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Greetings from Chairman

Dear participants to RFPPC2019,
Welcome to Hefei, the city of science and education of
China.
It is a great honor and pleasure for the Institute of Plasma
Physics, Chinese Academy of Sciences (ASIPP) to
organize the 23rd Topical Conference on Radiofrequency
Power in Plasmas (RFPPC). It is the first time RFPPC
conference comes to Asia. We expect its long tradition to be continued and
abundant achievements to be enriched here.
As one of the most livable cities in China, Hefei represents a combination of
history and modernity. With a history of more than 2000 years, it is a historic site
famous for the Three Kingdoms Period and the hometown of Lord Bao. Nowadays,
Hefei has become a prosperous city with a population of 8 million and an area of
11500 km2. Its rapid development is characterized by its advanced high
technology and scientific research.
On behalf of the LOC and ASIPP, I would like to extend our warm welcome to all
of you. We sincerely hope that the conference will be a full success, and that you
will have a happy memory in Hefei.

Baonian WAN

Director of ASIPP, Chairman of LOC

23rd Topical Conference on
RADIOFREQUENCY POWER IN PLASMAS
14th – 17th May 2019, Chinese Calligraphy Building, Hefei, China

Scope
Concerned with all aspects of electromagnetic waves in plasmas, including but not limited to
applications in magnetic fusion devices, RF plasma sources, and studies of basic plasma wave
physics and technology.

Topics
•
•
•
•

Plasma wave interactions, such as heating, current generation, other 'phase space
engineering,' diagnostics and plasma control
Applications of RF power in fusion devices such as tokamaks, stellarators, spherical tori,
reversed-field pinches and other confinement concepts
Basic plasma wave physics
Applications to plasma sources for materials processing, space propulsion, ionospheric
and space plasmas

Location
RFPPC 2019 will be held in Hefei, a city located in the central region of China.
Hefei Xinqiao International Airport welcomes flights from major cities inside or outside China.
From the two railway stations, all-weather high-speed trains can take you to Yellow Mountain
(1h), Shanghai (2h), Hangzhou (2.5h), Beijing (4h), etc.

Venue
The conference will be held in ‘Chinese Calligraphy Building’ in the High-tech Zone of Hefei.
It has a convenient location, which is 30km to the airport, 12km to the railway stations, 3km to
downtown, and 5km to the Anhui provincial museum.

Social Events
Welcome reception:
Tuesday 14th May 18h30, Ji Xian Hall, 3rd floor, Chinese Calligraphy Building
Conference dinner:
Thursday 16th May 18h30, Multi-functional banquet hall, Thai Village restaurant (next to
Chinese Calligraphy Building)

Technical Visit:
Friday 17th May, buses leave at 9h from Chinese Calligraphy Building
Institute of Plasma Physics, Chinese Academy of Sciences（ASIPP）was founded in September
1978 for the purpose of the peaceful utilization of fusion energy based on the tokamak approach.
It is one of the most important laboratories on magnetically confined fusion in China, has built

HT-6B, HT-6M, HT-7, the first superconducting tokamak in China, and EAST, the world’s first
non-circle cross-section full superconducting tokamak.
Buses will leave at 9h from Chinese Calligraphy Building to the Science Island where ASIPP is
located. Your visit will include a guided tour of EAST facility (LHCD system, ICRF system and
ECRH system) and ITER manufacture workshops. Back for lunch in Chinese Calligraphy
Building.
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Review Paper

Fifty years of progress in ICRF,from first experiments on the Model C Stellarator to the
design of an ICRF system for DEMO
J-M Noterdaeme1,2 et al.
1

Max-Planck-Institut für Plasmaphysik, Boltzmannstr. 2, D-85748 Garching, Germany
2
Applied Physics Department, Ghent University, B-9000 Gent, Belgium
noterdaeme@ipp.mpg.de

