profile and a low betaN scenario, H98~1, safety factor of 2.6~3, betaN~1.8-2 with fully diffused
current profile are being developed. These scenarios operate at plasma currents up to 4.5MA and toroidal
magnetic fields up to 3.8T. Both scenarios achieve similar values of neutron yield, although the high betaN
scenario achieves it at lower plasma current values in quasi-stationary plasmas. To improve confinement
whilst controlling the W accumulation, gas fuelling, ICRH for central heating, position of the strike points and
increase of additional power are used.
Divertor heat load control is obtained by either sweeping the strike points or by impurity injection. Cooling
by N2 has been demonstrated and scenarios with Ne or Ar injection are being developed. Disruption forces
are approximately a factor 2 larger than with a JET-C wall and the use of massive gas injection has proven
effective in mitigating forces and avoiding melting.
The confinement studies will be extended to high plasma current and performance in terms of edge pedestal
parameters, betaN and power above the power threshold for the L-H transition and compared to previous
results in JET-C and previous rho star scaling. Extrapolations to DT will be presented.

This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. IST activities also received financial support from “Fundação para a Ciência e
Tecnologia” through project Pest-OE/SADG/LA0010/2013. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.
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The replacement of the JET carbon wall (C-wall) by a Be/W ITER-like wall (ILW) has affected plasma
confinement by the direct effect of wall materials on key plasma parameters and by the impact of operational
techniques necessary to avoid damage to plasma facing components. To investigate the effect of changing wall
materials on energy confinement scaling, experiments have been performed with both the C-wall and ILW to
vary the heating power over a wide range with two different plasma shapes, spanning the beta-N domain
between the ITER baseline ELMy H-mode (beta-N less than 2) and hybrid plasmas (beta-N up to 3). With the
ILW the power degradation of thermal energy confinement was found to be weak; much weaker than the
IPB98(y,2) scaling. This is consistent with the observation of higher H98 in the hybrid domain (typically
1.2-1.3 at beta-N close to 3) compared with baseline plasmas (typically 0.7-1.0 with beta-N=1.5-2.0) seen in the
wider JET database. This weak power degradation of confinement, which was also seen in the C-wall
experiments at low triangularity, is mainly due to increased edge pedestal pressure and core density peaking
at high power. By contrast, the high triangularity C-wall plasmas exhibited elevated H98 over a wide power
range with strong, IPB98(y,2)-like, power degradation. This strong power degradation of confinement appears
to be linked to an increase in the source of neutral particles from the wall as the power increased. The loss of
the improved confinement domain at low power with the ILW may be partly due to operational factors such
as higher gas fuelling and increased distance between the outer divertor strike-point and the cryopump. But
plasma radiation from the plasma core was also higher with the ILW, and other experiments with nitrogen
seeding suggest that plasma composition may also play a role. The results presented in this paper show that
the choice of wall materials can strongly affect core plasma performance, even changing confinement scalings
that are relied upon for extrapolation to future devices.

This work was part-funded by the RCUK Energy Programme and by EURATOM and carried out within the
framework of the European Fusion Development Agreement. The views and opinions expressed herein do not
necessarily reflect those of the European Commission
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Study of high-temperature plasma is a key for realizing helical fusion reactor, because helical plasmas have
good confinement properties in high density regime and a significant advantage in steady state operation.
Recently, after the last IAEA-FEC 2012, discharge scenarios for high-temperature helical plasma have been
developed in LHD.
An ion ITB was formed in neutral beam injected (NBI) plasmas with wall conditioning and carbon pellet
injection. It was observed with a newly installed high-dynamic-range Balmer-alpha spectroscopy that the wall
conditioning reduced the neutral density even in the core plasma. The ion heat transport in the ion ITB core is
further improved due to reduction of charge exchange loss of fast ions. The carbon pellet injection also
enhances the ion ITB formation and enlarges the width of ion ITB. Repetitive helium discharges with duration
over 10s were carried out more than 30 times with electron cyclotron heating (ECH) and ion cyclotron heating
(ICH) for wall recycling, and central ion temperature of 8keV was achieved with enhanced ion ITB formation.
An ion ITB and an electron ITB were successfully combined with application of localized on-axis ECH to ion
ITB with wall recycling and carbon pellet injection, and T_e0~T_i0~6keV were achieved. The width of ion ITB
is larger than that of electron ITB. The scale length of temperature gradients for ion and electron, R/L_Ti and
R/L_Te, are over 10, indicating simultaneous improvement of ion and electron heat transports. The positive
radial electric field was observed in the combined ITBs plasma, while the ion ITB in NBI plasma was formed
with negative electric field. The ion temperature gradient at the barrier is observed to decrease with the local
temperature ratio (T_e/T_i). It is noted that the improvement of ion heat transport was attributable to the
reduction of anomalous transport [1], and it does not depend so much on the radial electric field, but on the
temperature ratio (T_e/T_i). As a result of this dependence, the combination of the wide ion ITB and the
narrow electron ITB is realized.
This study demonstrated that the profile control is a key to combine ion ITB and electron ITB and have a
potential to improve the performance of helical plasmas.

[1] H. Takahashi et al., Nuclear Fusion. 53 (2013) 073034.
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Development of the Q=10 Scenario for ITER on ASDEX Upgrade (AUG)
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In ITER, H-mode operation at 15MA and q=3 is planned to achieve 500MW fusion power at Q=10 in
D-T-mixtures. This so-called ITER baseline (BL) scenario is characterized by normalized parameters for
plasma density fGW=0.85, energy confinement H=1 and betaN=1.8. A high triangularity shape has been
identified to be best suited to combine high density operation with good H-mode confinement.
Demonstration of this scenario in AUG requires central wave-heating to avoid core tungsten impurity
accumulation. This boundary condition limits the possible values for plasma-current and magnetic field to two
practical combinations for q=3 plasmas on AUG: (i) operation at 1.1MA/1.8T using ECRH in X3 mode and (ii)
1.2MA/2T using ICRH from two antennas with boron-coated protection limiter tiles. Such AUG discharges
have been explored and stationary behaviour has been obtained. Normalized parameters for confinement and
density come simultaneously close to the target values of 1 and 0.85, respectively, as long as betaN stays at
values 20% above the ITER target of 1.8. However, in the fully shaped flattop ELM-frequencies of 10 - 25 Hz
are typical as well as ELM-energies of 100 – 200 kJ which cause significant losses of 15 – 25% of the stored
energy. The observed large ELMs are intolerable in view of ITER. Therefore, three methods for ELM
mitigation were tried: (i) ELM pace making with pellets of different mass and frequency injected from the
HFS, (ii) application of magnetic perturbation coils and (iii) nitrogen seeding. Although these methods have
been successfully applied to other AUG scenarios, so far, none of these three methods led to a breakthrough in
the ITER BL demonstration discharges. Since the operation at q=3 and betaN < 2 turned out to be difficult in
particular with respect to the ELM behaviour, the idea came up to explore H-modes at lower plasma current
and higher safety factor which still fulfil the requirement of Q=10.
This paper will discuss the present status of ITER BL demonstration plasmas on AUG based on the 2012/13
data and will include the latest results of the 2014 AUG campaign which will focus on the extension of the
operational space of ELM mitigation techniques as well as on a slight shift of the scenario’s operational point
towards a potential less ‘difficult corner’ at 20% lower plasma-current and thus higher safety-factor.
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A Long-Pulse H-Mode Regime with a New Coherent Mode Providing
Continuous Transport across Pedestal in EAST
Mr. XU, Guosheng 1; Mr. WANG, Huiqian 2; Dr. DING, Siye 3; Dr. WAN, Baonian 3; Prof. GUO, Houyang 3; XU, Xueqiao 4; Dr. WANG,

Eric 4; Dr. BRAVENEC, Ron 5; Prof. XIAO, Yong 6; Prof. LI, Jiangang 3

1 China
2 Institute of Plasma Physics,Chinese Academy of Sciences
3 Institute of Plasma Physics, Chinese Academy of Sciences
4 Lawrence Livermore National Laboratory
5 Fourth State Research, 503 Lockhart Dr., Austin, Texas 78704-4335, USA
6 Institute for Fusion Theory and Simulation, Zhejiang University

Corresponding Author: gsxu@ipp.ac.cn

A long-pulse H-mode regime with a record pulse length over 30 s has been achieved in the EAST
superconducting tokamak, sustained by RF heating and current drive with advanced lithium wall coating,
exhibiting a good global confinement quality with H_98y2 ~ 0.9. The H-mode plasmas are either ELM-free or
mixed with irregular small ELMs. A new electrostatic edge coherent mode (ECM) is present continuously
throughout the long-pulse H-mode discharges in the steep-gradient pedestal region, near the local electron
diamagnetic frequency (20-90 kHz), propagating in the electron diamagnetic drift direction in the plasma
frame. A significant fraction of the particle and heat exhaust across the pedestal is driven by the ECM, as
demonstrated, for the first time, by direct probing the ECM-driven radial fluxes inside the separatrix using a
new diamond-coated reciprocating probe array, which is essential for achieving steady state without large
ELMs. In addition, the 2D structures of the ECM were examined with a unique, newly developed dual gas puff
imaging (GPI) system, which has two view areas, up-down symmetrically about the midplane, showing
strongly tilted ballooning mode structure and a poloidal wavelength of ~ 8 cm, corresponding to a poloidal
mode number m > 50 and a toroidal mode number n = 16-19. The ECM is a predominantly electrostatic mode
with rather small magnetic component, deltaB/B_p ~ 1*10^-4, as detected by small magnetic coils mounted on
the reciprocating probe at the ECM location. Simulations have been performed using GYRO eigenvalue solver
and GS2 initial value code in a flux tube domain near the peak gradient region of the EAST pedestal, which
indicate that the dissipative trapped electron mode (DTEM) is the dominant mode with characteristics
consistent with those of the ECM. Preliminary results from GTC simulation also indicate that TEM is the most
unstable mode under these circumstances. In addition, the ECM has been observed with the
central-line-averaged density, n_e = 1.9-5*10^19 m^-3 (n_e/n_GW = 0.28-0.7) in the experiments,
corresponding to a collisionality, nu*_e = 0.5-5, evaluated at the top of pedestal, which is the same
collisionality range where DTEM is active. These results may open a new avenue towards steady-state
H-mode operations with a stationary pedestal as maintained by benign electrostatic microinstabilities rather
than large ELMs.
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Recent understanding of the L-H transition phenomena developed a possible explanation that a gas-induced
density profile change can trigger a “Stimulated edge transport barrier (ETB)” state, which can be used to
reduce the required power threshold relative to the known power threshold scalings for standard fueling.
Experimental investigations on these stimulated transitions were carried in KSTAR using an SMBI (supersonic
molecular beam injection) system. Available edge profile measurements show that the SMBI drives a localized
edge density increase, accompanied by strong edge cooling. The density gradient driven by SMBI is not as
steep as what is seen in the H-mode, but formed gradient is sustainable because it can alter the edge required
to enhance the particle confinement. Behavior induced by an SMBI strongly depends on the baseline density
of the plasma at the moment of injection. The known density rollover, nmin = 2.0e19 m-3 for KSTAR1, seems
to play a role as an important parameter.
The non-trivial “stimulated ETB” occurs only on the higher branch of Pthr vs ne in KSTAR. A reproducible
gas-stimulated ETB state occurs for a certain amount of SMBI particles with 30-50 percent reductions in the
total absorbed power (Pabs = Pinj – dW/dt - Prad). These stimulated transitions are always limited in
duration, but the transition state is sustained by repeated injections in the experiment.
A spatial-temporal evolution of the edge electron density/temperature is also obtained by KSTAR Thomson
scattering during the SMBI-stimulated ETB period. During that period, it is observed that the edge density
level decreases steadily, hence the corresponding electron pressure becomes lower. The electron temperature,
however, does not change much after the stimulated ETB is achieved (t > 6.52s).
A reduced model of the L→H transition has been used to study injection-stimulated transitions2. Results
demonstrate: 1) shallow injection is optimal, and superior to strong puffing, 2) transient improved
confinement states can be maintained by repetitive injection, 3) the principle means of accessing enhanced
confinement is via stronger edge ExB shear, 4) in contrast to standard transitions, a burst of zonal flow growth
does not lead stimulated transition events. Ongoing work is concerned with detailed comparison with
experiment.
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JT-60SA satellite tokamak is an experimental device, presently under construction, equipped with
superconducting Toroidal Field (TF) and Poloidal Field (PF) magnets, capable of confining high temperature
plasmas (current up to 5.5 MA) for 100 s [1]. The majority of the new power supplies are provided by Europe,
and the Italian National Research Council (CNR), acting through Consorzio RFX, contributes in particular
with two systems: the Quench Protection Circuits (QPC) for the superconducting (SC) magnets and the Power
Supply System for RWM control.
The function of QPCs is to conduct the coil current in normal operation and commutate it into a dump
resistor in case of quench or other faults by means of a dc Circuit Breaker (CB). In JT-60SA, the total number
of QPC units is 13: 3 for the TF circuit and 10 for the PF circuits. The nominal currents to be interrupted and
the maximum reapplied voltages are 25.7 kA and 2.8 kV for the TF QPCs and ±20 kA and ±5 kV for PF QPCs.
An R program has been carried out since 2007 to identify innovative solutions for the interruption of high dc
current, able to improve the maintainability and availability of the protection systems for SC magnets. An
advanced design was finally worked out for JT-60SA: it consists in a hybrid mechanical-static CB composed of
a ByPass Switch (BPS) for conducting the continuous current, in parallel to a Static Circuit Breaker (SCB)
based on Integrated Gate Commutated Thyristor (IGCT) for current interruption.
Dc circuit breakers based on this hybrid approach and at this level of power have never been realized before.
Moreover, the JT-60SA QPC represents the first application of this technology for protection of SC magnets in
fusion experiments. The contract for QPC procurement is now in a well advanced state: the final design was
approved in 2011, the qualification of the full scale prototype was completed in 2012 and the manufacturing
and routine testing of the units is being completed.
The paper will give an overview of the main R tasks for the development of this new technological approach,
which has been developed for fusion experiments but can also be suitable for different applications. Then, the
paper will describe in detail the progress and present status of the procurement of the JT-60SA QPCs, which
are expected to be delivered in Japan within 2014.
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The report describes and presents for the potential collaborators the MHD PbLi experimental facility at IPUL
designed for liquid metal blanket related investigations. As the key element of the facility the cryogen-free
magnet systems should be considered providing an up to 5T field in a D=30 cm and L=100 cm bore. Since a
water cooled heat shielding is installed working temperatures up to 500°C could be discussed. The
experimental facility includes a SS316L made loop, an EM pump and flowmeter, pressure gauges with a direct
electrical output, a system for measuring pressure drops along the channels, probes for registration of electric
potential variations on the channel walls, a data sampling system and a processor minimizing the measuring
errors, a system of thermal stabilization. In many relations the introduced MHD PbLi experimental facility at
IPUL should be considered as a step forward compared with similar existing facilities. This experimental
facility modification was used in experiments with the models of LLCB channel units typical to the Indian
blanket concept.
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The ohmic breakdown is the one of major methods to initiate the plasma in various devices. The electron
avalanche, the main mechanism of the ohmic breakdown, is well described by traditional Townsend
avalanche theory in the case of low pressure gas and simple slab geometry. The physical mechanism of the
ohmic breakdown process in the tokamak, however, is not fully understood yet due to time-varying complex
electromagnetic fields in toroidal geometry entirely different from the simple slab case. A deep understanding
of the ohmic breakdown physics is essential to design robust and optimal breakdown scenarios in tokamak
devices. Previous studies have focused on the qualities of the electromagnetic fields produced by external coil
systems and by eddy currents induced in the vacuum vessel based on the Townsend avalanche theory. The
avalanche phenomena during the breakdown, however, could be significantly affected by electric fields
induced in the plasma due to space charge accumulated in the device. In this research, a PIC(Particle In
Cell)-MCC(MonteCarlo Collision) code is developed to simulate the avalanche phenomena in the tokamak
considering the space-charge effect and various atomic physics. The developed code is applied to the
breakdown scenarios of tokamaks such as KSTAR and VEST tokamak. We found that the self-induced electric
fields play crucial roles by decreasing the plasma density growth rate and by enhancing the perpendicular
transport due to ExB drift. The space-charge effects newly observed in this research could be important clues
to a deeper understanding of unresolved issues of the ohmic breakdown in the tokamak.
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The project of the T-15 tokamak modernization is now starting to be implemented at the Kurchatov Institute.
The main objectives of the research program of the modernized T-15 are: steady-state operation; real time
plasma current and pressure control in order to increase ßN (Advanced Tokamak operation); analysis of Te/Ti
effect on the confinement properties; studies of the effects of Zonal flows on transport and confinement and
the role of the radial electric field Er in confinement; plasma turbulence studies; investigations of MHD effects
and disruptions; plasma edge physics; liquid lithium wall experiments; divertor optimization and first wall
materials investigations under reactor-like power load on the divertor plates.
To meet this challenges the new device should be equipped with state-of-art diagnostics, real time plasma
control, auxiliary heating and current drive systems. Therefore in the vacuum vessel design special attention
was placed on the convenience for the diagnostics and heating systems.
The paper will describe the design features and present construction status of the T-15 upgrade. The research
program foreseen for the initial operation phase will be discussed.
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In 2005, when the ITER site decision was made, the French Government decided to participate to the joint
Europe-Japan implementation of the so-call “Broader Approach Activities” (BA) in support of the ITER project
and DEMO activities. The BA comprises the ITER Satellite Tokamak Programme (STP) which consists in
upgrading the JT-60U machine into the largest fully superconducting and actively cooled D shaped Tokamak
JT-60SA before ITER, and in the participation to its scientific exploitation. The French commitments, in charge
of CEA as Voluntary Contributor (VC), are described in the Agreement of Collaboration (AoC). This report
synthetizes progress and status of the CEA contribution related to the Toroïdal Field Coils (TFC) procurement
which is 9 of the 18 TFCs, the whole supporting structures and the TFC Cold Test Facility (CTF). These last
two years, an extensive R program was defined and conducted, by CEA and industrial manufacturers to assess
both specifications, manufacturing processes and tooling qualifications for the manufacturing of key
components of the Toroïdal Magnetic Field System of JT-60SA that are TF coils and their supporting
structures. This program included the development of the TFC-CTF for performing the cryogenic test of the
TFC. After successful achievement of qualification mock-ups, the green light to begin the winding of the first
coils was given to the coils manufacturer. For the structures, after validation of the original design solutions,
the industrial contracts were signed and the components production was started. For the CTF after conceptual
design activities, the main components were ordered and delivered and their commissioning was started to be
ready in time for the first coils cryogenic tests. All these activities and results as well as the present status of
the related products are extensively described in this paper.
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The Ignitor Program maintains the objective of approaching D-T ignition conditions by incorporating
systematically advances in high magnetic field technology and in experiments on high density well confined
plasmas. Another objective is to chart the development of the high field line of experiments. Considering that
a detailed machine design has been carried out [1], a subset of the areas to be covered is: 1) Numerical
Simulations and Relevant Transport Theory. The machine parameters have been optimized so to allow a
programed combination of Ohmic heating, alpha-particle heating and ICRH to approach ignition. A transport
model [1] is formulated by which the effects of the (anomalous) current diffusion can be directly investigated
and in which the threshold power to access H-mode confinement can be significantly reduced when Z-eff is
low. 2) Plasma Disruptions and Sensors. In depth analyses have been carried out on the onset and
development of disruptions and the adopted control system with favorable conclusions. A diagnostic system
with innovative elements, such as a multipurpose Second-Harmonic-Interferometer and a sensoring function
for the onset of disruption, has been devised. 3) Nonlinear feedback control simulations with 3D structures. A
new tool (CarMa0NL [2]), describes the evolution of axisymmetric plasmas with three-dimensional
conducting structures. An upgrade of CarMa0NL, including the position-shape-current integrated feedback
controller has been used. 4) Superconducting components. The cables adopted for the largest poloidal field
coils involve about 300 MgB_2 multi-filamentary strands (each) of 1 mm in diameter and a copper tube for the
He-gas flow in the center with advanced design and electrical properties of these strands. 5) High Field
Superconducting Experiments. An important incentive for the analysis of high field superconducting
experiments is the realization that “hybrid” high fields magnets can be fabricated using two components:
MgB_2 for the “low” field outer part and a high temperature superconductor for the high field inner part. The
parameters of a superconducting compact machine capable of producing currents about 15 MA have been
identified.

[1] B. Coppi, A. Airoldi, R. Albanese, et al., Nucl. Fus. 53, 104013 (2013).
[2] F. Villone et al., Pl. Phys. Cont. Fus. 55, 095008 (2013).
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Conceptual design studies of the LHD-type helical fusion reactor, FFHR-d1, are progressing steadfastly. The
magnet system consists of a pair of helical coils (major radius 15.6 m) and two pairs of vertical field coils. A 3
GW fusion power generation requires a toroidal magnetic field of 4.7 T and the total stored magnetic energy
reaches 160 GJ. A conductor current of 94 kA is needed at the maximum magnetic field of 12 T. We select the
high-temperature superconducting (HTS) conductor as a plausible candidate owing to a number of
advantages, such as high cryogenic stability and excellent mechanical rigidity. Simple stacking of YBCO tapes
is proposed to fabricate a large-current capacity conductor with high mechanical strength. Formation of
non-uniform current distribution among HTS tapes having no transposition and twisting is allowed due to the
high cryogenic stability. An innovative winding method is proposed by connecting prefabricated
half-helical-pitch HTS conductors, which drastically facilitates the in-situ fabrication process compared with a
case of constructing a 50-m-diameter winding machine. A bridge-type mechanical lap joint is a viable
technique having a staircase-like structure to make face-to-face connection of YBCO surfaces. The joint
fabrication should be carried out by an industrial robot. The conductor has internal insulation around the
copper jacket. The outer stainless-steel jacket is welded between neighboring conductors to secure mechanical
rigidity of windings and to skip the vacuum pressure impregnation process that needs to raise the whole coil
temperature to 150 centigrade to fill gaps between windings by epoxy resin. The conductor surface is cooled
by gas helium through cooling channels formed on the stainless-steel jacket. A large-scale HTS conductor
sample with a 3-m length was fabricated using GdBCO tapes and successfully tested. The maximum current
reached 100 kA at 5.3 T and 20 K. A numerical simulation, solving the magnetic field and current density
profiles self-consistently among HTS tapes, shows good agreement between the measured and calculated
critical currents under a wide range of magnetic fields and temperatures. The joint resistance was evaluated to
be 2 nano-ohms, which assures that the Joule heating produced at 7,800 joints in the helical coils be cooled by
<5 MW of electricity in the cryoplant.
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Plasma
Dr. HONG, Suk-Ho 1; Mr. KIM, Kyung-Rae 2; Dr. KO, Won Ha 3

1 National Fusion Research Institute
2 University of science and technology
3 Korea, Republic of

Corresponding Author: sukhhong@nfri.re.kr

We present the in-vessel dust velocity distribution and its correlation with toroidal rotation of plasma. Main
diagnostic for the dust monitoring is visible CCD cameras and toroidal rotation of plasma is measured by
charge exchange spectroscopy (CES).
4129 dust trajectories (1237 dusts in 2010 campaign, 1821 dusts in 2011 campaign, 1071 dusts in 2012 campaign)
were analyzed. The dust velocity distributions in three campaigns are well described by lognormal
distribution function, and they are in a broad range from 7 to 461 m/s with the peaks at 30 m/s (2010), 34 m/s
(2011), and at 46 m/s (2012). This is related to the increase of NBI input power level, since most of KSTAR
plasmas are NBI driven ones. As the NBI input power increases (Ohmic, L-, and H-mode), the peak velocity
and the high velocity tail increase. It is found that the dust velocity is strongly correlated with normalized
stored energy (w/Ip), similar to the Rice scaling.
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Over the last few years much effort has been invested in modeling the complex geometry of divertor and
subdivertor region in tokamak fusion reactors. The main goal is the investigation of the impact of neutral gas
dynamics on the particle removal process, during operation. Depending on the plasma conditions, the neutral
gas flow starts from viscous regime above the dome and close to divertor targets and then covers transitional
and even free molecular regime in the subdivertor area. Consequently, a reliable estimate of the macroscopic
parameters in such a complex system requires a tool to describe the flow in the whole range of the Knudsen
number. Currently, the code, which is used in the JET activities on fluid edge plasma modeling, is the
EDGE2D-EIRENE, where the EDGE2D part consists of a 2D plasma fluid code, while the EIRENE part consists
of a 3D Monte-Carlo solver for neutrals, based on the BGK approximation. The standalone EIRENE code over
the years has been proven to work sufficiently in neutral modelling, but no qualitative and quantitative
comparison with a more complete neutral code has been performed. Consequently, the aim of this work is
twofold. First, it is focused on the numerical simulation of the neutral gas flow and the calculation of overall
quantities of practical interest i.e pressure, density, recirculation rates etc., inside the complex geometry of the
JET subdivertor by applying and comparing the standalone EIRENE and the DSMC algorithms. Second, for
validation purposes, both numerical approaches will be compared with existing JET ITER-Like Wall
experimental data for the neutral gas pressure in the subdivertor. The pressure measurements were obtained
with the KT5P gauge located at the end of the main vertical lower port of Octant 8. It is noted that the direct
comparison between the two approaches will be performed for the case of a 2D toroidally symmetric
simplified representation of subdivertor. The comparison will be focused on L-mode plasmas, which represent
low, medium and high neutral gas divertor densities respectively. Based on the detailed comparison, deficits
and advantages of each code will be outlined. This work was supported by EURATOM and carried out within
the framework of the European Fusion Development Agreement. The views and opinions expressed herein do
not necessarily reflect those of the European Commission.
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The Mega Amp Spherical Tokamak (MAST) is a centre piece of the UK fusion research programme. A MAST
Upgrade programme is under way with three primary objectives: 1) To develop reactor-relevant advanced
divertor concepts, in particular long leg and Super-X configurations; 2) Add to the knowledge base for ITER,
by addressing important plasma physics questions and developing predictive models to help optimise
performance of ITER; and 3) Explore the feasibility of using a spherical tokamak as the basis for a fusion
Component Test Facility; looking at start-up, current drive, steady state behaviour, exhaust, plasma
confinement, high beta operation and performance reliability.
To deliver this capability the load assembly is being comprehensively upgraded. Most of the design has been
completed and the project is now well into the manufacture / assembly phase. Many long lead time items
have now been delivered including the new Divertor Field Power Supplies, the new Toroidal Field Power
Supplies and a large number of the in-vessel coils.
Many new diagnostics are included in the upgrade; in particular magnetic diagnostics for real time plasma
position and shape control, as well as post pulse equilibrium reconstruction. The divertor has extensive
Langmuir probe coverage, bolometry arrays (and tomographic reconstruction), reciprocating probes
(magnetic, Langmuir probe, RFEA detector heads), Thomson scattering, coherence imaging for divertor flows,
imaging spectroscopy and infrared imaging. The extensive and high resolution diagnostics presently on MAST
will be retained and further diagnostics are intended.
Early research will focus on exhaust studies, specifically production and control of various divertor
configurations, physics of perpendicular and parallel transport, detachment formation and stability. The
programme will quickly expand to include advances in areas such as fast ion instabilities and core transport,
building on earlier research on MAST. In particular MAST Upgrade retains a powerful capability to study
pedestal and ELM physics. The closed divertor will lead to lower main chamber neutral densities; as a result
quantifying divertor closure, H-mode access and density-limits will be an early priority.

This work was part-funded by the RCUK Energy Programme and by the European Union's Horizon 2020
programme.
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The Wendelstein 7-X (W7-X) optimized stellarator is presently under final stage of assembly at the
Max-Planck-Institut für Plasmaphysik in Greifswald. The goal of W7-X is to verify that the advanced
stellarator magnetic confinement concept is a viable option for a fusion reactor.
The coil system consisting of 70 superconducting coils of seven different types is supported by a massive
central support structure (CSS), and thermally protected by the cryostat. The magnet system weight is borne
by supports which are bolted to the cold CSS. The CSS is supported by 10 so-called cryo-legs that penetrate
through the cryostat wall to the warm machine base. The design of the cryo-legs incorporates glass-reinforced
plastic tubes to guarantee relatively small thermal conductivity for low heat flux to the cryostat. In order to
ensure free thermal shrinkage of the magnet system and to reduce stresses in the cryo-legs, sliding and
rotating bearings are used as interfaces to the machine base. Tie rods between the machine base and the warm
ends of the cryo-legs prevent toroidal movements of the magnet system with respect to the torus axis, as well
as a horizontal shift due to any non-symmetric loads.
During assembly of the W7-X magnet system some important measurement results have been collected and
analyzed. In particular, the assembly of the magnet system introduced some imperfections in the vertical
position of the cryo-legs causing considerable additional internal stresses which were not considered during
the design stage. In addition, trim coils were installed at a later stage which were not planned originally when
the magnet structure was designed. The loads induced by them are not cyclic symmetrical, therefore, the
previously used method to analyze one magnet system module with periodical boundary conditions is not
applicable. Consequently, a model of the complete magnet system including all five modules was created and
analyzed with respect to the mentioned goal.
Fatigue analyses of the cryo-legst under the new cyclic loads applied on top of the approximately 100 t static
weight has been performed in order to evaluate the life time. The paper presents the progress in structural
analyses of the W7-X magnet system under the as-built conditions, loads due to the trim coil operation, and
results of the weight support life cycle analysis.
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The Globus-M spherical tokamak has demonstrated practically all of the project objectives. The main factor,
limiting further enhancement of plasma parameters, is the relatively low toroidal magnetic field. The
increasing of the magnetic field up to 1.0 T together with the plasma current up to 0.5 MA will entail serious
rise in loads on the magnetic system in the upgraded tokamak Globus-M2. Thereupon a review of the design
was developed. The vacuum vessel remains the same in order to reduce project cost. Results of the complete
3-D finite element model thermal and stress analysis are presented for the novel magnetic system. The
mechanical strength was enhanced significantly. Radius of the toroidal field coil outer limb was enlarged
slightly in order to reduce field ripples. The central column and the toroidal field coil joints were fully
redesigned. As far as Globus-M2 poloidal field coil positions did not changed with respect to Globus-M, it
allows keeping the full set of plasma magnetic configurations available in the existing machine. Final design
of the tokamak upgrade is discussed in the report as well as current status of the work.
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A high-β spheromak reactor concept called the dynomak has been designed with an overnight capital cost that
is competitive with conventional power sources. This reactor concept utilizes recently discovered
imposed-dynamo current drive (IDCD) and a molten salt (FLiBe) blanket system for first wall cooling, neutron
moderation and tritium breeding. Currently available materials and ITER developed cryogenic pumping
systems were implemented in this design from the basis of technological feasibility. A tritium breeding ratio
(TBR) of greater than 1.1 has been calculated using a Monte Carlo N-Particle (MCNP5) neutron transport
simulation. High temperature superconducting tapes (YBCO) were used for the equilibrium coil set,
substantially reducing the recirculating power fraction when compared to previous spheromak reactor studies.
Using zirconium hydride for neutron shielding, a limiting equilibrium coil lifetime of at least thirty full-power
years has been achieved. The primary FLiBe loop was coupled to a supercritical carbon dioxide Brayton cycle
due to attractive economics and high thermal efficiencies. With these advancements, an electrical output of
1000 MW from a thermal output of 2486 MW was achieved, yielding an overall plant efficiency of
approximately 40%.
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Mean apparent poloidal rotations of ion-scale density fluctuations in the laboratory frame were observed with
the microwave imaging reflectometer (MIR) system in KSTAR ohmic and neutral beam (NB) heated L-mode
plasmas. The estimated apparent poloidal velocities are 1-2 km/s at r/a ~ 0.5 in the electron diamagnetic
direction for ohmic plasmas, and 8-10 km/s at r/a ~ 0.6 and 5-6 km/s at r/a ~ 0.7 in the ion diamagnetic
direction for NB heated L-mode plasmas. For NB heated L-mode plasmas, the apparent poloidal velocities
often deviate from the poloidally projected toroidal velocities of carbon ions and the difference is 2-3 km/s.
Possible sources of the measured difference are under investigation including difference in toroidal velocity
between the carbon and main deuterium ions.
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MHD geometry sensibility phenomenon was accidentally measured while an experimental investigation of
MHD effect was conducting of the flow channel inserts (FCI) for liquid metal (LM) blanket system. Though
the geometry sensibility phenomenon (or called secondary flow MHD effect) is successfully used to
understand FCI duct flow behaviors, but, up to now, it is very little about secondary flow knowledge. To
understand secondary flow MHD effect and to try to reduce MHD pressure drop by this effect, four special
design experiments are carried out at the liquid metal experimental loop upgrade facility in southwestern
institute of physics, China. The experimental results (see FIG.1) indicate that MHD pressure drop can be
significantly reduced in the special designed ducts. And an innovation S-channel is addressed to reduce MHD
pressure drop and to propel LM blanket MHD engineering feasibility key issue study forward.
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Although tokamaks confine plasmas with an axisymmetric toroidal magnetic field, there is always a slight
non-axisymmetric magnetic perturbations (NAMPs) resulted from the misalignment of the toroidal magnetic
field coils or ripple error fields due to the finite number of toroidal magnetic field coils. NAMPs can also
appear due to MHD activities (internal kink modes, tearing modes, etc.) or external magnetic perturbations
such as resonant magnetic fields (RMPs), which can be applied for either active control or suppression of the
edge localized modes (ELMs) in H-mode plasmas. It is well known from several tokamak experiments that the
application of NAMPs or MHD activities can significantly slow down the plasma rotation. Strong braking of
the toroidal rotation by the externally applied n = 1 non-resonant magnetic perturbations has been frequently
observed in the KSTAR tokamak. Recent experiments in the KSTAR tokamak have shown that n = 2
non-resonant magnetic perturbations can also damp the toroidal rotation. In this paper, a comprehensive
investigation of the several experiments dedicated on the toroidal rotation braking by the external magnetic
perturbations is carried out. The braking torque due to the magnetic perturbations are determined from the
momentum transport equation with the measured toroidal rotation profiles by the charge exchange
spectroscopy and X-ray imaging crystal spectroscopy diagnostics of high temporal resolution up to 10 ms. The
neoclassical toroidal viscosity theory is considered to explain the magnetic braking of the toroidal rotation.
The dependencies of the magnetic braking torque on the plasma collisionality and rotation are also discussed.
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Wendelstein 7-X, currently under construction at the Max-Planck-Institut für Plasmaphysik in Greifswald,
Germany, is a continuation of the helical advanced stellarator line, with the final goal to demonstrate the
reactor capability of modular stellarators. The magnet system of the machine consists of 50 non-planar and 20
planar coils, which are arranged in five identical modules.
If the symmetry of the five magnet system modules is violated, magnetic field perturbations occur which lead
to uneven loads on the divertor targets and affect the plasma performance. Such perturbations are unavoidable
due to manufacturing and assembly tolerances as well as due to coil deformations during the assembly process
and machine operation.
In order to compensate for the impact of manufacturing and positioning errors, a step-by-step optimization of
the Wendelstein 7-X module positioning on the machine base was performed. It helped to avoid error field
accumulations during assembly and resulted in a significant reduction of the magnetic field perturbation as
well as in saving assembly time concerning possible readjustments.
In addition, finite element calculations were performed to evaluate the magnet system deformations during
machine operation, caused by asymmetries of the magnet system structure and its supports. Corresponding
magnetic field perturbations were assessed for cases where coils were deformed according to structural
analysis results and also for random deformations.
The sequential torus assembly procedure with removal of temporary supports after module positioning on the
machine base also leads to non-symmetrical coil deformations. This was simulated with finite element
methods for all 70 coils. Results of this analysis complement the full overview of relevant sources of magnetic
field perturbations in Wendelstein 7-X.
The paper summarizes all calculations performed for an evaluation of the Wendelstein 7-X magnetic field
perturbations, shows a comparative analysis for different sources of error fields and demonstrates that the
compromise between physical needs and engineering challenges can be successfully met with help of the
installed Wendelstein 7-X compensation tools (trim coils).
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This paper describes the pedestal characteristics during the Edge Localized Mode (ELM) mitigation by
Super-sonic Molecular Beam Injection (SMBI) on KSTAR. After SMBI, whose pressure and duration time are 1
MPa and 8 ms, respectively, the reductions in both amplitude and time interval of D_alpha signals indicate the
mitigation of type I-like ELM by SMBI. Despite the cold neutral gas injected by SMBI, the stored energy
(W_p) did not change by the injection event. The fractional changes in electron density (delta n_e/n_e) and
stored energy (delta W_p/W_p) by a single ELM burst and the change in H factor are small after SMBI. The
ELM frequency (f_ELM) was increased by a factor of 2 - 3 due to SMBI, on the other hand, the change in
f_ELM owing to the increase in the line-averaged electron density is only 8-15 %. The influence time, which is
the time length of ELM mitigation, was about 300 ms.
During the mitigated ELM phase by SMBI, both pedestal electron density gradient (nabla n_e^ped) and the
pedestal electron temperature (T_e^ped) were reduced. As a result, the pedestal electron pressure (P_e^ped)
and its gradient were decreased by about 50 %. According to a diffusive, bi-stable cellular automata model, the
key mechanism of ELM mitigation is that the controlled relaxation of the nabla P_e^ped changes large ELMs
to small ELMs. This prediction is qualitatively consistent with the experimental result and it suggests that the
modification of pedestal profiles by SMBI is closely related to the ELM mitigation.
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The power handling in the divertor is one of the most crucial issues for a fusion reactor design. In the previous
study of development of the power handling scenario for a compact DEMO reactor, SlimCS, further reduction
of the target heat load was required even in the case where more than 90% of the exhausted power from the
core plasma was radiated by the argon impurity gas seeding. In this paper, the impact of the impurity seeding
and the machine specifications on the power handling in the fusion reactor divertor has been investigated by
using an integrated divertor code SONIC. With decreasing the fusion power, the divertor plasma detachment
is extended and the target heat load decreases. The SONIC simulation found the operational regime, i.e., the
target heat load less than 6 MW/m2 for a tungsten mono-block divertor with a ferritic steel water-cooling
pipe, at the fusion power less than 2 GW. It is also found that the impurity radiation fraction on the exhausted
power can be reduced to 80% at the fusion power of 2 GW in the case of a copper-alloy water-cooling tube.
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The effect of the poloidal field structure on pre-ionization and start-up has been investigated with a special
focus on the trapped particle configuration in VEST (Versatile Experiment Spherical Torus), a spherical torus
recently built at Seoul National University. VEST is characterized by two partial solenoid coils installed at
both vertical ends of a center stack, which is intended to be used for the double null merging start-up
experiment. The pre-ionization using electron cyclotron heating (ECH) has been adopted for the reliable
start-up in many tokamaks including spherical torus devices. ECH has been also utilized for the initial plasma
start-up experiment of VEST and the radial profiles of plasma parameters are measured using triple Langmuir
probe to investigate the effect of poloidal field structure on pre-ionization and start-up. It was found that the
electron density increases larger than twofold with small amount of pressure driven current generated when
trapped particle configuration is applied. It is also found that the higher plasma current can be achieved under
trapped particle configuration with identical loop voltage compared with the case without trapped particle
configuration. Up to 40 kA of plasma current could be generated under the trapped particle configuration with
sufficiently lower volt-second than that required for the similar current level in field null configuration, which
indicates that this kind of structure can be utilized for the saving of volt-second consumption. Experiment
results under various magnetic field configurations with varying mirror ratio show that the poloidal field
structure with high mirror ratio can result in more efficient plasma start-up with lower loop voltage or ECH
power. This result can be utilized for optimal start-up scenario development of tokamaks requiring low loop
voltage such as ITER or of spherical torus with limited volts-seconds.