While we concentrate on the progress that has been achieved on the understanding of the
interaction between the plasma edge and the ICRF (ion cyclotron range of frequency) heating,
we present here a comprehensive overview of the use of ICRF scheme from its beginning.
The first significant use of ICRF occurred in the Model C stellarator in 1969, now 50 years
ago. From the start, experiments were struggling with impurity problems. The initial remedy
there was the introduction of a Faraday screen.
In the 70’s, the emphasis was on development and optimization of the several heating
methods. Their theoretical basis and the understanding of the physics made substantial progress.
In the 80’s, power in the MW range was becoming available on PLT, ASDEX, JET and
TFTR. It was shown that fusion relevant temperatures could easily be achieved, while at the
same time impurity and coupling problems remained a nagging issue.
The 90’s saw the start of ICRF on JT60, Tore Supra, Alcator C-mod and ASDEX Upgrade as
well as the first applications of ICRF on D-T plasmas on JET and TFTR. With plasmas far into
the H-mode, the ICRF systems struggled to cope with the effects of ELMs on the coupling.
Ferrite tuners were developed on Alcator C-mod. Conjugate matching systems and 3-dB
couplers were the solutions for ELMs implemented on JET and on ASDEX Upgrade.
Starting in 2000, ICRF capabilities beyond heating, such as for example the control of fast
particle transport, were experimentally investigated on JET. The design of the ICRF system for
ITER progressed, in support of which an ITER-like antenna was built on JET. ICRF heating was
used on KSTAR and long pulse records were set on LHD. With modelling codes such as
TOPICA, quantitative calculation of antenna coupling became possible.
From 2010, we saw the start of ICRF systems on EAST. Machines such as ASDEX Upgrade
and JET transited to full-metal first walls, and the interaction of the ICRF with the plasma edge
became a pressing issue. Alcator C-mod provided with its field aligned antenna a way forward.
In ASDEX Upgrade, the problem was experimentally solved with a 3-strap antenna,
accompanied with substantial progress in understanding and modelling capabilities.
In an interesting twist, complementing the work of the 70’s, a new heating mechanism (3ion scheme) was discovered. It opens the possibility to generate very energetic ions and thus
allows to test what the confinement of fusion products would be. This is a quite attractive option
for stellarators, such as W7-X, where testing the confinement of fast particles is a strategic issue.
New antenna concepts, planned to be tested on WEST, are being developed and make an
ICRF system very attractive for future reactors.The talk aims at providing an overview of 50
years of ICRF research, thereby putting the progress of the ICRF scheme in an historical
perspective. It shows what has been accomplished, how problems that surfaced have been
overcome and proposes a view for the future.
The presenter was personally involved in those developments in the last 40 years, from
ERASMUS in Brussels, over TEXTOR in Jülich, ASDEX, W7-AS and ASDEX Upgrade in
Garching, JET in Culham to ITER in Cadarache and DEMO.
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I1.1
3D full wave fast wave modeling with realistic antenna geometry and SOL plasma
N. Bertelli1, S. Shiraiwa2, C. Lau3, X. Yang4, E.-H. Kim1, G. J. Kramer1, J. C. Wright2,
B. Van Compernolle5, T. Carter5, and the RF SciDAC Team and the JET contributors
1

Princeton Plasma Physics Laboratory, Princeton, NJ,
USA nbertell@pppl.gov, ehkim@pppl.gov, gkramer@pppl.gov
2
Plasma Science and Fusion Center, MIT, Cambridge, MA,
USA shiraiwa@psfc.mit.edu, jwright@psfc.mit.edu
3
Oak Ridge National Laboratory, Oak Ridge, TN, United States of America lauch@ornl.gov
4
Tri Alpha Energy, Inc., Rancho Santa Margarita, CA, USA XYang@tae.com
5
Department of Physics and Astronomy, University of California, Los Angeles, CA,
USA bvcomper@physics.ucla.edu, tcarter@physics.ucla.edu
This paper reports the significant advancement of our ability to model and to understand how
RF waves interact with the SOL plasma, by realizing the full torus 3D SOL plasma simulation
together with the antenna and core plasma. In a fusion device powered significantly by RF,
however, the loss of RF power in the SOL can be a real PMI issue for possible RF sheaths and
plasma facing component damage. Indeed, many experiments in different fast wave (FW)
heating regimes, such as hydrogen minority heating and HHFW, have found strong interactions
between RF waves and the SOL region. A significant interaction between FW and energetic ions
generated by NBI, also, plays an important role in the current experiments. Commonly, RF
simulations in the plasma core are neglecting the SOL plasma and they compute the RF field in a
2D domain assuming one single toroidal wave number. State-ofart RF SOL/antenna simulation is yet limited to a relatively small
volume in front of the antenna, and it involves significant physics
simplification such as stratifying antenna strap structure and/or
treating the antenna front volume as vacuum. This paper, instead,
examines the full 3D device geometry including realistic antenna
geometry in order to capture the 3D effects and the antennaplasma interaction in the SOL plasma and, at the same time, the
core wave propagation. We use an open source, Petra-M code,
Figure 1. Fast Wave E field
and performed 3D full wave simulations in the HHFW regime
in NSXT-U plasma with 3D
both in NSTX-U (Fig.1) and LAPD plasmas. For NSTX-U, a
geometry.
comparison was made between previous 2D simulations, where
standing waves appear to form outside the LCFS. A scan of the antenna phasing shows a strong
interaction between FWs and the SOL plasma for lower antenna phasing, which is consistent
with previous NSTX HHFW observations. The impact of 3D RF power losses and comparison
with NSTX observations, in particular, the possible RF power flow going into the divertor region
will be discussed. Furthermore, the effect of the 3D wave field on the fast ion population from
NBI beams in NSTX-U will be quantified by using the 3D field obtained from the Petra-M
simulations in the SPIRAL full-orbit following particle code. On LAPD, we will discuss the 3D
full wave simulations of a new HHFW 4-straps antenna recently installed by Tri-Alpha Energy
on LAPD. Additionally, we will discuss the extension of the procedure to couple the hot core and
cold edge regions to include the true 3D antenna geometry. The result of the coupled simulation
of Alcator C-Mod rotated ICRF antenna, and the model validation efforts using JET ITER-like
antenna will be presented.

I1.2
Experimental confirmation of mm-wave beam broadening as a result of scattering by
scape-off layer turbulence in the TCV tokamak
T.P. Goodmana*, S. Albertia, M. Baqueroa, O. Chellaia, I. Furnoa, L. Guidib, O. Majb, E. Polib, P.
Riccia, F. Rivaa, M. Silva-Füglistera, C. Theilera, C. Tsuia, H. Weberb and the TCV team
a

Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), CH-1015,
Lausanne, Switzerland
b
Max Planck Institute for Plasma Physics, Garching, Germany
*timothy.goodman@epfl.ch