Work supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government
(MSIP) (No. 2008-0061900)
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The processes involving plasma-material interactions in magnetic fusion devices are very multifaceted and
include a wide spectrum of phenomena ranging from plasma recycling and transport of hydrogen species in
the wall material to the modification of wall properties, surface morphology, and dust formation which, being
ejected from the wall, can have crucial impact on plasma performance. Here we present the results of our
studies of some issues related to the plasma-material interactions: (i) modeling of the role of the first wall
outgassing on H-mode pedestal re-healing after the ELM crashes in DIII-D; (ii) transport of hydrogen (H)
species in co-deposits; (iii) hydrogen outgassing from tungsten (W) surface; (iv) an impact of W dust on ITER
plasma performance. We demonstrate that: (i) re-healing of particle content in H-mode pedestal after ELM
crash in DIII-D is completely determined by the outgassing of divertor plates; (ii) transport of H in co-deposits,
which are characterized by continues spectrum of traps, depending on the regime, can be described either by
non-linear or fractional diffusion equations; (iii) Molecular dynamic (MD) simulations of H desorption from
W surface show that the Tersoff potential for H-W interactions overestimates three-body interactions at
tungsten surface and should be adjusted to reproduce experimental features of hydrogen desorption as
molecules; (iv) Modeling of W dust injection into ITER shows that it can result in pronounced impact on both
core and edge plasma performance and W concentration at Ψnorm=0.95 reaches potentially dangerous level
~10-5 for the dust mass injection rate ~1 mg/s.
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its Effect on the LH Transition in KSTAR
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This paper describes the change of the rotation profiles driven by the sawtooth crashes and its effect on the
LH trasition in KSTAR. After sawtooth crashes, the basic features of a slowly rising central electron
temperature(Te) followed by a rapid drop in temperature have been frequently observed on many tokamaks
and the rise of the central toroidal rotation and ion temperature (Ti) have been measured in KSTAR tokamak.
The fluctuation of the core Ti and rotation correlated with sawtooth in Te profile from ECE in KSTAR.
The sawtooth oscillation in the Te of both core and edge region was shown and electron temperature slightly
increase independent of sawtooth growth because of transition in KSTAR. The neutral beam power was
insufficient to suppress sawtooth and it can trigger an L–H transition at substantially lower threshold power
than what is required without sawtooth [2]. The sawtooth duration of figure 1 has been extended to double
and it so called ‘double sawtooth’ and the double sawtooth is synchronized of LH transition on sawteeth cycle
as shown in TCV. It is investigated for sawtooth to play an important role in an LH transition on KSTAR.
The heat and momentum fluxes are changed before and after the sawtooth crash during LH transition The
transition enables to observe the heat and momentum fluxes changed because of the edge transport barrier as
shown in figure 3. This indicates that it is important to consider the power flow to the edge plasma due to a
sawtooth crash.
The sawtooth dynamics in detail was described comprehensively by 2D ECE imaging analysis during the
sawtooth crash and LH transition. The sawtooth dynamics and its physics will be further investigated
including the transition by assessing dependencies on q and core density profile from Thomson Scattering and
fast particle population and new experimental results will be included here.
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Direct measurements of residual stress (force) have been executed at the edge of the TEXTOR tokamak using
multi-tip Langmuir and Mach probes, together with counter-current NBI torque to balance the existing
toroidal rotation. Substantial residual stress and force have been observed at the plasma boundary, confirming
the existence of a finite residual stress as possible mechanisms to drive the intrinsic toroidal rotation. In
low-density discharges, the residual stress displays a quasi-linear dependence on the local pressure gradient,
consistent with theoretical predictions. At high-density shots the residual stress and torque are strongly
suppressed. The results show close correlation between the residual stress and the Er×B flow shear rate,
suggesting a minimum threshold of the ErxB flow shear required for the k// symmetry breaking. These
findings provide the first experimental evidence of the role of ErxB sheared flows in the development of
residual stresses and intrinsic rotation.
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Study of Type III ELMs in the KSTAR Tokamak
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In this paper, we report the characteristics of Type III ELM in KSTAR mostly focusing on the Type III ELM
regime after L-H transition. In the KSTAR tokamak, Type III ELMs are frequently observed after the transition
from L-mode to H-mode. The repetition frequency of the Type III ELMs is 200~1000 Hz. As the edge plasma
pressure increases, ELM-free regime occurs, which is followed by Type I ELM regime. Type III ELM regime at
the L-H transition occurs regardless of the input powers. A magnetic precursor oscillation observed before the
Type III ELM crash in the low field side midplane while ELM bursts are observed in all toroidal and poloidal
Mirnov coils. In this study, we perform the MHD stability analysis of the plasma edge with considering the
density perturbation.
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The realization of a wide variety of plasma shapes with varying plasma current density profiles places
challenging demands on the vertical control system. In particular the bootstrap current scales quadratically
with elongation at fixed normalized β_N = β_TaB_T/I_p where I_p is the plasma current, B_T is the toroidal
field, and β_T = P/(B_T^2/2μ_0) and P is the volume averaged plasma pressure. The plasma elongation is
controlled by the action of coils that generally act to produce a field shape with an index of curvature that is
closer to vertical instability as the elongation is increased. In devices such as KSTAR, EAST and ITER, the
superconducting coils are separated from the plasma by conducting structures that limit the plasma response
time to changes in the coil currents. Fast control of the plasma vertical motion, essential for stable operation at
high elongation and disruption avoidance, can be accomplished with coils internal to the vacuum vessel in
these devices. Shape control systems in tokamaks are generally based upon equilibrium analysis that does not
lend itself well to fast control and in particular cannot produce a reliable time derivative of the vertical
position. The simple analysis of standard integrated magnetic signals to produce a vertical position (z) signal
can be incapable of yielding a derivative term (dz/dt) that has sufficient signal-to-noise ratio to be adequate
for control. Employing the difference of up-down symmetric un-integrated voltage loops can provide better
signal to noise for dz/dt. The results of using the voltage loop-based sensors in the KSTAR and EAST fast
vertical control system in their upcoming runs will be presented. In particular, the efficacy of employing these
diagnostics in the fast control loop to achieve greater plasma elongation over a range of plasma internal
inductance will be examined.

This research was supported by U.S. DOE contract DE-AC02-09CH11466
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The term “double decker divertor” refers to a novel divertor concept in which the inboard leg of a single null
poloidal field divertor is pulled around the interior of the vacuum vessel to allow it to be treated as an
outboard leg. This topology reduces the inboard leg parallel heat flux by increasing the target radius, moving
the plasma wall interaction to an area of lower magnetic field. Both divertor legs are pulled outwards in major
radius to form a horizontal ‘double deck’. The volume of each divertor leg is further increased by passing the
divertor legs through regions of low poloidal field.
This class of strongly shaped field in the divertor region requires the placement of poloidal field coils within
the toroidal field coil cage. A semi monocoque structural design is proposed to hold six divertor coils within
the toroidal field coils of a reactor. Vertical coil loads of up to 35MN are transferred through a highly stressed
EUROFER skin wrapped around radial spars cantilevered inwards from the external structure. A boundary of
0.8m has been allowed around each coil for neutron shielding, thermal insulation and structural features.
A magnetic potential solver developed to provide a rapid indication of permissible positional errors, suggests a
tolerance on maximum vertical displacement of ±5mm.
A structural analysis of the radially symmetric cantilevers shows the design to be displacement limited with
maximum equivalent stress of ~100MPa in the 130mm thick skin. This value lies below the ~400MPa yield
limit for unirradiated EUROFER at 500°C.
Comparison of the magnetic parameters of the inner leg in the double-decker and conventional divertor
topologies is given. The double-decker shows significant potential improvements:- placement of the inner leg
target at an increased radius, R, reduces the magnitude of the magnetic field, |B|, at the target by a 30%, the
SOL volume, V, is increased almost 4-fold and the 3D connection length, L3D, is increased almost 2-fold
(taken from the equatorial low field side).

This work was funded by the RCUK Energy Programme under grant EP/I501045 and the European
Communities under the contract of Association between EURATOM and CCFE. The views and opinions
expressed herein do not necessarily reflect those of the European Commission.
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Experimental Results and Validation of Thermo-Mechanical Models Used
for the PREMUX Test Campaign, as Part of the Roadmap towards an
Out-of-Pile Testing of a Full Scale HCPB Breeder Unit Mock-up
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PREMUX is a key experiment in the roadmap for a full-scale test of a Helium Cooled Pebble Bed Breeder Unit
(HCPB BU) mock-up at the Karlsruhe Institute of Technology in Germany. This experiment reproduces a slice
of the BU corresponding to the most thermally loaded region of the Li4SiO4 pebble bed in the BU.
The experiment has 3 main goals: (1) to serve as a test rig to validate the feasibility of a new heater concept
designed for a future BU out-of-pile testing, (2) to be used as benchmark experiment to validate the different
finite element codes used for the thermo-mechanical performance assessment of the BU and (3) to evaluate the
thermal conductivity of the Li4SiO4 pebble bed. Additional tests have been performed to evaluate the
influence of the purge gas pressure in the temperature of the pebble bed and as a preliminary assessment of
the robustness of the BU against variations of the coolant mass flow.
The paper aims at reporting the results from the experimental campaign in PREMUX and presents the thermal
and thermo-mechanical finite element models implemented in ANSYS that are used for the assessment of the
thermo-mechanical performance of the HCPB BU. A benchmarking exercise using the experimental results of
PREMUX for the validation of these models is reported and discussed.
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A reversal of the intrinsic toroidal rotation at the core region has been observed in Ohmic plasmas of various
tokamaks as confinement characteristics changes from the low density linear Ohmic confinement (LOC)
regime to the saturated Ohmic confinement (SOC) regime. On the other hand, dedicated experiments on
KSTAR in search of this phenomenon have not exhibited any toroidal rotation reversal to date, while similar
behaviours in the core toroidal rotation dependency on density have been observed across the confinement
regime transition from LOC to SOC. We characterise common features of results from KSTAR by recognising
that the toroidal rotation at normalised radius around 0.6,so called the anchor point, acts as an effective
boundary value affecting the core rotation value. We found that the toroidal rotation at the anchor point plays
an important role to the core rotation reversal which exhibits strong correlation with the plasma current.
Momentum transport modelling considering diffusion, pinch, and residual stress reveals that the core toroidal
rotation reversal, for KSTAR plasma conditions, could occur even without sign-flip of the residual stress
appearing during the Ohmic confinement transition.
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The EU Fusion Roadmap foresees the development and construction of a DEMO reactor that will deliver
several 100s of MW of net electrical power starting from 2050. Although the EU breeding blanket programme
has a long history of more than 30 years, this ambitious goal presents a significant challenge. The breeding
blanket however will require a significant development R to cope with the challenges posed by the DEMO
environment. Although DEMO will not be an optimised machine and will not reach performances expected
for a first generation of fusion reactors, the gap between ITER and DEMO will be significant. The lifetime
neutron fluence of high energy neutrons will be about two orders of magnitude larger. This calls for a class of
structural materials not foreseen in ITER, in particular ferritic martensitic steels able to ensure an adequate life
time of the blanket reducing the impact of replacement time and hence increasing the plant availability. In
addition, this new class of materials should provide reduced activation characteristics to minimise drastically
the total amount of high-activated long-life wastes. The need to ensure T self-sufficiency requires the
integration in the blanket design of breeder and neutron multiplier materials, and to provide efficient systems
to extract the T produced and confine it to prevent safety hazards of reactor personnel and population. The
requirement of electricity production poses additional challenges to the blanket design and materials. Finally,
safety and licensing requirements for a nuclear power plant will impact the selection of blanket design
solutions, material choice and adopted technologies. In the present EU programme 4 breeding blanket
concepts are under investigation for the possible use in an EU DEMO reactor according to the EU Fusion
Roadmap. These blanket concepts are the two Helium cooled concepts tested in the European TBM
Programme in ITER, a solid and a liquid breeder concepts, a water cooled PbLi concepts and a dual coolant
He-PbLi concept. The adaptation of these blankets to the reference DEMO plant and the selection of the most
suitable concept will be the work over the next 7 years in the framework of the new EUROFusion Consortium.
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During 2013 KSTAR campaign, we conducted mixed non-axisymmetric (NA) field experiments to investigate
the effect of overlap between differently aligned NA fields by the field error correction coils. Locking and
error field (EF) penetration were induced by the torque imbalance between the intrinsic rotation and external
magnetic braking. Further increase of the n=1 EF resulted in minor disruption. As anticipated by the magnetic
braking effect, the stronger n=2 NA field case exhibited earlier EF penetration and locking. On the contrary to
the locking phenomena, subsequent minor disruption was delayed and even avoided by the stronger n=2 NA
field. The delay or avoidance of minor disruption has a dependence on the pitch of the n=2 NA field. Analysis
of the locked mode amplitude revealed that the n=2 NA field started to hinder the growth of n=1 locked mode
when the mode amplitude reached certain level. The starting level of the hindrance appears to rely on the n=2
NA field strength. More interestingly, the fast growth was recovered just before minor disruption. It seems
that there exists 2nd threshold of EF penetration related to the disruption phenomena like 1st threshold in the
locking phenomena. Nevertheless, the pure n=1 field case without n=2 field did not show clear change of the
growth rate after locking and just exhibited gradual increase of the locked mode towards the minor
disruption.
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For the Chinese Helium Cooled Ceramic Breeder Test Blanket Module (CN HCCB TBM) design, the tritium
breeder and the neutron multiplier are considered as two important functional materials to increase the
tritium breeding ratio (TBR) performance. Lithium Orthosilicate is selected as reference tritium breeder
material, and Beryllium is selected as neutron multiplier in the design. The main line of functional materials
research and development is based on the use of the functional materials in the form of pebble beds. This
paper will briefly introduce the current progress on Li4SiO4 pebbles and Beryllium pebbles.
The fabrication process for Lithium Orthosilicate pebbles by melt spraying method has been developed at
SWIP. The morphology and surface appearance of the different pebble batches are very similar. Preliminary
physical properties of pebbles were characterized. The effective thermal conductivity of Li4SiO4 pebble bed is
measured using a hot wire method. The packing fraction was ~ 60% using 1.0 mm diameter pebbles for the
single size pebble bed. Helium at atmospheric pressure was used as a filling gas. The effective conductivity
was measured as a function of temperature. The experimental results showed that the effective thermal
conductivity decreased with the increase of the average bed temperature. In the coming work, an independent
adjustment of temperature and deformation experimental apparatus will be designed and built to investigate
the thermal mechanical behavior of the beds.
The rotating electrode process (REP) has been adopted to produce beryllium pebbles for impurity control,
sharp particle size distributions and mass production. The different size beryllium pebbles have been
fabricated by controlling the arc current and velocity of the rotating electrode. The beryllium pebbles look
almost perfectly spherical with a very smooth external surface. Preliminary characterizations of beryllium
pebbles have been carried out. The plastic deformations of the pebbles have been measured and correlated
with the applied loads. The tested sample is not separated into many parts up to 2000N and only one big crack
parallel to the compressive force direction is observed. It is observed that the fracture properties of the
beryllium pebbles are not affected by pebble size.
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Current research is the first investigation of cyclic plasma-wall interaction with tungsten elements designed
for ITER divertor on Globus-M tokamak. The experiment is focusing on surface morphology, chemical
composition and structure of pre-melted (damaged) layers of tungsten after irradiation by electron beam and
plasma jet. The irradiated by the electron beam and plasma jet ITER - like tungsten mock-ups, were installed
at the outer strike point region of Globus-M lower divertor. Measurements of the SOL heat flux width in
ohmic and NBI-heated shots of Globus-M with open divertor magnetic configuration (Ip= 130-220 kA, Bt = 0.4
T, ne=(2-3)1019 m-3, Te= 400 - 700 eV, PNBI 600 kW) are presented. Results of the infrared camera and
probes are compared together and with results of simulations by means of the B2SOLPS5.3 code.
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This paper presents the first achievement of detachment from high temperature plasma equivalent to the SOL
plasma of tokamaks using a large tandem mirror device. In Plasma Research Center, University of Tsukuba,
we have started divertor simulation experiments at the end-cell of GAMMA 10/PDX (E-divertor) in order to
realize the divertor simulation closely resemble to actual divertor environment [1, 2].
The first experiment for realizing detached plasma state from the high-temperature plasmas has been
performed using H_2 and noble gas injection in the divertor simulation experimental module (D-module)
recently installed in the west end-cell of GAMMA 10/PDX. Here, the plasma with n_e ~2×10^18 m^-3 and
T_i// ~150 eV was produced with two ICRF waves (RF1 and RF2) in the upstream region (central-cell). The
highest electron density of 2.4×10^18 m^-3 was obtained by simultaneous injection of H_2 and Xe into
D-module. The particle and heat fluxes on the V-shaped target plate mounted in D-module were measured
and the dependence on the Ar plenum pressure was examined. As increasing the amount of injection gas, both
particle and heat fluxes continuously decrease. It is also observed that the electron temperature is drastically
reduced from few tens eV to ~3 eV due to the Ar injection. Furthermore, in the case with H_2 and Xe, the ion
flux was almost fully suppressed at the V-shaped corner. At the same time, 2-D image of Hα emission
captured with the fast camera showed the clear detachment of emission zone from the target plate. Above
results clearly show the evidence of plasma detachment in D-module.
Recently two antennas for additional ICRF heating (RF3) were installed in anchor cells in order to build up
both particle and heat fluxes at the end-cell. A remarkable increase of the plasma density and end-loss ion flux
is achieved during RF3. We evaluated the particle flux at the mirror exit by investigating correlation between
particle flux determined from the probe measurements near the mirror throat and the end-loss ion current
measured with end-loss ion energy analyzer (ELIEA). From this evaluation, the particle flux is estimated to be
1.7×10^23/m^2 s at the end-mirror exit.