For nearly a decade, concerns have been raised about loss of efficiency in NTM stabilization
by EC resulting from the broadening of mm-wave beams due to the turbulence that is known to
exist in the scrape-off layer (SOL) of tokamak plasmas. The SOL is characterized by open field
lines where plasma is unconfined and is known to contain concentrated field-aligned “blobs” of
plasma, originating from the underlying turbulence, (with higher density than in the surrounding
volumes). The mm-wave beam can interact with blobs and scatter, leading to a broader than
expected time-averaged beam profile at the absorption location. On next- generation devices
such as ITER, this could lower the efficiency of NTM stabilization and may require modulation
of the beam to recover efficiency since the peak driven current density is lower and the beam
size, relative to the island size, is larger.
This paper reports direct measurements of mm-wave power transmission through the plasma
that have been made on TCV. We show that these measurements become consistent with
predictions of transmission when mm-wave scattering by SOL and edge turbulence is included in
the propagation model. To our knowledge this is the first direct comparison of predicted and
measured mm-wave beam broadening due to SOL and edge turbulence in a tokamak plasma.
The predictions are based on first-principle simulations of the SOL turbulence using the GBS
code [1]. This provides statistical properties of the simulated turbulence to determine the
characteristic “blob” size in the region of the beam, from which we determine the perpendicular
correlation length L. In addition, the simulations provide the level of density fluctuation that is
consistent with measurements using a fast reciprocating probe. The correlation lengths and the
level of density fluctuations are used in a parametric statistical model of the turbulence by the
WKBeam code [2] to calculate the expected beam transmission through the plasma to a synthetic
detector – in the line of sight of the mm-wave launcher at the bottom of TCV, as in the
experiment. The distance from the TCV launcher to the detector is ~1.7m, similar to the distance
from the SOL to the q=2 surface in ITER. An analytical model extends the turbulence levels into
the edge plasma, constrained by the GBS simulations.
These results confirm experimentally the broadening effect and are a benchmark for the
WKBeam code as a tool to correctly simulate beam broadening, and thus the associated current
drive delocalization, in future tokamaks, provided verified input parameters such as those from
GBS can be made available.
1. Ricci et al., Plasma Phys. Controlled Fusion 54, 124047 (2012)
2. Snicker et al, Nucl. Fusion 58 (2018) 016002
“This work has been carried out within the framework of the EUROfusion Consortium and
has received funding from the Euratom research and training programme 2014-2018 and 20192020 under grant agreement No 633053. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.”
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First Lower Hybrid Current Drive experiments on the WEST tokamak
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The WEST tokamak is aiming at testing ITER-like tungsten divertor tiles at nominal heat
flux (10MW/m2) during very long pulses (1000s) [1]. It has been demonstrated that LHCD was
efficient to sustain fully non-inductive discharges for more than 6 minutes on Tore Supra [2] and
EAST [3], and the LHCD system of WEST, with an output power at the generator of 9MW, is
designed to fulfill this task at high plasma density ( ne =6-7×1019m-3).
First LHCD experiments have been performed in WEST totalizing more than 350 discharges.
The plasma current was in the range 0.5-0.7MA (q95~3-4) in most cases and the electron density
was raised from ne ~2×1019m-3 to ne ~4×1019m-3 during the 2018 campaigns.The X-point plasma
(R~2.5m, a~0.45m, κ~1.25) is preferentially in the lower single null configuration although the
upper single null configuration was also experimented. In 2018, the plasma duration could be
extended to 37s using LHCD, and 16 discharges were achieved with LHCD injected energy in
the range 50-80kJ.
Good wave coupling is achieved on both launchers. The power reflection coefficient (RC) is
below 5% for the fully active multijunction launcher and below 3% for the passive active
multijunction launcher, when the distance between the launchers and the last closed flux surface
does not exceed 4cm for 0.5MA, medium density plasmas ( ne ~3×1019m-3). The RC of the upper
and lower parts of the launchers is found to be sensitive to the location of the gas injection. With
RC=3-4%, a power of 5MW was coupled for 2 seconds with no indication of breakdowns or
impurity release.