[1] Y. Nakashima, et al., Fusion Eng. Design volume 85 issue 6 (2010) 956-962.
[2] Y. Nakashima, et al., Journal of Nuclear Materials 438 (2013) S738-S741.
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An investigation of toroidal rotation and momentum transport was carried out at KSTAR. The impurity
toroidal rotation has been observed in the core region from the Doppler shift of helium-like argon x-ray line
with various plasma discharges including a pure ohmic heating and neutral beam injection (NBI). In the
ohmic plasmas, the direction and magnitude of the core rotation strongly depends on the initial plasma
conditions during the plasma current ramp-up phase, and the measured ion thermal Mach number is
proportional to the normalized plasma pressure. In the NBI heated plasmas, the core toroidal rotation is
proportional to the ion temperature up to ~ 2.5 keV, and then it is saturated to ~ 250 km/sec with the ion
temperature up to 4 keV. This observation is under consideration with the NUBEAM simulations focusing on
the effects of the beam energy and momentum transport. This paper will describe the experimental results of
the toroidal rotation and momentum transport studies in the KSTAR device.
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The Fusion Research Group (GIF, Spanish acronyms) of the Autonomous University of Nuevo Leon (UANL,
Spanish acronyms) presents its advances into the toroidal coil testing bench system, toward the reinforcement
of the Tokamak Experimental Facility. This tokamak design has been beneficiated from the Mexican Public
Education Secretary (UANL-EXB-156), is a D-shaped Tokamak with the next main characteristics: major
radius 41 cm (R), minor radius 18.5 cm (a), aspect ratio 2.2162 (A), safety factor 1.9552 (q), plasma current 277
kA (Ip), toroidal field 1.3 T (Bt), electronic plasma density 2 - 3 x 10^13 cm^-3 (ne). The presented testing
bench platform objective is to evaluate the general systems involved into our D-shaped coil.
The present work shows our D-shaped toroidal coil testing bench, in which we present the results about the
final coil design and its electrical, control and storage systems which are used to input high currents on the
testing bench, also we describe the mechanical case design and simulations, the thermal considerations for
different test scenarios and the magnetic field produced by our toroidal coil design.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

541 



Poster 8 / 10
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Research program of the lithium divertor module at tokamak KTM includes the following tasks: study of
lithium behavior under tokamak’s condition and lithium influence on vacuum conditions; study of the
processes of plasma interaction with lithium surface; study of lithium influence on plasma parameters; and
study of the shielding effects of receiving divertor surface due to re-emitting on lithium. Module of lithium
divertor (MLD) on the base of capillary porous systems (CPS) of tokamak KTM (one of 24 tiles of standard
graphite divertor) is a box-like element with a channel for coolant flow (eutectic alloy Na-K) and a tank for
feeding the receiving surface with lithium. The planned energy flow on the lithium surface under nominal
parameters of tokamak KTM (up to 10 MW/m2) is a 700 kJ during 5s discharge. Currently, the KTM facility
can only be operated on the capacitors battery, since KTM standard power supply system is not fully
connected, thus the decision was made to carry out two consecutive stages of the experiments with uncooled
model of lithium divertor (first stage) and then with the cooled one. For the first stage an uncooled
(autonomous) module of lithium divertor was used, surface temperature was stabilized by means of heat
capacity of the structure with stainless steel-molybdenum heat accumulator; and heating up to the lithium
melting point is realized by electric heater. Thermal-hydraulic tests of the Na-K cooled model of lithium
divertor were conducted at the auxiliary test-bench, which was manufactured on the basis of standard
transport-sluice device of tokamak KTM. Initial temperature of lithium surface (200oC) and its stabilization at
the level of up to 550oC during plasma discharge was kept by the coolant flow; coolant temperature and
circulation parameters were regulated by the external system for thermo-stabilization (STS). Tests with Na-K
coolant proved operability of all the subsystems and elements of the thermo-stabilization systems during all
the course of the tests under temperature range from 20 to 200oC. The main results of KTM tokamak
experiments with uncooled and cooled MLD are presented in this paper. Future tasks were proposed for the
next stage of the KTM "Lithium" Program.
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In ITER (International Thermonuclear Experimental Reactor) several concepts of Test Blanket Modules
(TBMs) will be tested and verified, because the tritium breeding is a key issue in future burning plasma
machines, like, DEMO. The Helium Cooled Pebble Bed (HCPB) TBM, proposed by the European Union, will
use lithium orthosilicate pebbles with 2.5 wt% excess of silica as reference tritium breeding ceramic. However,
latest irradiation experiments showed that the reference pebbles may crack and form fragments under
operation conditions as expected in the HCPB TBM. Therefore it may be favorable to change the chemical
composition of the reference pebbles and to replace the excess of silica by titania to obtain lithium
metatitanate as a second phase.
However, to develop a new chemical composition for the tritium breeding ceramic, it is critical issue to
understand high-temperature radiolysis, i.e. radiation-induced chemical processes, microstructural changes
and phase transitions which will occur during irradiation at elevated temperature. Therefore, the aim of this
research was to investigate the high-temperature radiolysis of the modified lithium orthosilicate pebbles with
different contents of titania for the first time.
The high-temperature radiolysis was performed with accelerated electrons by a linear electron accelerator
ELU-4 (E=5 MeV) up to 5 GGy absorbed dose at 380-670 K in dry argon atmosphere. The formation of
radiation-induced defects (RD) and radiolysis products (RP) was analyzed by electron spin resonance (ESR)
spectroscopy. The phase transitions were detected by powder X-ray diffractometry (p-XRD) and Fourier
transform infrared (FT-IR) spectroscopy. The microstructural changes were investigated by scanning electron
microscopy (SEM).
After irradiation of up to 5 GGy absorbed dose at 380-670 K, no major changes in the p-XRD patterns and
FT-IR spectra of the modified lithium orthosilicate pebbles with additions of titania were observed. Using ESR
spectroscopy it has been determined that in the modified pebbles several paramagnetic species of RD and RP
are formed and accumulated. The obtained results indicate that by replacing the excess of silica with equal
amounts of titania, the total concentration of paramagnetic RD and RP in the modified pebbles decreases.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

543 



Poster 8 / 381

Progress toward Commissioning and Plasma Operation in NSTX-U
Mr. HEITZENROEDER, Philip 1; Dr. HOSEA, Joel 1; Dr. RAMAN, Roger 2; Mr. RAFTOPOULOS, Steve 1; Mr. RAMAKRISHNAN, Raki 1;

Mr. ROQUEMORE, Lane 1; Dr. SABBAGH, Steven 3; Mr. SCHNEIDER, Hans 1; Mr. SMITH, Mark 1; Dr. STRATTEN, Brently 1; Dr.

SOUKHANOVSKII, Vsevolod 4; Dr. TAYLOR, Gary 1; Mr. HATCHER, Ronald 1; Mr. TITUS, Peter 1; Ms. TRESEMER, Kelsey 1; Dr.

ZOLFAGHARI, Ali 1; Dr. ONO, Masayuki 1; Mr. JAMES, Chrzanowski 1; Mr. LAWRENCE, Dudek 1; Dr. GERHARDT, Stefan 5; Dr.

KAITA, Robert 6; Dr. MENARD, Jonathan 5; Mr. PERRY, Erik 1; Mr. JURCZYNSKI, Stephan 1; Mr. STEVENSON, Timothy 1; Mr. RONALD,

Strykowsky 1; Mr. VON HALLE, Alfred 1; Mr. WILLIAMS, Mike 1; Mr. ATNAFU, Newat 1; Mr. BLANCHARD, William 1; Mr. CROPPER,

Mark 1; Dr. DIALLO, Ahmed 7; Dr. GATES, David 7; Mr. ELLIS, Robert 1; Dr. KAYE, Stanley 8; Mr. ERICKSON, Keith 1; Mr. LABIK,

George 1; Mr. LAWON, John 1; Dr. LEBLANC, Benoit 1; Dr. MAINGI, Rajesh 9; Mr. NEUMEYER, Charles 1

1 PPPL/Princeton University
2 University of Washington
3 Columbia University
4 Lawrence Livermore National Laboratory
5 Princeton Plasma Physics Laboratory
6 PPPL Princeton University
7 PPPL
8 Princeton Plasma Physics Laboratory, Princeton University, Princeton NJ, 08543 USA
9 Oak Ridge National Laboratory

Corresponding Author: mono@pppl.gov

The National Spherical Torus Experiment - Upgrade (NSTX-U) is the most powerful spherical torus facility
being constructed at PPPL, Princeton USA. The NSTX-U project has entered the last phase of construction,
and preparation for plasma operations is now underway. The major mission of NSTX-U is to develop the
physics basis for an ST-based Fusion Nuclear Science Facility (FNSF). The ST-based FNSF has the promise of
achieving the high neutron fluence needed for reactor component testing with relatively modest tritium
consumption. At the same time, the unique operating regimes of NSTX-U can contribute to several important
issues in the physics of burning plasmas to optimize the performance of ITER. The NSTX-U program further
aims to determine the attractiveness of the compact ST for addressing key research needs on the path toward a
fusion demonstration power plant (DEMO). Enabled by key technology innovations, the upgrade will nearly
double the toroidal magnetic field BT, plasma current Ip, and NBI heating power compared to NSTX, and
increase the TF flat top pulse length from 1 s to 6.5 s. The new center stack will provide BT = 1 Tesla (T) at a
major radius of R0 = 0.93 m compared to 0.55 T at R0 = 0.85 m in NSTX, and will enable a plasma current Ip of
up to 2 mega-Amp (MA) for 5 sec compared to the 1 MA for 1 sec in NSTX. The anticipated plasma
performance enhancement is a quadrupling of the plasma stored energy and at least doubling of the plasma
confinement time, which would result in an order of magnitude increase in the fusion performance parameter
nτT. With BetaT ~ 25% at BT = 1T, the absolute average plasma pressure in NSTX-U could become comparable
to that of present-day tokamaks. A much more tangential 2nd NBI system, with 2-3 times higher current drive
efficiency compared to the 1st NBI system, is installed. NSTX-U is designed to attain the 100% non-inductive
operation needed for a compact FNSF design. With higher fields and heating powers, the NSTX-U plasma
collisionality will be reduced by a factor of 3-6 to help explore the trend in transport towards the low
collisionality FNSF regime. If the favorable trends observed on NSTX holds at low collisionality, high fusion
neutron fluences could be achievable in very compact ST devices. NSTX-U first plasma is planned for
November 2014, at which time the transition to plasma operation will occur.
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H-mode plasma operation of KSTAR has been expanded to reach the ideal MHD no-wall beta limit. The
closest approach to this limit has achieved high normalized beta, beta_N, up to 2.8 while reducing plasma
internal inductance, l_i, to near 0.7 exceeding the computed n = 1 ideal no-wall limit. The ratio of beta_N/l_i,
has reached 4 and the maximum plasma stored energy has exceeded 0.5 MJ. As a method to access the
ITER-relevant low plasma rotation regime, non-resonant alteration of the rotation profile by
non-axisymmetric magnetic fields has been demonstrated, enabling a study of the underlying neoclassical
toroidal viscosity (NTV) physics. Non-axisymmetric field spectra were applied using in-vessel control coils
(IVCCs) with varied n = 2 field spectra (by different combinations of upper/lower and middle IVCCs), electron
cyclotron heating, and supersonic molecular beam injection to alter the plasma rotation profile in high beta
H-mode plasmas and analyze their distinct effects on the rotation. The rotation profile was significantly
altered with rotation reduced by more than 60% using the full range of techniques used as measured by
several diagnostics without tearing activity or mode locking. To investigate the physical aspects of the
measured rotation braking by NTV, changes in the steady-state rotation profiles are analytically examined by
using the toroidal momentum balance equation in order to isolate the effect of the NTV. The NTV scaling with
delta B^2 shows good agreement with the measured profile change. The NTV coefficient scales as T_i^2.27, in
general agreement with the low collisionality ‘1/nu’ regime scaling of NTV theory. Determination of the
classical tearing stability index, Delta′, is a crucial foundation for analysis at high beta. The 2/1 tearing
stability in KSTAR is first quantified by using Delta′ calculated from the PEST-3 code. The stability
calculation is examined for a 2/1 mode residing at low beta where pressure driven effects are expected to be
small. The mode evolution is well described by the calculated Delta′. The robustness of the calculations is
tested by varying the q_0 constraint which results in a modest change in Delta′, however, the systematic
change in sign of Delta′ remains consistent with the measured mode behavior. The stability calculations using
the M3D-C1 code show qualitative agreement with Delta′ from PEST-3.
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The most distinctive feature of the superconducting magnet system for JT-60SA is the optimized coil structure
in terms of the space utilization as well as the highly accurate coil manufacturing as follows, thus meeting the
requirements for the steady-state tokamak research: A conceptually new outer inter-coil structure is
introduced to the toroidal field coils to realize their slender shape, allowing large-bore diagnostic ports for
detailed measurements; a method to minimize the manufacturing error of the equilibrium-field coils has been
established, aiming at the precise plasma shape/position control; a compact butt joint has been successfully
developed for the Central Solenoid, which allows to make the best use of the space for the Central Solenoid to
extend the duration of the plasma pulse.
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A DC glow discharge system is in preparation for ITER with primary aim to control impurities and particle
recycling. On the current design stage, GDC electrode will be integrated into a Diagnostic Port Plug (DPP) as
a part of the assembly. A Gap structure is used as electrical insulation among GDC electrode, DFW and DSM.
Whiletime, in order to avoid glow discharge generated by the cooling water pipes with high voltage in ITER
vacuum vessel and the low pressure gas around, electrical shielding is necessary.Therefore, they need Faraday
shielding to restrict the breakdown.
From prior test results and experiences, electrode with different gap structures (δ1-δ2-δ3) for electrical
insulation is designed. whilemean, in this test, stainless steel net with area 60x100mm2 and a 1x1mm2 mesh
size is fixed in surface of stainless case. The electrode is installed on SWIP GDC Test Bed. The test results are
given in this paper.
The aim is to test on He/H2 breakdown, discharge characteristics and heat load on electrode and to explore
the feasibility and reliability of electrical insulation of the gap.The present work provide basis for design of
ITER GDC in the future.
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In the paper is described new endoscopic visualization system of KTM tokamak which allows to observe
plasma through the long equatorial port. System has been designed to observe processes inside plasma and the
processes due to plasma-wall interactions.
Design of KTM's visualization system based on special image fiber bundle and entrance wide angle objective
lens, which allows to have image of large section of the vacuum chamber, both poloidal half cross section and
divertor through the long enough equatorial port. System also consists of two video cameras: slow and fast
with image intensifier.
In the design of the system had been used commercial available elements that has allowed reduce cost and
decrease time of the research and development.
In the paper advantage and disadvantage of the system in comparison with conventional endoscopes based on
a lens system, perspective of utilization this system on future tokamaks and future steady state fusion reactors
are discussed.
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An accurate method to estimate the tearing mode stability parameters, i.e. the classical stability index (Δ') and
the critical width for pressure flattening (w_c), has been developed based on electron cyclotron emission
imaging (ECEI) diagnostic in the KSTAR. The measured ECE images of tearing modes are compared with
synthetic images reconstructed from the tearing mode T_e model for the estimation. A good agreement
between the measurement and model has been obtained, and an accuracy of the estimation result is improved
with the 2-D high-resolution ECE images contrast to the 1-D data result. The observed tearing mode is found
to be classically stable (r_s Δ'=-1.633±1.265) but have a non-negligible neoclassical drive from the bootstrap
current loss (w_c/w ∼0.2).
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This paper describes a conceptual design of the density measurement system on the helical reactor FFHR-d1
based on its quantitative operation scenario.
One of the important plasma parameters which is used for plasma control is the line averaged electron density
on FFHR-d1. This is because the startup and the steady state plasma will be mainly operated by feedback
control of the line averaged electron density. From recent quantitative investigations of operation scenario in
FFHR-d1, the density resolution of the order of 10^17 m^-3 with a response time less than 10 ms is required. In
addition to that, the density measurement has to meet the reactor design. As for the interferometer, the
vibration isolation system, which is necessary for the usual interferometer, cannot be installed on FFHR-d1.
A possible system which can satisfy the requirements is a combination of a dispersion interferometer (DI) and
a polarimeter. The DI is a special interferometer which can cancel the vibration components by itself. Hence
the DI meets the reactor design and the immunity to the vibrations can also improve the density resolution.
The DI can suppress failures of fringe counting "fringe jump", which lead to uncontrollability of the density,
by fast sampling which reduces the phase shift less than one fringe between sampling intervals. Even when
the fringe jump occurs, a polarimeter, which measures the Faraday rotation, can correct the fringe number of
the DI. Although the density resolution of the polarimeter is not enough, there is no fringe jump. Hence the
combination can increase the reliability of the density measurement. The appropriate wavelength of the laser
source, vacuum windows, deposition mitigation for first mirrors are also investigated.
A prototype of the dispersion interferometer is installed on LHD, which can realize a demo relevant density
plasma. The achieved density resolution is 2×10^17 m^-3 with a response time of 30 microsecond. While the
fringe jump occurs in the existing FIR interferometer in the case of repetitive pellet injected discharges, the DI
can successfully measure without any jumps. In this way, the DI on LHD demonstrates the feasibility of the
density measurement with the dispersion interferometer, which satisfies the requirements from FFHR-d1. This
system is applicable not only to FFHR-d1 but also to other demo reactor designs.
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The enhanced-interlink system of experiment data and numerical simulation has been developed, and
successfully operated routinely in LHD. This system consists of analyzed diagnostic data, real-time coordinate
mapping, and I/O to numerical simulation. It has enabled automated data handling/transferring between
experiment and numerical simulation, to extensively perform experiment analyses. It can be considered as one
of prototypes for seamless data-centric approach for integrating experiment data and numerical
simulation/modellings in fusion experiment.
In large-scale fusion experiments and future reactors, it is crucial to establish reliable data-centric system to
perform data acquisition from many actuators/diagnostics, and to issue signals for controlling plasma
operation possibly along with relevant numerical analyses. In LHD, in order to systematically handle various
data acquired by different diagnostics, Analyzed Data Server was setup, and it has been functionally extended.
Now it has been successfully coupled to numerical simulation, TASK3D-a.
Numerical simulations for toroidal plasmas usually employ density and temperature profiles described in
averaged minor radius or flux functions. Therefore the conversion (so-called mapping) from real coordinates
to flux coordinate (or reff) is required to establish inter-linkage between experiment data and numerical
simulation. For this purpose, three-dimensional equilibrium database using VMEC was established. Based on
this database, the equilibrium mapping system called TSMAP (Thomson Scattering MAPping) was developed.
It searches for the best-fitted equilibrium so as to minimize the discrepancy between inward and outward side
of an electron temperature profile measured by the Thomson scattering system. In order to calculate the
profiles on the flux coordinate automatically, an automatic calculation system, AutoAna, was developed. It
provides the necessary data for numerical simulations soon after the experiment data is available.
Utilizing this system, experimental analyses by numerical simulations have been extensively progressed. The
author believe this data-centric approach for integrating experiment data and numerical
simulation/modellings contribute to not only LHD but other plasma fusion projects including DEMO reactor
in the future.
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A variety of helical structures such as dual or multiple flux tubes, distinct from the normal m=1 internal kink,
are commonly observed in sawtoothing plasmas in the KSTAR tokamak assisted by electron cyclotron heating
(ECH). Detailed 2D and quasi-3D images have shown that the dual flux tubes have m/n=1/1 helicity, co-rotate
around the magnetic axis, and later merge into a single m=1 mode prior to the crash. Similar evolution is
observed for the cases of triple or more flux tubes, where the mode helicity is ambiguous. A strong correlation
has been found between the ECH position and the mode structure. A reduced MHD simulation code with a
heuristic current source model has been developed to understand this correlation.