The central electron temperature is found to increase linearly with the input power and
reaches 5keV with 5MW of LHCD ( ne ~3.5×1019m-3). This suggests an increase of the
confinement with respect of the scaling laws. However the fraction of radiated power, which
exceeds 70% in ohmic plasmas, is still in the 50-55% range with high LHCD power. Low loop
voltage (VL<0.15V) is achieved with a density in the 3-4×1019m-3 range, with no sign of loss of
LHCD efficiency at the highest density. The hard X-ray emission in the 60-80keV energy range
decreases with the density as ne-α with 1<α<1.5.
In addition to the experimental results, simulations with the 1.5D METIS code and the 3D
C3PO/LUKE code to verify the coherency between electron temperature, loop voltage, radiation,
plasma composition are presented.
1. C. Bourdelle et al., Nucl. Fusion 55, 063017 (2015)
2. D.Van Houtte et al., Nucl. Fusion 44 (2004) L11–L15
3. B.Wan et al., Nucl. Fusion 53, 104006 (2013)
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Optimum injection settings of electron cyclotron resonance heating (ECRH) are essential for
achieving desired power deposition and reducing the stray radiation level in the vessel.
Peripheral plasma with finite electron density gradients and finite magnetic shear is known to
affect polarization of electron cyclotron (EC) waves [1]. Calculation of the ratio between the
ordinary
(O) mode and the extraordinary (X) mode, integrated in the ray-tracing code developed for
ECRH plasmas in the Large Helical Device (LHD), enables the search for the optimum EC wave
polarization in order to excite the pure O/X mode at the EC resonance layer [2]. A numerical
description of mode coupled waves in inhomogeneous magnetized plasmas will be also
introduced [3].
The real-time control system of the incident polarization was developed for maximum singlepass absorption of EC waves, based on the dependence of optimum EC wave polarization on
peripheral density profiles [4]. The polarization control system is equipped with a fast field
programmable gate array (FPGA), which processes in real time the calculation of the peripheral
electron density profile and the optimum EC wave polarization for motion control of the
polarization rotator and the elliptical polarizer on the transmission line.
The real-time polarization control experiments on the LHD demonstrated that absorbed
power of the EC wave was successfully maintained higher in a relatively low-density plasma
because the pure heating mode was excited due to the optimized polarization state for the singlepass absorption. On the other hand, a difference in the absorbed power to a relatively highdensity plasma was observed, although the difference was comparatively smaller than that in the
case of the relatively low-density plasma. The mode content analysis shows that the pure O mode
is excited and maintained during control. The result suggests that the high-density plasma gives
rise to refraction of the first-pass O-mode EC wave, thereby decreasing the first-pass absorption
component. Not only polarization control but also deposition location control can be helpful in
achieving full absorption of the EC wave within the first pass for high density plasmas. For that
reason, the real-time control system for optimum injection of ECRH power was developed. In
deposition location control, the data set constructed from ray-tracing calculations for various
density profiles is saved into FPGA and referred to in real time to evaluate the optimum
deposition location. Results of the control test will be presented in this conference.
This work was supported in part by NIFS under grant ULRR027 and JSPS KAKENHI Grant
Number 16K18338.
1. T. I. Tsujimura et al., 2016 IAEA Fusion Energy Conf. (Kyoto, Japan) IAEA-CN-234-0083
(2016) Preprint.
2. T. Ii Tsujimura et al., Nucl. Fusion, 55, 123019 (2015).
3. K. Yanagihara, S. Kubo, T. Tsujimura, EPJ Web Conf. to be published (2019).
4. T. Ii Tsujimura et al., Fusion Eng. Des., 131, 130 (2018).
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Building on Alcator C-Mod experience and using the emerging technology of hightemperature superconductors magnet, SPARC is designed to be a compact (R0 = 1.65 m), high
field (B0 = 12 T) pulsed tokamak to carry out D-T burning experiments and to demonstrate netgain from fusion energy. ICRF is the sole proposed auxiliary heating method based on its success
on Alcator C-Mod as well as TFTR and JET during their D-T operation. Among all the heating
methods, ICRF is the only practical and proven method that can heat high density and high field
plasmas in SPARC for both the pre-D-T and D-T operations. To minimize the project risk, we
are conservative in our approach - using proven ICRF heating scenarios and designing/operating
the power system and antennas well below engineering constraints and limits.
In order to accomplish the mission of the SPARC project, ICRF will need to provide≥ 30
MW heating power to plasma. The conceptual design have 12 four-strap antennas: 3 antennas
(above, below and at the mid-plane) at 4 toroidal locations. Each antenna will be powered by 2
two-MW transmitters, like the 4-strap J-port antenna on C-Mod. As a result, total RF source
power (f ~ 120 MHz) will be≥ 50 MW, higher than that on all the existing fusion devices. To
reach 30 MW in plasma, we only need to launch an average of ~2.5 MW from each 4-strap
antenna at antenna voltage ≥ 30 kV, i.e., a power level routinely achieved on C-Mod.
ICRF heating for SPARC will have the fortunate combination of high antenna loading for
good power coupling and high absorption for effective heating. The antenna loading, mainly set
by the density profile near the plasma edge, is expected to be similar to that on Alcator C-Mod,
resulting in relatively low voltage on the antenna and in the transmission line. The single-passabsorption (SPA) of the fast waves, strongly affected by the machine size, is much higher than
that on Alcator C-Mod for the same plasma composition. For D-T burning plasmas with a small
amount of 3He, combining 2nd harmonic T heating and minority 3He heating will have SPA >
50% under most conditions. Because the k|| of the launched RF waves is a critical element
influencing both coupling and absorption, optimal k|| spectra for performance will be determined
and incorporated into the design of the antennas and the ports of the tokamak. For off-mid-plane
antennas, the wave trajectories will be carefully considered to have on-axis power deposition.
Simulation results using TORIC and AORSA/CQL3D will be presented.
To minimize the impact of impurities at high RF power operation, we will use the latest
techniques in antenna design and operation scheme, including aligning antenna straps vs.
magnetic field and reducing the image current on the antenna boxes. To cope with ELMs and
other events that perturb the antenna loading, we will use ferrite tuners (similar to the ones
implemented on C-Mod) in transmission lines for real-time antenna matching.
Beyond providing reliable heating, potentially many new wave phenomena will appear on
SPARC, especially in the burning plasma experiments. The study of these phenomena will
contribute to the scientific understanding of the wave physics under reactor-relevant conditions.
Work supported by Commonwealth Fusion Systems.
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Radio frequency (RF) power in the ion cyclotron range of frequencies (ICRF) is one of the
primary auxiliary heating techniques for Experimental Advanced Superconducting Tokamak
(EAST). In this paper, we will present an overview of the main experimental results from recent
campaign on EAST.
1.
A dedicated experiment for more than 10MW operations has been carried out on EAST.
The major aspects linked to the use of the EAST auxiliary heating systems: ICRF,LHCD
and NBI are presented with emphasis on ICRF and LH. The challenges for ICRF coupling
on EAST will be given at the low densities typically used for long pulse operation. This
paper also summarizes effects of ICRF power on LH coupling and modification of heat
loads on EAST.
2.
An increase in the plasma potential up to 100V are found in the region that do not map
to active I-port antenna. The observed plasma potentials and slow wave intensity in
unmapped locations correlate with the fast wave intensity. As I-port antenna phasing switch
from high parallel wave number to low parallel wave number, the drop in the fast wave
intensity and the plasma potential is consistent with the fast wave rectification mechanism.
3.
Co-current rotation driven by ICRF are observed in Ohmic discharges with a
density pump-out effect. But different rotation behaviors are obtained in the LHCD
discharges on EAST. Co-current rotation can be generated by ICRF heating in LHCD
plasma, which have higher electron temperature and different rotation profile as Ohmic
discharges. ICRF can also be induced counter-current rotation in the LHCD discharges.
4.
A high-frequency magnetic probes (HFBs) system has been developed and
successfully applied to detect ion cyclotron emission (ICE) in D-NBI injection experiments
in the 2018 experimental campaign of EAST. ICE driven by fast D-NBI ions and fusion
born ions are observed on EAST.
In Hydrogen minority in Deuterium plasma, the interaction of fast wave and fast D-NBI ions
are detected on EAST. The analysis from FIDA diagnostic confirm the synergetic absorption of
RF power by fast D-NBI ions.
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Ion cyclotron range of frequencies (ICRF) waves are used successfully to heat magnetized