Work supported by NRF Korea under grant no. NRF-2009-0082507 and U.S. DoE under contract No.
DE-FG-02-99ER54531.
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R Status of Reduced Activation Ferritic/Martensitic Steel for CN TBM
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To provide structural material support for the design and fabrication of Chinese Helium-Cooled Ceramic
tritium Breeder test blanket module (CN HCCB TBM) as well as for China demonstration (DEMO), a kind of
Reduced Activation Ferritic/Martensitic (RAFM) steel named CLF-1 has been developed at Southwestern
Institute of Physics (SWIP) in China since 2003.
With the cooperation among domestic institutes and factories, a lot of products have been produced, including
5 ton plates with different thickness from 2mm to 35mm, welding fillers and different size of tubes/pipes,
which have totally fulfilled the needs for manufacturing small size mock-ups. Now a 1/3 size CN HCCB TBM
has been successfully manufactured. Compared with other RAFM steels, the CLF-1 steel has similar physical
properties and relatively higher tensile strength, especially the thermal creep properties. These advantages
may be resulted from its fully martensitic microstructure with fine and dispersed tiny carbides.
According to the structure design of CN HCCB TBM, a detailed R program on various joining technologies is
undergoing to support the design. Both electron beam welding (EB) and tungsten inert gas welding (TIG)
showed that preheating was not necessary but a post-welding heat treatment is essential for sound joint.
Currently these joining technologies are being applied for different size plates and for the joining of plates and
pipes to make the joining techniques applicable for TBM manufacturing.
A neutron irradiation campaign has been started in the high flux engineering test reactor (HFETR) in China.
In 2014 a target dose irradiation level will be about 1 dpa and the irradiation temperature is 300℃. The
irradiation experiments are aiming to provide the basic irradiation database required for fusion blanket
design, including the effects of neutron irradiation on the mechanical properties, microstructures and so on.
A qualification program of CLF-1 steel has been started at SWIP. In future, larger scale ingots of CLF-1steel
larger than 5 tons will be produced to provide material for the material qualification and TBM manufacturing
on the required scale. Various properties including more neutron irradiation properties will be measured to
sufficient data for specifying the design criteria.
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Non-Linear MHD Modelling of Edge Localized Modes and their
Interaction with Resonant Magnetic Perturbations in Rotating Plasmas
Dr. BECOULET, Marina 1; Mr. ORAIN, François 2; Dr. HUIJSMANS, Guido 3; Dr. PAMELA, Stanislas 4; Dr. KIRK, Andrew 5; Dr.
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The intensive experimental and theoretical study of Edge Localized Modes (ELMs) and methods for their
control has a great importance for ITER. The application of small external Resonant Magnetic Perturbations
(RMPs) has been demonstrated to be efficient in ELM suppression/mitigation in present day tokamaks. RMPs
are foreseen as one of the promising methods of ELM control in ITER. In the present work the dynamics of the
full ELM cycle including both the linear and non-linear stages of the crash and the possible explanation of the
mechanism of ELM mitigation by RMPs are presented based on the results of the multi-harmonics non-linear
resistive MHD modeling using the JOREK code. These simulations are performed in the realistic tokamak
geometry with the X-point and the Scrape-Off-Layer (SOL) with relevant plasma flows: toroidal rotation, the
bi-fluid diamagnetic effects, and neoclassical poloidal friction. The introduction of flows in the modelling
demonstrated a large number of new features in the physics of ELMs and their interaction with RMPs
compared to previous results.
The novelty of the present work consists firstly in the demonstration of non-linear MHD simulations with the
diamagnetic effects the multi-cycle ELMy regimes. Secondly, the ELMs rotation on the linear stage
(precursors) and on the non-linear stage (ELM filaments) were modeled. Finally for the first time ELMs
mitigation by RMPs was demonstrated for realistic JET-like parameters. The peak power reaching the divertor
is found to be reduced by a factor of ten by RMPs. Mitigated ELMs represent small relaxations due to the
non-linearly driven modes coupled to the imposed n=2 RMPs.The divertor footprints of the mitigated ELMs
exhibit structures created by n=2 RMPs, however, slightly modulating them due to the presence of other
harmonics, feature observed in experiments.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

552 



Poster 8 / 616

Non-Linear MHD Simulations for ITER
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Validation of MHD models and MHD simulations on current experiments is needed to provide a physics basis
for the application of these models to ITER. This paper describes the progress made towards validation in the
area of the stability of the H-mode edge pedestal and ELM control.
ELM control: pellet pacing
The injection of pellets is one of the methods foreseen to control ELM energy losses and power fluxes in ITER.
Previous non-linear MHD simulations using the JOREK code of pacing pellets in DIII-D have shown that the
minimum pellet size for an ELM trigger is correlated with the 3D pressure perturbation created by the pellet.
This has been extended to the simulation of pacing pellets injected in JET. The simulation domain including
the divertor allows simulation of a full pellet triggered ELM cycle. The simulated ELM size is found to depend
on the pedestal properties of the target plasma. The divertor heat load shows a n=1 asymmetry for low field
side injection (as observed experimentally). The paper will discuss the dependence of the power deposition
asymmetry on the injection geometry and the consequences for ITER.
ELM control: QH-mode
Recently, DIII-D has made significant progress in the development of ELM free QH mode plasmas in an ITER
relevant regime, using the RMP coils to control the rotation profile. To develop the physics basis for ITER,
non-linear MHD simulations of DIII-D QH-mode plasmas have been performed. The JOREK code has been
coupled with the STARWALL code for the resistive wall, vacuum and coils contributions. The influence of the
rotation and rotation shear on the stability and saturation of the kink mode will be investigated and compared
with DIII-D experiments.
SOL MHD stability
Observations of the SOL heat flux width of the inter-ELM scrape-off layer (SOL) for low density H-modes,
show an inverse dependence on the poloidal field. Extrapolating to ITER results in a narrow SOL width of ~ 1
mm. The MHD stability limits of the pedestal and SOL pressure profile have been analysed to evaluate
whether MHD limits could prevent such narrow profiles. ITER scenarios with narrow SOL widths are found
to be stable to infinite-n ballooning modes. The ballooning stability in the pedestal shows a higher (by ~40%)
stability limit in the SOL compared to the pedestal. This indicates that the narrow SOL are consistent with
MHD stability limits in ITER.
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The Isotope Effect in GAM – Turbulence Interplay and Anomalous
Transport in Tokamak
Dr. GURCHENKO, Alexey 1; Prof. GUSAKOV, Evgeniy 2; Mr. ALTUKHOV, Alexey 1; Mr. ESIPOV, Lev 1; Dr. KOUPRIENKO, Denis 1; Dr.

KANTOR, Michael 1; Dr. LASHKUL, Sergey 3; Dr. LEERINK, Susan 4; Mr. NISKALA, Paavo 4; Mr. PEREVALOV, Arthur 1

1 Ioffe Institute
2 Ioffe Physical-Technical Institute of Russian Academy of Science
3 Ioffe Physical Technical Institute,
4 Aalto University School of Science

Corresponding Author: temp777ab@mail.ru

The interaction between large-scale mean E×B flows, geodesic acoustic modes (GAM) and small-scale
drift-wave turbulence has been an important area of experimental research for anomalous transport of energy
and particles in toroidal plasmas during the last decade utilizing more and more sophisticated tools.
In this paper results of investigation of the interplay of GAMs and broadband drift wave turbulence of
different spatial scales performed in the FT-2 tokamak by the enhanced scattering (ES), Doppler reflectometry
and standard reflectometry as well as by global gyrokinetic modeling are presented.
The turbulence and GAMs local properties were investigated in hydrogen and deuterium regimes. A number
of important effects indicating the role of turbulence in GAM excitation, GAMs role in transport phenomena
and the mechanism GAMs control the turbulence and transport are presented and discussed.
A systematically larger level of GAMs amplitude in deuterium regime in comparison with hydrogen
accompanied by smaller level of the electron thermal diffusivity became the striking example of the isotope
effect. The weak influence of the GAM intermittency was observed both in H and D regimes in the small-scale
turbulence radial wave number spectra obtained by correlative ES diagnostic. On contrary, a strong
modulation of the large-scale turbulence level at the GAM frequency was found for the first time by
cross-method utilizing both ES and reflectometry techniques. The modulation of the total reflectometric
power and corresponding turbulence level by GAM was observed in the equatorial plane where the GAM
density component is absent. The turbulence modulation at the GAM frequency is also studied using the FT-2
global gyrokinetic modeling by ELMFIRE code.
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Current Status of Chinese Solid Tritium Breeder TBM
Prof. FENG, Kaiming 1
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China had promised to test its TBM modules during different ITER operation phase and have signed the CN
HCCB TBMA with ITER IO recently. Related design and R activities for each TBM modules with auxiliary
systems and interface with ITER facility were introduced. The preliminary conceptual design of CN HCCB
TBM has been completed while the design optimization is in progress. Basic characteristics and main design
parameters and technical characteristics of CN HCCB TBM are introduced briefly.
The neutron multiplier Be pebbles of kg-scale are fabricated by the Rotating Electrode Processing (REP). Be
alloy are prepared by powder metallurgical (PM) methods. Be pebbles of diameters 0.5 mm and 1.0 mm as the
neutron multiplier are fabricated. Related performance test is ongoing. The fabrication of pebble bed container
and performance experiment of breeder pebble bed has being started. The lithium orthosilicate, Li4SiO4
pebbles with lithium 80% enriched in 6Li as tritium breeding materials of HCCB TBM have been fabricated at
laboratory level by melt-spraying method. Chinese Low-activated Ferritic/martensitic steel, CLF-1, as TBM
structural materials is developing from laboratory scale towards industrially level. The structure material
CLF-1 of ton-scale was recently produced by vacuum induction melting and electro-slag re-melting method.
The mock-up fabrication and component tests by using the CLF-1 steel for Chinese test blanket module have
being developed. Recent status on the fabrication technology development of CN HCCB TBM module was
also reported.
Chinese HCCB TBM will be tested in Port #2 of ITER test ports with the India LLCB TBM simultaneously.
Two TBMs and its associated ancillary systems will be integrated on same Port as well as interfaced with
ITER buildings and sub-systems. The design and fabrication of related ancillary system with ITER facility are
being performed.
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Summary of the Test Results of ITER Conductors in SULTAN
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After completing the qualification tests of the ITER cable-in-conduit conductors (CICC), the series
manufacture tests are running in the SULTAN test facility in Villigen, Switzerland, with target completion
date in 2015. The key test for the conductor samples is the current sharing temperature, Tcs, at the nominal
operating field and current, i.e. the maximum temperature at which the conductors operate before developing
an electric field of 10 µV/m. All the TF samples fulfilled the ITER requirement of Tcs ≥ 5.8 K after 1000 load
cycles. The Tcs results have a broad scattering among the suppliers, from 5.8 K up to 6.6 K.
The assembly of the Nb3Sn based CICC samples (for TF and CS coils) is carried out at CRPP. The NbTi CICC
samples (for PF, CC and bus bars) are assembled at the suppliers, with a U-bend replacing the bottom joint.
The poor performance of some Main Busbar (MB) conductor samples, caused by poor sample assembly,
triggered the effort to assemble a MB sample at CRPP with solder filled terminations and a bottom joint. The
superior test results of the MB-CRPP sample, closely matching the performance assessment carried out using
3-D field distribution and n-index behaviour was a successful achievement of the last year of operation.
According to the Procurement Arrangement for the ITER coils, the winding companies must qualify the joint
and termination manufacture by SULTAN samples. The first joint sample tested in SULTAN was a TF joint
from EU, followed by a Correction Coil (CC) joint sample from China. Other joint samples are being
assembled in USA (Central Solenoid), in Russia (PF1) and in China (PF6).
All the ITER coils use the “twin box” design for joints, except the Central Solenoid. At the first test in
SULTAN of a twin-box TF joint sample in 2013, an unexpected resistance increase was observed after an
accidental dump of the SULTAN field, causing a large field transient parallel to the joint contact surface, with
large eddy currents and electromagnetic loads at the pressure-contact between strand bundle and copper plate
of the twin box. The resistance requirement for the TF joint was still fulfilled after the dump. The impact of
transient field on resistance and stability was investigated at an additional test campaign of the TF joint
sample, with intentional dumps of the SULTAN field.
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Physics and Engineering Studies of the Advanced Divertor for a Fusion
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Magnetic configurations of advanced divertor, i.e. super-X (SXD) and snowflake, were recently proposed, and
the concepts have been demonstrated in experiments. For the application to the Demo reactor, engineering
design as well as the plasma performance should be determined. A short super-X divertor (short-SXD) is
proposed as a new option for Demo divertor, where field line length from the divertor null to the outer target
was largely increased (more than two times) in a similar size of conventional divertor. Physics and
engineering design studies of a fusion reactor with the short-SXD installed at the outer divertor have
progressed. Minimal number of the divertor coils (1 or 2) were installed inside the toroidal field coil, i.e.
interlink-winding (interlink). Arrangement of the poloidal field coils (totally 8 or 9) and their currents were
determined, taking into account of the engineering design such as vacuum vessel and the neutron shield
structures, and maintenance scenario of the divertor and blankets. Divertor plasma simulation (SONIC)
showed that large radiation region is produced between the super-X null and the target, and the plasma
temperature becomes low (1-2 eV) both at the inner and outer divertors, i.e. fully detached plasma was
obtained efficiently.
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The paper presents new insight into previous and new experimental data of the turbulent density fluctuations
behavior in T-10 OH and ECRH discharges. The experiments showed existence of the same maximal peaked
pressure profile in both OH and ECRH tokamak plasmas as well as strong deterioration of particle
confinement after plasma reach this profile (fast density decay in OH, “density pump out” in ECRH). Maximal
peaking could be achieved either by flat density and peaked temperature or vice versa. Minimal turbulence
level does not depend on heating power and observed when pressure profile is slightly wider than the extreme
one. The density fluctuations did not significantly contribute to the heat transport but determined particle
fluxes to maintain the pressure profile.
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First Direct Evidence of Turbulence-Driven Ion Flow Triggering the L- to
H-Mode Transition
Mr. SCHMITZ, L. 1
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Developing a physics-based model of the L-H transition is critical for confidently extrapolating the auxiliary
heating requirements for ITER from the existing empirical L-H transition power threshold scaling. For the first
time, it is shown here that the initial turbulence collapse preceding the L-H transition is caused by
turbulence-generated (positive) E×B flow opposing the equilibrium (L-mode) edge plasma E×B flow related to
the edge pressure gradient. Recent main ion CER measurements in Helium plasmas provide strong evidence of
concomitant turbulence-driven main ion poloidal flow viθ. Near the power threshold, the transition dynamics
is substantially expanded/slowed via limit cycle oscillations (LCO) between the turbulence intensity and the
E×B velocity, allowing profile and flow measurements with unprecedented spatial and temporal resolution.
During the LCO, viθ lags the density fluctuation level ñ, consistent with energy transfer from the turbulence
spectrum via the perpendicular Reynolds stress. As the LCO evolves, the periodic reduction of edge turbulence
and transport subsequently enables a periodic increase in the edge pressure gradient and equilibrium E×B
flow, reducing the LCO frequency and eventually securing the transition to H-mode.
A two-predator, one prey model, similar to a previously developed model [Miki, Diamond, Phys. Plasmas 19,
092306 (2012)] but in contrast retaining opposite polarity of the turbulence-driven and
pressure-gradient-driven E×B flow, captures essential aspects of the transition dynamics, including the
phasing of ñ, viθ and vE×B. The interpretation advanced here explains several unresolved experimental
observations, including the counter-clockwise (ñ, Er) limit cycle observed in the outer shear layer in DIII-D,
and JFT-2M (consistent only with positive E×B flow drive). A positive electric field transient concomitant with
initial turbulence suppression, has been demonstrated across a range in plasma density, heating power, and
q95, during “fast” L-H transitions and during extended LCO transitions. The evolution of turbulence-driven
and pressure-gradient driven flow is shown to depend on plasma density and q95; implications for the
density/collisionality scaling of the L-H transition power threshold will be discussed.

This work was supported by the US DOE under DE-FG0208ER54984, DE-FG03-01ER54615 and
DE-FC02-04ER54698.
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Turbulent transport remains one of the most important and challenging topics in fusion research. Scientific
understanding of the related physical processes can only be enhanced through a close comparison of
numerical simulations with experimental data. Microwave-based diagnostics represent almost the sole
experimental approach capable of capturing plasma parameter fluctuations with the required spatio-temporal
resolution. This contribution reports on an extensive international effort undertaken on the devices ASDEX
Upgrade, TCV, Tore-Supra and W7-X to measure simultaneously a large spectrum of fluctuation parameters
to achieve a comprehensive comparison with theoretical models and advanced numerical turbulence
simulations. An overview is given of the work, which is coordinated by the Virtual Institute on Plasma
Dynamical Processes and Turbulence Studies using Advanced Microwave Diagnostics including first results
and advanced hardware developments relevant for reflectometry on future devices such as ITER and DEMO.
In the present campaign a full suite of new reflectometers is available on ASDEX Upgrade. The paper
summarises the results achieved: Scale-resolved radial turbulence levels in H-mode discharges were measured
and compared to GENE simulations in the transition range from ion-temperature-gradient to
trapped-electron-mode turbulence. A correlation Doppler reflectometer is used for measuring the GAM
structure in discharges where poloidal flow damping was varied by means of variations of the shape of the
poloidal plasma cross-section and the isotope mass; results are compared with NEMORB simulations. A 2D
correlation reflectometer is used to investigate the spatial structure of turbulent fluctuations and to address
questions related to turbulence anisotropy and systematic eddy tilting in the flow-shear layers at the plasma
edge. The aspects of turbulence spreading and non-local transport in response of local changes in density and
temperature gradients are studied during phases with L-H transitions and power modulation by means of
radial correlation measurements and an ultra-fast reflectometer, capable of scanning a large radial sector of
the plasma within less than 2 μs. Furthermore, reflectometry solutions using advanced hard-ware components
without moving parts will be presented, for monitoring plasmas in the harsh environment of fusion reactors.
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Understanding the physics mechanism of low-high (L-H) confinement transitions in toroidal plasmas is
essential for ensuring heating power requirements for future fusion reactors. Early experiments show that
plasma may enter an intermediate phase (I-phase) with limit cycle oscillations (LCOs) of plasma parameters
and pass through a slow L-H transition if heating power is close to the H-mode threshold. The triggering
mechanism and conditions for L-I and I-H transitions are foci in the H-mode physics studies. Two theoretical
models of LCOs were proposed and shown consistent with recent experimental observations, respectively.
Here, we first report a discovery of two types of LCOs (type-Y and type-J, respectively) on HL-2A tokamak,
which provides an opportunity to advance our understanding of LCO physics, and then discuss the L-I-H
transition triggering mechanisms and conditions. The dynamics of the two types of LCOs observed in the
experiment are analyzed in detail. Two loops of zonal flow versus turbulence and turbulence versus pressure
gradient are proposed for the two types of LCOs. The conditions for the observed I-H transitions are identified
to be (1) the I-phase has type-J LCOs, (2) the plasma pressure gradient scale length L_pe is less than a critical
value (1.7 cm, here) and the EXB flow shearing rate is higher than a critical value (10^6 s^-1, here), and (3) the
growth rate of the diamagnetic drift flow \gamma_DD is equal to or higher than the ion-ion collision
frequency \nu_ii. Detailed observations, revealing L-I-H transition mechanism, will be presented.
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A 3D Nonlinear Simulation Study of the L→H Transition Criterion
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High confinement mode (H-mode) is essential as a baseline operating scenario in ITER. In order to develop a
predictive model of the power threshold for access to H-mode in ITER, it is essential to understand first the
underlying mechanism that triggers the transition. It is widely accepted that edge transport barrier (ETB)
formation in H-mode is due to the suppression of turbulence by E x B flow shear. In several recent
experiments, turbulence-driven flows were suggested as a trigger for the L→H transition. In this paper, a 3D
fluid simulation model of the L→H transition is presented. Specifically, we report the results of 3D
flux-driven simulations of resistive ballooning modes (RBM) turbulence with neoclassical flow damping effect
in the edge of a tokamak. It is found that ETB forms naturally due to mean shear feedback through evolving
pressure gradient once input power exceeds a threshold value. We show that (1) the transition to ETB is
triggered by the turbulence-driven flow via a limit cycle oscillation (LCO) of turbulence intensity and E x B
flow shear; (2) the correct transition criterion (threshold) is given by R_T > 1 (R_T: normalized Reynolds
power defined as a ratio of the Reynolds power to the rate of energy input into the turbulence), instead of the
conventional mean shear criterion, i.e., E x B flow shearing rate larger than linear growth rate; (3) neoclassical
poloidal rotation damping effect significantly affects the transition process. A slow power ramp-down
simulation is also performed to study H→L back transition and hysteresis phenomena. Detailed results will be
presented.
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Impurity Seeding on JET to Achieve Power Plant like Divertor Conditions
Dr. LOWRY, Christopher 1
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Power exhaust is recognised to be one of the major challenges to achieving power generation by magnetically
confined thermonuclear fusion. In order to reduce the power density conducted to the divertor targets to a
level that can be tolerated by available technologies it will be necessary to radiate close to 100% of the exhaust
power. Although it is foreseen that a significant fraction of this radiation will be from within the separatrix,
H-mode confinement requires the threshold power to be radiated from the scrape-off layer and divertor. Such
high radiation levels necessarily require detachment of the divertor plasma, a regime which to present has not
been convincingly modelled by state of the art boundary codes. It is therefore essential that relevant
experimental results are used to justify the existence and practicality of such a solution.
The main challenges and uncertainties of a highly radiating solution are: whether the required edge radiation
levels and distribution can be achieved, along with acceptable core dilution; understanding the exact
requirements to achieve H-mode confinement; and establishing the overall thermal stability. JET with its all
metal wall and the absence of an intrinsic edge and divertor radiator is particularly suited to investigating
these issues, and targeted experiments began in 2013. At varying input power levels feed-forward impurity
seeding of neon, nitrogen, and argon, has been used in moderately fuelled low triangularity vertical target
configuration plasmas to push to the maximum achievable radiation levels.
To present only up to 75% radiated power fraction has been achieved for nitrogen seeded plasmas with
~20MW of input power. It has not yet been determined whether this is the limit, but the increase in radiation
fraction becomes an increasingly weak function of the seeding rate as the rate increases. Slightly lower
maximum radiation levels were achieved with neon and argon (63% and 70%), and the details of the radiation
distribution and its dynamics were markedly different. The results of these experiments and the implications
for a power plant will be discussed in this paper.
This work was supported by EURATOM and carried out within the framework of the European Fusion
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of the
European Commission.
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Progress of High-Performance Steady-State Plasma and Critical PWI Issue
in LHD
Dr. KASAHARA, Hiroshi 1

1 National Institute for Fusion Science

An ultra-long-pulse plasma with a duration time of 48 min, a line-averaged electron density of 1.2x10^19
m^-3, and electron and ion temperatures (Te, Ti) of 2 keV has been achieved by the averaged heating power
(P_ECH+ICH) of 1.2 MW for helium plasma. The heating energy injected into plasma reached 3.36 GJ, which
is a new world record in toroidal plasmas. Three types of ICRF antennas were installed at different toroidal
sections in order to avoid local hot spots around each ICRF antenna. In the ultra-long pulse plasma, the spike
frequency of the line intensity for the carbon spectrum began to increase after 600 sec, and the divertor
temperature was almost saturated at 460 ºC. Many flashes are observed with a monitor TV camera which
views mostly outside of LCFS and the divertor region. Both the frequency and intensity are increased as the
discharge time goes on, which suggest that large sizes of carbon mixed-material layers on divertor region
(domes and divertor plates) are ejected into the plasma.
A large amount of mixed-material layers, consisting mainly of carbon (> 90%) and iron impurities, are formed
over a wide surface area of the plasma facing surface (PFS). Carbon impurity originally from the divertor
region and iron impurity from the first wall by physical sputtering are deposited on the PFS. Comparing the
mixed-material layers on divertor region with deposition layer on the stainless steel specimen installed at the
equivalent position of the first wall surface with the expose time of ~ 1000 sec for steady-state discharges,
these composition were consistent with each other. Since such layers are hard and brittle, deposition layers are
easily removed as a flake. Plasma termination may be caused by exfoliation of the mixed-material layers.
The mixed-material deposition layer can easily retain helium particles, and these trapped particles are released
even below 400 K. The amount of trapped particles in it is proportional to the thickness of the mixed-material
layers. Since such amount of He trapped particles was 100 times as large as that of plasma and neutral
particles in the vacuum vessel, the release of He could not be negligible in wall-temperature increasing phase.
Control of the growth rate of mixed-material layers will be critical issue in steady-state devices and long-term
plasma operation such as a fusion reactor.

Poster 8 / 725

Partial Detachment of High Power Discharges in ASDEX Upgrade
Dr. KALLENBACH, Arne 1

1 Max-Planck-Institut f. Plasmaphysik

To ensure a sufficient divertor lifetime ITER and a future DEMO reactor will operate under at least partial
detachment (PD). PD is defined as a significant reduction of heat flux and pressure along field lines between
mid-plane and divertor target for the first few power decay lengths in the scrape-off layer. For PD conditions
in ASDEX Upgrade (AUG) the peak heatflux in the divertor is below 5 MW/m2. Strong divertor radiation will
be required to achieve PD at reactor relevant power fluxes Psep/R = 15 MW/m, given by the condition
Psep/PLH > 1.5-2 for the achievement of good H-mode performance. While ITER can accept only low core
radiation levels, the high core power flux in DEMO has to be removed to a large extent by core radiation for
the avoidance of divertor power overload.
Partial detachment in high power AUG discharges is achieved by double feedback of core and divertor
radiation with Ar or Kr as core radiating species and N as divertor radiator. A high neutral divertor pressure is
generally required to achieve PD, which is invoked by the combination of radiative losses and momentum loss
processes like charge exchange and recombination. So far AUG has achieved 50 % of the foreseen ITER
performance in terms of Psep/R under PD conditions and up to 70 % core main chamber radiated power
fraction. The total heating power was up to 23 MW in these experiments. A further enhancement is expected
due to a recent optimization of power supplies, enabling a higher maximum heating power, and a switch for
reducing the cryo pumping speed, enabling a higher divertor neutral pressure.
The paper will report recent achievements, describe technical solutions for PD control and address the rise in
pedestal and core electron density, which is routinely observed under PD conditions in AUG.
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Burning Plasma Relevant Control Development: Advanced Magnetic
Divertor Configurations, Divertor Detachment and Burn Control
Dr. KOLEMEN, Egemen 1

1 PPPL

Novel control schemes have been implemented at DIII-D to test and optimize heat-handling capabilities and
burn regulation for advanced tokamaks. The topological instability of the snowflake (SF) configuration, which
has a second-order null-point, motivated implementation of a control system to sustain the SF. We
implemented the world’s first real-time SF detection and control system on DIII-D in order to stabilize this
configuration. The algorithm calculates the position of the two null-points in real-time by locally expanding
the Grad-Shafranov equation and controls shaping coil currents to achieve and stabilize various snowflake
configuration. SF divertor experiments achieved a 2.5 times increase in the flux expansion and a 2.5 reduction
in peak heat flux for many energy confinement times without any adverse effect to core plasma such as
confinement in advanced tokamak scenario with βN=3.0 and H98(y,2)≅1.35. Also, a new detachment and
radiation control algorithm was implemented at DIII-D. The algorithm uses divertor temperature
measurements from real-time Thomson diagnostics and a line ratio measurement to compute the detachment
level, and a real-time bolometer diagnostic to determine core and divertor radiation. The new system was
used to test the feasibility of the envisioned ITER partial-detachment operation using divertor Thomson
measurements on DIII-D. A dedicated partial detachment control was implemented to control the detachment
front location using divertor temperature measurements from real-time Thomson diagnostics while
minimizing the effect of the detachment on the core by fixing the core density independent of the detachment
control. The control stabilized the detachment front fixed at the user defined distance between the strike point
and the X-point throughout the shot. Finally, in a new approach to burn control, it was demonstrated that the
simulated fusion power could be controlled by the application of non-axisymmetric fields using in-vessel coils.
In DIII-D experiments, alpha-heating excursions were simulated with transient increases in neutral beam
power. The burn control algorithm compensated the increased heating power by increasing the I-coil current,
which reduced the energy confinement time and kept the stored energy (proxy for fusion power) constant.

This work was supported by the US DOE under DE-AC02-09CH11466.
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Three-Dimensional MHD Analysis of Heliotron Plasma with RMP
Prof. ICHIGUCHI, Katsuji 1

1 National Institute for Fusion Science

In the recent study of magnetically confined fusion plasmas, resonant magnetic perturbations (RMPs) are
studied from the viewpoint of the magnetohydrodynamics (MHD) stability against pressure driven modes,
because RMPs can locally change the pressure gradient. Particularly, in heliotrons, since pressure driven
modes are the most dangerous, the change of the pressure gradient can directly influence the global stability.
Here, the interaction between pressure driven modes and magnetic islands generated by an RMP is
numerically analyzed in a Large Helical Device (LHD) configuration with a high aspect ratio and magnetic
hill. For the MHD analysis of the RMP effects, an equilibrium with a pressure profile consistent with the
disturbed magnetic surfaces is necessary. To obtain such an equilibrium, we utilize the HINT2 code, which
finds a three-dimensional (3D) equilibrium without any assumption of the existence of nested surfaces. A
horizontally uniform RMP is applied and an m=1/n=1 magnetic island is generated in the equilibrium. The
pressure profile is deformed so that the gradient is smaller at the O-point than at the X-point. Next, the plasma
dynamics is examined with the MIPS code, which solves the full 3D MHD equations by following the time
evolution. In this LHD configuration, a typical interchange mode is the most unstable instability in the case
without the RMP. On the other hand, in the case with the RMP, because of the poloidal asymmetry of the
equilibrium pressure a ballooning type mode is the most unstable, with the mode structure localized around
the X-point. The mode can utilize the driving force most effectively by being localized around the steepest
pressure gradient point. In the nonlinear evolution of the mode, the pressure starts to collapse around the
X-point, and then, the collapse spreads to the core region. Therefore, the phase of the mode structure in the
poloidal and the toroidal directions is fixed to that of the island. Such fixed phase is observed in the LHD
experiments with a natural error field that works as an RMP. Further analysis for a wide range of parameters
will allow us to understand further the RMP effects on the pressure driven modes.
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The Initial Programme of Wendelstein 7-X on the Way to a HELIAS
Fusion Power Plant
Dr. DINKLAGE, Andreas 1

1 Max-Planck-Institut für Plasmaphysik

The stellarator concept offers a possible alternative to a tokamak Fusion Power Plant (FPP). One of the
missions of the EU Roadmap to the realisation of fusion energy is to develop the stellarator line to maturity.
World-wide efforts on different stellarator lines cover a substantial range of candidate magnetic
configurations; the EU programme focuses on the optimized, helical advanced stellarator (HELIAS) line.
Wendelstein 7-X (W7-X) is the first fully optimized stellarator to proof the concept of physics-based,
optimized shaping of the magne-tic field structure to get to plasma performances projectable to fusion in
upscaled devices.
To demonstrate reactor potential, W7-X needs to operate reliably at high-power, high-density
quasi-continuously with a viable divertor concept. At the same time, basic science issues of 3D plasmas will
advance plasma physics. The key for the physics program is steady-state heat and particle exhaust by qualified
divertor operation with actively cooled plasma facing components. However, to develop steady-state scenarios
aggressively but to avoid technical risks from water cooling, the initial operation phase of W7-X will begin
with carbon limiter discharges later replaced by an inertially cooled test divertor for the development of
high-performance operation.
Initially, the discharge lengths will be limited to 5-10 s at maximum anticipated heating powers. Critical for
later high-performance operation, the development of discharge scenarios at high densities with full density
control is one leading objective to develop reliable divertor operation schemes. Fuelling schemes, e.g. with
pellets, will be qualified to avoid central density depletion due to thermodiffusion. Furthermore, the behavior
of impurities as well as the potential occurrence of edge localized modes will be investigated. Basic issues
relevant to FPPs such as the impact of stellarator optimization on turbulent transport and improved
confinement modes are part of the plan. The very beginning of the exploitation of W7-X will be a technical
demonstration of ECH plasma break-down, X2-heated plasmas and measurements of vacuum flux-surfaces. In
this phase, neoclassical electron heat transport will be investigated.
The physics plan to steady-state operation in the initial phase of W7-X and the underlying strategy with
regard to a HELIAS stellarator FPP will be outlined.