plasmas to fusion-relevant temperatures. To diagnose how efficiently the launched ICRF power
is delivered to the plasma, the ASDEX Upgrade tokamak has an extensive in-vessel coverage of
B-dot probes. The probes are installed at multiple toroidal positions on both the high- and the
low-field sides and directly detect the magnetic field component of ICRF waves. The measured
quantities include the ICRF wave amplitude, frequency and wavenumber spectra, and the wave
polarization.
The most widely used ICRF heating scenario on ASDEX Upgrade is the hydrogen minority
scheme in deuterium, with the power launched by the 3-strap antennas equipped and compatible
with tungsten-coated limiters and by the 2-strap antennas with boron-coated limiters. The
concentration of hydrogen minority ions can be actively controlled either via neutral gas puffing
or via various conditioning techniques (boronization, glow discharge, and conditioning plasmas).
Additional fusion-relevant heating scenarios, such as helium-3 minority heating in deuterium and
bulk hydrogen plasma (the “3-ion” heating scheme) as well as the third harmonic heating of
beam-injected deuterium ions have been also successfully performed on ASDEX Upgrade.
ASDEX Upgrade uses resonant magnetic perturbation (RMP) coils to help mitigate the
impact of edge localized modes on the plasma facing wall components. In this case, a 3dimensional (3D) magnetic topology is imposed on the plasma edge. When RMPs are applied in
ICRF power heated discharges, the presence of the 3D perturbed magnetic flux surfaces is
detected on the B-dot signals. However, in this case, the wave propagation, absorption and
coupling might be simultaneously affected. Dedicated studies using both, experimental data, and
a number of numerical routines, are employed in order to disentangle these effects.
Finally, ICRF waves intrinsically generated by the plasma are also commonly detected on
ASDEX Upgrade. The observed ion cyclotron emission (ICE) signals are consistent with the
magnetoacoustic instability driven by fast ions present in the plasma. The fast ions can be
generated via ICRF wave acceleration, or by directly injected neutral beams, or born via nuclear
fusion reactions. For the case of ICRF-accelerated fast ions, the observed ICE signals provide
supplementary information on how efficiently the launched RF power is coupled to the minority
ions and how well these accelerated energetic ions are confined in the plasma. This is illustrated
with a few recent 2018 discharges heated with a 3-ion heating scheme and characterized by a
ramp-up of the magnetic field.
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As a long-term research programme, EAST aims to provide a suitable platform to address
physics and technology issues relevant to steady-state advanced high-performance H-mode
plasmas with ITER-like configuration, active cooling tungsten divertor (a power load up to 10
MW/m2), plasma control and heating schemes. The research of EAST experiments has
been mostly focused on the development of a high-performance steady-state scenario with RFdominated heating schemes.
Recent EAST experiment has successfully demonstrated long-pulse steady-state scenario
with a good plasma performance through the integrated operation. A discharge with a duration
over 100s using pure RF power H&CD has been obtained with the required characteristics
for future long pulse tokamak reactors such as good plasma performance (H98y2 ~ 1.1)
with eITB inside rho< 0.4, small ELMs (frequency~100-200 Hz), good control of impurity
and heat exhaust with the tungsten divertor. The integrated small-ELM (ISE) regime has been
discovered in a high-beta regime, which is a promising operational regime for future ITER
long-pulse operation. The optimization of X-point, plasma shape, the outer gap and local gas
puffing near LHW antenna were integrated with global parameters of BT and line averaged
electron density <ne> for higher current drive efficiency of LHW and on-axis deposition of ECH
in the long pulse operation. The merits of using ECRH, one side decrease up to 40% of tungsten
concentration in the core plasma, the other side bring more electrons to resonate with the LH
waves, resulting in the enhanced driven current when combining the ECCD and LHCD. A higher
energy confinement is observed when using favourable toroidal field. A high βP RF discharge
(βP~1.9 & βN~1.5,<ne>/nGW~0.80, fbs~45% at q95~6.8), demonstrated for CFETR steady-state
scenario, was successfully maintained over 24s with the improved capabilities.
Over next few years, EAST is looking forward to achieving >400s long-pulse H-mode
operations with ~50% bootstrap current fraction. A new lower ITER-like tungsten divertor
with active water-cooling has been designed for EAST. With this upgrade, EAST will be