Poster 8 / 721

Status of Upgrading Project of Tokamak T-15
Mr. AZIZOV, Englen 1

1 Russian Federation

Status of T-15 upgrade tokamak is presented. T-15 upgrade tokamak has the following parameters: R=1.48 m,
a=0.67 m, B=2.0 T, Ipl= 2.0 MA. Poloidal system is capable of realizing the divertor both with single null and
double null magnetic configuration and plasma shape with elongation k95 = 1.7-1.9 and triangularity delta
0.3-0.4. Installation will equipped with the auxiliary plasma heating and current drive (Paux =15 - 20 MW)
systems. One of the main tasks of experimental study program on T-15 upgrade tokamak is the obtaining of
physical and technological data for fusion neutron source creation. The design of electromagnetic system and
vacuum chamber and also the modernization of engineering systems are described. Time schedule of T-15
upgrade tokamak assembling is presented. Physical start-up of the T-15 upgrade tokamak is outlined in 2016.
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Developing Physics Basis for the Radiative Snowflake Divertor at DIII-D
Dr. SOUKHANOVSKII, Vsevolod 1

1 Lawrence Livermore National Laboratory

Recent DIII-D results using the snowflake (SF) divertor configuration demonstrate that the SF geometry
enables significant manipulation of divertor heat transport for power spreading in attached and radiative
divertor regimes, between and during edge localized modes (ELMs), while maintaining good H-mode
confinement. Enhanced heat transport through the low poloidal field null-point region and divertor legs
resulting in increased scrape-off layer (SOL) width and heat flux spreading over additional strike points (SPs)
were observed. Direct measurements of divertor null-region poloidal beta, using a unique DIII-D divertor
Thomson scattering diagnostic, support the theoretically proposed mechanism of additional heat redistribution
between strike points due to fast convection, especially efficient during ELMs. The measured divertor β_p ~
50–100 was about 2–3 orders of magnitude higher the midplane β_p, and the high beta region was broader in
the SF configuration. During an ELM, the β_p was increased up to an order of magnitude. Type I ELM heat
transport was significantly affected by the SF divertor geometry. While the pealing-ballooning mode stability
in the H-mode discharges was not significantly affected, the ELM frequency and size were changed by
10%-20%. The stored energy lost per ELM was reduced. In gas-seeded radiative regimes, SF geometry led to a
significant reduction of peak heat fluxes between and during ELMs, while maintaining good H-mode
performance. The results complement the initial NSTX and DIII-D SF divertor studies and contribute to the
physics basis of the SF divertor as a promising concept for high power density tokamaks.

This work was performed under the auspices of the US Department of Energy by LLNL under
DE-AC52-07NA27344.
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Simultaneous Measurement of the ELMs at Both High and Low Field Sides
and ELM Dynamics in ELM Crash-Free Period in KSTAR
Prof. PARK, Hyeon Keo 1

1 POSTECH

Following successful characterization of the growth, saturation and bursting process of the Edge Localized
Mode (ELM) by a 2D/3D Electron Cyclotron Emission Imaging (ECEI) system in KSTAR H-mode plasmas, the
observed mode structure is verified via synthetic image reconstruction based on the BOUT++ code. In
successive KSTAR campaigns, a wide range of toroidal mode numbers (~4 < n < ~~6) of the ELMs have
enabled the establishment of the relationship between the poloidal and toroidal mode numbers (m, n) through
the local magnetic shear (safety factor - q) (< m > =nq). ELM dynamics observed simultaneously at both high
and low field sides revealed necessity of the Pfirsh-Schlüter flow, shear suppression of high n modes and
inconsistency in mode numbers suggested further study. In KSTAR campaigns, Magnetic Perturbation (MP)
coils with n=1 and n=2 structures successfully suppressed the ELMs. In the ELM suppressed period, persisting
mode structures accompanied with weak bursting behaviours were observed.served.
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Alfven Eigenmodes Can Limit Access to High Fusion Gain, Steady-State
Tokamak Operation
Mr. HEIDBRINK, William W. 1; Dr. FERRON, John 2; Dr. HOLCOMB, Christopher T. 3; Dr. PODESTA, Mario 4; Dr. VAN ZEELAND,

Michael 2

1 USA
2 General Atomics
3 Lawrence Livermore National Laboratory
4 Princeton Plasma Physics Laboratory

Corresponding Author: heidbrink@fusion.gat.com

Experiments on the DIII-D tokamak show that Alfven eigenmode (AE) activity degrades fast-ion confinement
in many high β_N, high q_{min}, steady-state scenario discharges. (β_N is the normalized plasma pressure and
q_{min} is the minimum value of the safety factor.) An extensive set of diagnostics measure degraded fast-ion
confinement: neutron detectors, fast-ion D_α (FIDA) spectrometers, neutral-particle analyzers, and fast-ion
pressure and current profiles inferred from the equilibrium. All fast-ion diagnostics that are sensitive to the
co-passing population exhibit reductions relative to classical predictions. The increased fast-ion transport in
discharges with strong AE activity accounts quantitatively for the previously observed [1] reduction in global
confinement with increasing q_{min}; however, not all high q_{min} discharges show appreciable degradation.
In current ramp plasmas, stochastic transport by multiple resonances with many small-amplitude AEs causes
“stiff” fast-ion transport; as a result, the achieved fast-ion profile is insensitive to the beam-deposition profile
[2]. We postulate that a similar process often occurs in steady-state scenario plasmas. Initial linear stability
calculations predict unstable toroidal AEs for these conditions; comparisons with critical-gradient models are
underway. If AE degradation of fast-ion confinement can be avoided, modeling indicates that a discharge
scenario with q_{min}>2 can provide the MHD stability and bootstrap fraction required for high fusion gain,
steady-state operation. The broad current and pressure profiles consistent with elevated qmin enable stable
operation at reactor-relevant β_N {\sim -} 5. One-dimensional modeling shows that these conditions are
attainable in DIII-D using practical neutral-beam and electron-cyclotron current drive sources and that a
self-consistent fully noninductive scenario exists. The challenge in future work is to incorporate calculations
of AE-induced transport into the analysis.

This work was supported by the US Department of Energy under SC-G903402 and DE-FC02-04ER54698.

[1] J.R. Ferron, et al., Phys. Plasmas 20, 092504 (2013)
[2] W.W. Heidbrink, et al., Nucl. Fusion 53, 093006 (2013)
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Multi-Phase Simulation of Alfvén Eigenmodes and Fast Ion Distribution
Flattening in DIII-D Experiment
Mr. TODO, Yasushi 1; Dr. VAN ZEELAND, Michael 2; Dr. BIERWAGE, Andreas 3; Prof. HEIDBRINK, William W. 4

1 Japan
2 General Atomics
3 Japan Atomic Energy Agency
4 University of California Irvine

Corresponding Author: todo@nifs.ac.jp

This paper presents the first simulation that predicts both nonlinear saturation amplitude of Alfvén
eigenmodes (AE modes) and fast ion transport that are close to measured values in experiment. This
simulation enables us to predict the alpha particle distribution and the AE modes activity, which is one of the
major concerns for burning plasmas such as ITER. A multi-phase simulation [1], which is a combination of
classical simulation and hybrid simulation for energetic particles interacting with a magnetohydrodynamic
(MHD) fluid, is employed in this work. The classical simulation follows energetic particle orbits in the
equilibrium magnetic field without MHD perturbations. The hybrid simulation code MEGA is extended with
realistic beam deposition profile, collisions (slowing down, pitch angle scattering, and energy diffusion), and
losses, and is used for both the classical and hybrid phases. The simulation is applied to DIII-D discharge
#142111 where the fast ion spatial profile is significantly flattened due to multiple AE modes [2]. Temperature
fluctuations due to two of the dominant toroidal Alfvén eigenmodes (TAE modes) in the simulation results are
compared in detail with the electron cyclotron emission (ECE) measurement in the experiment. It is
demonstrated that the temperature fluctuation profile and the phase profile are in very good agreement with
the measurement, and the amplitude is also in agreement within a range of 40%. The fast ion pressure profile
flattening observed in the experiment is also successfully reproduced.

[1] Todo Y. et al submitted to Nucl. Fusion
[2] Van Zeeland M. A. et al 2012 Nucl. Fusion 52 094023
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Fast Ion Transport during Applied 3D Magnetic Perturbations on DIII-D
Mr. VAN ZEELAND, Michael 1; Dr. FERRARO, Nathaniel M. 2; Dr. HANSON, Jeremy 3; Dr. LANCTOT, Matthew J. 2; Dr. LAO, Lang 2;

Dr. LASNIER, Charles J. 4; Dr. MOYER, Richard 5; Dr. NAZIKIAN, Raffi 6; Dr. ORLOV, Dmitri M. 5; Dr. PARK, Jong-Kyu 6; Prof.

HEIDBRINK, William W. 7; Mr. KRAMER, Gerrit J. 6; Dr. PACE, David C. 2; Dr. ALLEN, Steve L. 4; Dr. CHEN, Xi 7; Dr. EVANS, Todd E.
2; Mr. GRIERSON, B.A. 6; Dr. GARCIA-MUNOZ, Manuel 8

1 USA
2 General Atomics
3 Columbia University
4 Lawrence Livermore National Laboratory
5 University of California San Diego
6 Princeton Plasma Physics Laboratory
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Corresponding Author: vanzeeland@fusion.gat.com

Pitch angle and energy resolved measurements as well as wide field-of-view infrared imaging show fast ion
losses correlated with applied 3D fields in DIII-D plasmas. In L-mode discharges with slowly rotating n=2
magnetic perturbations, 3D field induced fast ion loss signals from separate scintillator detectors (FILDs), near
and well below the plasma midplane, are observed to decay within one poloidal transit time after beam
turn-off indicating they are predominantly prompt loss orbits. Beam deposition and full orbit modeling of
these losses, both to the FILDs and wall, using M3D-C1 calculations of the perturbed kinetic profiles and fields
reproduce many features of the measured losses. In particular, the predicted phase of the modulated loss signal
with respect to the I-coil currents is in close agreement with FILD measurements as is the relative amplitudes
of the modulated losses for the different beams used. Measurements and modeling indicate total prompt loss
to the wall increases with application of the n=2 perturbations by up to 7%, in these discharges, with the exact
level depending on the phase of the applied 3D field. Modeling also shows negligible impact on the overall
confined fast ion profile in these discharges however, it is found that localized regions of velocity space can
resonate with the applied fields leading to large changes in toroidal canonical angular momentum –
something potentially useful as an EP control tool. Initial application of these tools to RMP ELM suppressed
H-mode plasmas show that the applied fields induce a large loss of fast ions (10%-20% of injection rate for
half-energy beam ions) from the edge of the plasma and that the magnitude of the loss depends significantly
on the model of the perturbed magnetic field. Calculations including the plasma response to the
non-axisymmetric fields show up to a factor of two enhancement of the losses relative to those with vacuum
n=3 fields alone.

This work was supported in part by the US Department of Energy under DE-FC02-04ER54698, SC-G903402,
DE-AC02-09CH11466, DE-AC52-07NA27344, DE-FG0204ER54761, and DE-FG02-07ER54917.
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Radial Localization of Alfven Eigenmodes and Zonal Field Generation
Mr. LIN, Zhihong 1

1 USA

Corresponding Author: zhihongl@uci.edu

In the well-accepted and widely-exercised paradigm, the Alfven eigenmode (AE) growth rate can be
calculated from a perturbative energetic particle (EP) contribution to a fixed mode structure and real
frequency given by MHD properties of thermal plasmas. However, our studies show that accurate prediction
of the AE growth rate requires non-perturbative, self-consistent simulations to calculate the true mode
structures. GTC gyrokinetic particle simulations of DIII-D discharge #142111 near 525ms find a radial
localization of the toroidal Alfven eigenmode (TAE) due to the the modification of the MHD mode structure,
i.e., non-perturbative EP contribution. The EP-driven TAE has a radial mode width much smaller than that
predicted by the MHD code NOVA. The TAE radial position peaks at and moves with the location of the
strongest EP pressure gradients. Experimental data confirms that the eigenfunction drifts quickly outward in
the radial direction. The EP contribution also breaks the radial symmetry of the ballooning mode structure
and induces a dependence of the TAE frequency on the toroidal mode number, in excellent agreement with
the experimental measurements. The radial localization could have profound implications on the EP transport.
GTC nonlinear simulation of the TAE in DIII-D discharge #142111 near 525ms finds that zonal fields are
driven by TAE mode coupling (passive generation). The collisionless skin-depth effects suppress the
modulational instability. The growth rate of the zonal fields is twice of the TAE growth rate, consistent with
earlier MHD-gyrokinetic hybrid simulations. A threshold of the TAE amplitude for driving the zonal fields is
also observed. The effects of the zonal fields on the TAE nonlinear saturation are weak. GTC nonlinear
simulations of beta-induced Alfven eigenmode (BAE) show that the mode frequency has a fast chirping
associated with the oscillation of the mode amplitude. Localized zonal fields with a negative value around the
mode rational surface are generated by BAE. In the weakly driven case, the zonal fields with a strong geodesic
acoustic mode (GAM) component have weak effects on the BAE evolution. In the strongly driven case, the
zonal fields are dominated by a more significant zero frequency component and have stronger effects on the
BAE dynamics.
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Indication of Bulk-Ion Heating by Energetic Particle Driven Geodesic
Acoustic Modes on LHD
Mr. OSAKABE, Masaki 1; Dr. IDO, TAKESHI 2; Dr. NAGAOKA, Kenichi 2; Prof. TAKEIRI, Yasuhiko 2; Dr. IGAMI, Hiroe 2; SEKI, Tetsuo 2;
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Heating of bulk-ions by waves excited by energetic particles, such as fusion born alphas, was theoretically
pointed out in the past [1], but none of the experimental results related on this phenomena was reported. This
is the first report of experimental results indicating the increases of ion temperatures with Energetic-particle
driven Geodesic Acoustic Mode (EGAM) excitation.
On the Large Helical Device (LHD), ion temperature increase, which was evaluated from the low energy
neutral spectra, was observed with excitation of the EGAM for the first time. This phenomenon was observed
when the high energy Neutral Beam (NB) of ~170keV was injected into very low density plasmas below
~1x1018m-3 sustained by Electron Cyclotron Heating (ECH). In IAEA-FEC 2012, the excitation of the
instability and its identification as GAM were reported. In this report several possible mechanisms to explain
this phenomenon were discussed, i.e., (1) change of measured ion spectra due to the orbit topology change,
(2)increase of classical ion heating power by energetic particles, (3) enhancement of energy confinement
properties and (4) enhanced ion heating by the EGAM. Among them, it was found that the enhanced ion
heating by the mode activity was the most probable mechanism for this phenomenon. In addition to the
analyses, increase of effective ion temperatures was correlated with the time integrated power of the mode
amplitude.
These analysis suggests the existence of a new energy channel of bulk-ion heating by energetic particles
through the EGAM [2].

[1] N. J. Fisch and M. C. Herrmann: Nucl. Fusion 34 (1994) 1541.
[2] M. Sasaki, K. Itoh and S. Itoh: Plasma Phys. and Control. Fusion 53 (2011) 085017.
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Effects of MHD Instabilities on Neutral Beam Current Drive
Dr. PODESTA, Mario 1; Dr. GORELENKOVA, Marina 1; Dr. WHITE, Roscoe B. 1; Dr. DARROW, Douglass 1; Dr. FREDRICKSON, Eric 2;

Dr. GERHARDT, Stefan 1; Mr. HEIDBRINK, William W. 3

1 Princeton Plasma Physics Laboratory
2 PPPL
3 USA

Corresponding Author: mpodesta@pppl.gov

Neutral beam injection (NBI) is one of the primary tools foreseen for heating, current drive (CD) and q-profile
control in future fusion reactors such as ITER and a Fusion Nuclear Science Facility. However, fast ions from
NBI may also provide the drive for energetic particle-driven instabilities (e.g. Alfvénic modes - AEs), which in
turn redistribute fast ions in both space and energy, thus affecting the control capabilities and overall
efficiency of NB-driven current. Based on experiments on the NSTX tokamak, the effects of AEs and other
low-frequency MHD instabilities on NB current drive efficiency are investigated. It is found that instabilities
do indeed reduce the NB-driven current density over most of the plasma radius by up to ~50%. Experimental
results are then used to benchmark numerical tools to simulate NB-CD in the presence of instabilities. A new
fast ion transport model, which accounts for particle’s transport in phase space as required for resonant AE
perturbations, is developed for the tokamak transport code TRANSP and utilized to obtain consistent
simulations of NB-CD. Predictions for the NSTX-Upgrade device, which features a new set of off-axis NB
injectors, are finally discussed for projected scenarios with different levels of MHD activity.
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Configuration Studies for an ST-Based Fusion Nuclear Science Facility
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A Fusion Nuclear Science Facility (FNSF) could play an important role in the development of fusion energy by
providing the nuclear environment needed to develop fusion materials and components. The spherical
tokamak (ST) is a leading candidate for an FNSF due to its potentially high neutron wall loading and modular
configuration. A key consideration for the choice of FNSF configuration is the range of achievable missions as
a function of device size. Possible missions include: providing high neutron flux (1-2MW/m2) and fluence
(3-6MWy/m2), demonstrating tritium self-sufficiency (tritium breeding ratio TBR ≥ 1), and demonstrating
electrical self-sufficiency. All of these missions must also be compatible with a viable divertor, first-wall, and
blanket solution. During the past two years, U.S. studies have for the first time developed ST-FNSF
configurations simultaneously incorporating: (1) a blanket system capable of TBR ~ 1, (2) a poloidal field (PF)
coil set supporting high elongation and triangularity for a range of li and normalized beta values consistent
with NSTX/NSTX-U previous/planned operation, (3) a long-legged / Super-X divertor analogous to the
planned MAST-U divertor which substantially reduces projected peak divertor heat-flux and has all outboard
PF coils outside the vacuum chamber and as superconducting to reduce power consumption, and (4) a vertical
maintenance scheme in which blanket structures and the centerstack (CS) can be removed independently.
Progress in these ST-FNSF mission vs. configuration studies including dependence on plasma major radius R0
for a range R0 = 1 – 1.6m will be described. TRANSP/NUBEAM calculations of negative neutral beam heating
and current drive scenarios will also be described.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

572 



Next Step Fusion Nuclear Technology / 706
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A
The International Fusion Materials Irradiation Facility (IFMIF), presently in its Engineering Validation and
Engineering Design Activities (EVEDA) phase under the frame of the Broader Approach Agreement between
Europe and Japan, has accomplished on summer 2013, on schedule, its EDA phase with the release of the
engineering design report of IFMIF plant, which is here described, compliant with our mandate. Many
improvements of the design from former phases are implemented, relevantly a reduction of beam losses and
operational costs thanks to the superconducting accelerator concept; the re-location of the quench tank outside
the Test Cell with a reduction of tritium inventory and a simplification on its replacement in case of failure;
the separation of the irradiation modules from the shielding block gaining irradiation flexibility and
enhancement of the remote handling equipment reliability and cost reduction; and the water cooling of the
liner and biological shielding of the Test Cell, enhancing the efficiency and economy of the related
sub-systems. In addition, maintenance strategy has been modified to allow a shorter yearly stop of the
irradiation operations and a more careful management of the irradiated samples. The design of IFMIF plant is
intimately linked with the EV activities carried out since the entry into force of IFMIF/EVEDA in June 2007.
These last and their on-going accomplishment have been thoroughly described elsewhere [1], which combined
with the present paper allows a clear understanding of the maturity of the European-Japanese international
efforts. This released intermediate design report, which could be annexed if required concurrently with the
accomplishment of the on-going EV activities, will allow taking decisions on its construction and/or serve the
basis for a less ambitious facility in terms of dpa, aligned with the needs of our fusion community.

B
The International Fusion Materials Irradiation Facility (IFMIF), presently in its Engineering Validation and
Engineering Design Activities (EVEDA) phase under the frame of the Broader Approach Agreement between
Europe and Japan, has accomplished on summer 2013, on schedule, its EDA phase with the release of the
engineering design report of IFMIF plant, which is here described, compliant with our mandate. Many
improvements of the design from former phases are implemented, relevantly a reduction of beam losses and
operational costs thanks to the superconducting accelerator concept; the re-location of the quench tank outside
the Test Cell with a reduction of tritium inventory and a simplification on its replacement in case of failure;
the separation of the irradiation modules from the shielding block gaining irradiation flexibility and
enhancement of the remote handling equipment reliability and cost reduction; and the water cooling of the
liner and biological shielding of the Test Cell, enhancing the efficiency and economy of the related
sub-systems. In addition, maintenance strategy has been modified to allow a shorter yearly stop of the
irradiation operations and a more careful management of the irradiated samples. The design of IFMIF plant is
intimately linked with the EV activities carried out since the entry into force of IFMIF/EVEDA in June 2007.
These last and their on-going accomplishment have been thoroughly described elsewhere [1], which combined
with the present paper allows a clear understanding of the maturity of the European-Japanese international
efforts. This released intermediate design report, which could be annexed if required concurrently with the
accomplishment of the on-going EV activities, will allow taking decisions on its construction and/or serve the
basis for a less ambitious facility in terms of dpa, aligned with the needs of our fusion community.
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Development of materials is an important issue for the future nuclear fusion reactors. In this paper, the
developments and main achievements of fusion reactor materials at Southwestern Institute of Physics (SWIP)
are overviewed by focusing on the plasma facing materials/components (PFMs/PFCs), structural materials and
functional materials. For PFMs/PFCs, an ITER grade high purity tungsten and the CVD-W coating with a fast
deposition rate up to 0.5 mm/h have been developed and characterized. High heat flux components fabricated
by joining them with CuCrZr alloy have been developed, which can provide a simple and economics method
for the construction of W first wall and divertor in the current fusion devices. For structural materials, two
kinds of low activation materials are developed, one is a reduced activation ferritic/martensitic (RAFM) steel,
named as CLF-1, aiming at the near team use, such as ITER-TBM and CFETR. The other one is V-4Cr-4Ti
alloy, aiming at future applications in the next generation fusion reactors. Compared with other RAFM steels,
such as Eurofer 97 or F82H, CLF-1 has similar chemical compositions, but N is selected as a controllable
element and has slightly higher content, which induces higher tensile strength, in particular better
high-temperature creep performances. As to vanadium alloys, an engineering scale ingot of V-4Cr-4Ti alloy
with 30 kgs has been prepared by melting, and mechanical alloying has been used for dispersion strengthening
with different particles, such as Y2O3, TiC, SiC and Ti3SiC2. Preliminary results indicate the newly designed
multi-component alloy V-4Cr-4Ti-1.5Y-0.3Ti3SiC2 has the most efficient strengthening effect and the best
thermal stability. In the case of functional materials, tritium breeder and neutron multiplier materials are
developed for the fabrication of ITER-Chinese Helium Cooled Ceramic Breeder Test Blanket Module (CN
HCCB TBM), and the potential application in CFETR. Moreover, some of the specialized facilities have been
constructed at SWIP, a comprehensive capability for development, evaluation and testing of
materials/components is being established.
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The tungsten nanostructure induced by helium plasma irradiation had been found by the experimental
researches for the plasma facing materials in fusion reactors. For the generation of the tungsten nanostructure,
it is concerned about the decrease of the maximum allowable heat load and the erosion by arcing on the
surface. To clear these problem, we had researched on the formation mechanisms of the tungsten
nanostructure by using molecular dynamics(MD), density functional theory(DFT), and any other simulation
methods.
The diffusion and agglomeration of helium in tungsten material were investigated by DFT calculation. As a
result, the binding energy of helium atoms at interstitial site is about 1.5 eV comparable to that at
mono-vacancy, about 2.5 eV[1]. This reason is that the electron density in the region around the interstitial
site trapping a noble gas atom decreases and then this region also becomes new trap site for the other noble
gas atoms[2]. The migration barrier energy of a helium atom in tungsten material is third part of that of a
hydrogen atom. Moreover, the migration barrier energies of helium dimer and trimer at an interstitial site are
much smaller than that of single helium atom. These facts imply that helium atoms can be spontaneously
agglomerated at interstitial site.
The nanostructure formation on the surface was calculated by MD using developed high accuracy potential
model[3]. According to our simulation result, the tungsten nanostructure formation proceeds as follows: The
growth of helium bubbles generated the foam structure of tungsten which means nano-walls separating the
helium bubbles. Simultaneously, the foam structure in the region close to the surface was lifted up by the
helium bubble swelling in the bulk region. Strictly speaking, the foam structure created by the MD is not
fuzzy fibered and then the MD is considered as early formation phase of tungsten nanostructure. We suggest
that the foam structure changes to porous structures due to the bursting of helium bubbles and it can
transform to the fuzzy structure by the surface diffusion.

[1] T. Tamura, R.Kobayashi, S.Ogata, A.M.Ito, Modelling Simul. Mater. Sci. Eng. 22 (2014) 015002.
[2] A. Takayama, A. M. Ito, S. Saito, N. Ohno, H. Nakamura, Jpn. J. Appl. Phys. 52 (2013) 01AL03.
[3] A. M. Ito, Y. Yoshimoto, S. Saito, A. Takayama, H. Nakamura, Phys. Scr. in Press.
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Neutron Irradiation Effects on Grain-Refined W and W-Alloys
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Microstructural data of neutron irradiated W such as size and number density of voids and precipitates
obtained by W up to 1.5dpa irradiation in the temperature range of 400-800C were compiled quantitatively.
Nucleation and growth process of these defects were clarified and a qualitative prediction of the damage
structure development and hardening of W in fusion reactor environments were made taking into account the
solid transmutation effects for the first time. Irradiation behavior of grain-refined W-alloys, produced by K- or
La-doping, was also examined. Expected radiation resistant W-alloys, by combined Re addition and the grain
refining process, were fabricated and characterization of unirradiated state were performed.

Edge Turbulence / 317

Experimental Turbulence Studies for Gyro-Kinetic Code Validation Using
Advanced Microwave Diagnostics
Mr. STROTH, Ulrich 1

1 Germany
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Turbulent transport remains one of the most important and challenging topics in fusion research. Scientific
understanding of the related physical processes can only be enhanced through a close comparison of
numerical simulations with experimental data. Microwave-based diagnostics represent almost the sole
experimental approach capable of capturing plasma parameter fluctuations with the required spatio-temporal
resolution. This contribution reports on an extensive international effort undertaken on the devices ASDEX
Upgrade, TCV, Tore-Supra and W7-X to measure simultaneously a large spectrum of fluctuation parameters
to achieve a comprehensive comparison with theoretical models and advanced numerical turbulence
simulations. An overview is given of the work, which is coordinated by the Virtual Institute on Plasma
Dynamical Processes and Turbulence Studies using Advanced Microwave Diagnostics including first results
and advanced hardware developments relevant for reflectometry on future devices such as ITER and DEMO.
In the present campaign a full suite of new reflectometers is available on ASDEX Upgrade. The paper
summarises the results achieved: Scale-resolved radial turbulence levels in H-mode discharges were measured
and compared to GENE simulations in the transition range from ion-temperature-gradient to
trapped-electron-mode turbulence. A correlation Doppler reflectometer is used for measuring the GAM
structure in discharges where poloidal flow damping was varied by means of variations of the shape of the
poloidal plasma cross-section and the isotope mass; results are compared with NEMORB simulations. A 2D
correlation reflectometer is used to investigate the spatial structure of turbulent fluctuations and to address
questions related to turbulence anisotropy and systematic eddy tilting in the flow-shear layers at the plasma
edge. The aspects of turbulence spreading and non-local transport in response of local changes in density and
temperature gradients are studied during phases with L-H transitions and power modulation by means of
radial correlation measurements and an ultra-fast reflectometer, capable of scanning a large radial sector of
the plasma within less than 2 μs. Furthermore, reflectometry solutions using advanced hard-ware components
without moving parts will be presented, for monitoring plasmas in the harsh environment of fusion reactors.
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The Isotope Effect in GAM – Turbulence Interplay and Anomalous
Transport in Tokamak & Density Fluctuations as an Intrinsic Mechanism
to Keep Self-Consistent Shape of Pressure Profile
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A
The interaction between large-scale mean E×B flows, geodesic acoustic modes (GAM) and small-scale
drift-wave turbulence has been an important area of experimental research for anomalous transport of energy
and particles in toroidal plasmas during the last decade utilizing more and more sophisticated tools.
In this paper results of investigation of the interplay of GAMs and broadband drift wave turbulence of
different spatial scales performed in the FT-2 tokamak by the enhanced scattering (ES), Doppler reflectometry
and standard reflectometry as well as by global gyrokinetic modeling are presented.
The turbulence and GAMs local properties were investigated in hydrogen and deuterium regimes. A number
of important effects indicating the role of turbulence in GAM excitation, GAMs role in transport phenomena
and the mechanism GAMs control the turbulence and transport are presented and discussed.
A systematically larger level of GAMs amplitude in deuterium regime in comparison with hydrogen
accompanied by smaller level of the electron thermal diffusivity became the striking example of the isotope
effect. The weak influence of the GAM intermittency was observed both in H and D regimes in the small-scale
turbulence radial wave number spectra obtained by correlative ES diagnostic. On contrary, a strong
modulation of the large-scale turbulence level at the GAM frequency was found for the first time by
cross-method utilizing both ES and reflectometry techniques. The modulation of the total reflectometric
power and corresponding turbulence level by GAM was observed in the equatorial plane where the GAM
density component is absent. The turbulence modulation at the GAM frequency is also studied using the FT-2
global gyrokinetic modeling by ELMFIRE code.

B
The paper presents new insight into previous and new experimental data of the turbulent density fluctuations
behavior in T-10 OH and ECRH discharges. The experiments showed existence of the same maximal peaked
pressure profile in both OH and ECRH tokamak plasmas as well as strong deterioration of particle
confinement after plasma reach this profile (fast density decay in OH, “density pump out” in ECRH). Maximal
peaking could be achieved either by flat density and peaked temperature or vice versa. Minimal turbulence
level does not depend on heating power and observed when pressure profile is slightly wider than the extreme
one. The density fluctuations did not significantly contribute to the heat transport but determined particle
fluxes to maintain the pressure profile.
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Understanding the physics mechanism of low-high (L-H) confinement transitions in toroidal plasmas is
essential for ensuring heating power requirements for future fusion reactors. Early experiments show that
plasma may enter an intermediate phase (I-phase) with limit cycle oscillations (LCOs) of plasma parameters
and pass through a slow L-H transition if heating power is close to the H-mode threshold. The triggering
mechanism and conditions for L-I and I-H transitions are foci in the H-mode physics studies. Two theoretical
models of LCOs were proposed and shown consistent with recent experimental observations, respectively.
Here, we first report a discovery of two types of LCOs (type-Y and type-J, respectively) on HL-2A tokamak,
which provides an opportunity to advance our understanding of LCO physics, and then discuss the L-I-H
transition triggering mechanisms and conditions. The dynamics of the two types of LCOs observed in the
experiment are analyzed in detail. Two loops of zonal flow versus turbulence and turbulence versus pressure
gradient are proposed for the two types of LCOs. The conditions for the observed I-H transitions are identified
to be (1) the I-phase has type-J LCOs, (2) the plasma pressure gradient scale length L_pe is less than a critical
value (1.7 cm, here) and the EXB flow shearing rate is higher than a critical value (10^6 s^-1, here), and (3) the
growth rate of the diamagnetic drift flow \gamma_DD is equal to or higher than the ion-ion collision
frequency \nu_ii. Detailed observations, revealing L-I-H transition mechanism, will be presented.
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Developing a physics-based model of the L-H transition is critical for confidently extrapolating the auxiliary
heating requirements for ITER from the existing empirical L-H transition power threshold scaling. For the first
time, it is shown here that the initial turbulence collapse preceding the L-H transition is caused by
turbulence-generated (positive) E×B flow opposing the equilibrium (L-mode) edge plasma E×B flow related to
the edge pressure gradient. Recent main ion CER measurements in Helium plasmas provide strong evidence of
concomitant turbulence-driven main ion poloidal flow viθ. Near the power threshold, the transition dynamics
is substantially expanded/slowed via limit cycle oscillations (LCO) between the turbulence intensity and the
E×B velocity, allowing profile and flow measurements with unprecedented spatial and temporal resolution.
During the LCO, viθ lags the density fluctuation level ñ, consistent with energy transfer from the turbulence
spectrum via the perpendicular Reynolds stress. As the LCO evolves, the periodic reduction of edge turbulence
and transport subsequently enables a periodic increase in the edge pressure gradient and equilibrium E×B
flow, reducing the LCO frequency and eventually securing the transition to H-mode.
A two-predator, one prey model, similar to a previously developed model [Miki, Diamond, Phys. Plasmas 19,
092306 (2012)] but in contrast retaining opposite polarity of the turbulence-driven and
pressure-gradient-driven E×B flow, captures essential aspects of the transition dynamics, including the
phasing of ñ, viθ and vE×B. The interpretation advanced here explains several unresolved experimental
observations, including the counter-clockwise (ñ, Er) limit cycle observed in the outer shear layer in DIII-D,
and JFT-2M (consistent only with positive E×B flow drive). A positive electric field transient concomitant with
initial turbulence suppression, has been demonstrated across a range in plasma density, heating power, and
q95, during “fast” L-H transitions and during extended LCO transitions. The evolution of turbulence-driven
and pressure-gradient driven flow is shown to depend on plasma density and q95; implications for the
density/collisionality scaling of the L-H transition power threshold will be discussed.

This work was supported by the US DOE under DE-FG0208ER54984, DE-FG03-01ER54615 and
DE-FC02-04ER54698.

25th IAEA Fusion Energy Conference - IAEA CN-221 / Book of abstracts

579 



Edge Turbulence / 452

A 3D Nonlinear Simulation Study of the L→H Transition Criterion
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High confinement mode (H-mode) is essential as a baseline operating scenario in ITER. In order to develop a
predictive model of the power threshold for access to H-mode in ITER, it is essential to understand first the
underlying mechanism that triggers the transition. It is widely accepted that edge transport barrier (ETB)
formation in H-mode is due to the suppression of turbulence by E x B flow shear. In several recent
experiments, turbulence-driven flows were suggested as a trigger for the L→H transition. In this paper, a 3D
fluid simulation model of the L→H transition is presented. Specifically, we report the results of 3D
flux-driven simulations of resistive ballooning modes (RBM) turbulence with neoclassical flow damping effect
in the edge of a tokamak. It is found that ETB forms naturally due to mean shear feedback through evolving
pressure gradient once input power exceeds a threshold value. We show that (1) the transition to ETB is
triggered by the turbulence-driven flow via a limit cycle oscillation (LCO) of turbulence intensity and E x B
flow shear; (2) the correct transition criterion (threshold) is given by R_T > 1 (R_T: normalized Reynolds
power defined as a ratio of the Reynolds power to the rate of energy input into the turbulence), instead of the
conventional mean shear criterion, i.e., E x B flow shearing rate larger than linear growth rate; (3) neoclassical
poloidal rotation damping effect significantly affects the transition process. A slow power ramp-down
simulation is also performed to study H→L back transition and hysteresis phenomena. Detailed results will be
presented.
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