capable to access the high-triangularity small-ELM H-mode regimes and also to perform the
target plasma in an advanced X-divertor configuration with assistance from two new watercooled internal PF coils.
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Lower Hybrid Current Drive (LHCD) is one of the most attractive RF actuators in driving
off- axis current, but faces two challenges arising from the presence of the cold, dense, and
turbulent Scrape-Off Layer (SOL). One is to overcome the “LH density limit”—an anomalous
loss of current drive efficiency at high density [1], and the other is to properly model the impact
of the SOL on wave propagation [2,3]. This paper will report the recent experimental and
modeling investigations conducted on Alcator C-Mod, which further elucidates the role of the
SOL in determining the magnitude and profile of wave power deposition.
In our latest LHCD experiment, with a proper management of the SOL plasma, a recovery of
efficient current drive is observed in a diverted configuration at densities exceeding the
previously identified LH density limit of 𝑛̅𝑒 ≈ 1×1020 m-3. By operating at high current (or low
Greenwald fraction), the SOL width and turbulence level are minimized [4], and under this
condition parasitic wave power losses occurring in the edge/SOL region are found to be
minimized, evidenced by the internal RF probe measurement [5]. Concurrently, non-thermal
Bremsstrahlung emissions increase significantly, and LHCD efficiency as inferred from the
change in the loop voltage corresponds to that found at low density: η0=neIpR0/PLH ≈2.5 (1019
MA MW-1 m-2). Our result implicates that High-Field-Side (HFS) launch with an active X-point
control [6] could provide an optimum SOL condition for wave propagation.
In order to better match the power deposition profile between the model and the experiment,
a shift or spread in the poloidal mode number by the SOL turbulence is being investigated. It is
well known that turbulent wave scattering induces a kick to the poloidal mode number [7] by
rotating the perpendicular wave vector 𝑘̅⊥ . Thus, our approach is to introduce additional
spectral broadening by launching the ray with a non-negligible poloidal component while
preserving the launched n//. This approach contrasts to spectral broadening achieved in the n//
space [2, 3]. An initial test on C-Mod and EAST plasmas using GENRAY/CQL3D shows a
broadened power deposition profile without generating an artificial off-axis peak, which is often
observed in a LH ray-tracing modeling study. A detailed comparison of the power deposition
profile against the experimental C-Mod data will be presented at the conference.
1. G. M. Wallace et al., Phy. Plasmas, 17, 082508 (2010)
2. S. Shiraiwa et al., AIP Conf. Proc., 1689, 030016 (2015)
3. Y. Peysson et al., Plasma Phys. Controlled Fusion, 58, 04408 (2016)
4. B. LaBombard et al., Phys. Plasmas, 15, 056106 (2008) 5. S. G. Baek et al., Phy. Rev. Lett.,
121, 055001 (2018)
5. S. J. Wukitch, et al., EPJ Web Conf., 15, 02012 (2017)
6. P. T. Bonoli and E. Ott, Phys. Fluids, 25, 359 (1982)
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Ion cyclotron resonance heating (ICRH) plays an important role in high performance JETILW plasma discharges [1], both for keeping the heavy impurities away from the plasma centre
[2,3] as for increasing the core ion temperature to get enhanced fusion performance [4,5]. While
the former is needed in any JET-ILW high performance discharge for steady pulse operation and
safe plasma termination, the latter will be particularly important in the next-coming DT plasma
campaign (DTE2) [6]. Currently, the workhorse for impurity control in high power D plasmas is
fundamental H minority ICRH (with simultaneous N=2 harmonic D heating), which leads to
localized core electron heating that induces turbulence (flatter density profiles) as well as peaked
electron temperatures [3]. For fusion power enhancement, dominant bulk ion heating as well as
RF acceleration of the NBI ions to appropriate energies [4,5] would be preferable. The reference
ICRH scenario for DT operation in JET and ITER, N=2 T together with fundamental 3He ICRH,
is expected to provide dominant bulk ion hating [6] and theoretical studies suggest that it could
also be efficient for high-Z impurity screening [7]. Other heating schemes such as fundamental D
heating [8,9] and fundamental Be heating [10] also have a strong potential for enhancing fusion
reactions in DT plasmas. In this paper, we discuss the modelling results of different ICRF
scenarios available for the DTE2 campaign in JET-ILW, highlighting their main properties in
terms of the RF power absorption of the various species (including beam ions) present in the
plasma, their slowing-down properties onto the bulk ions and their potential influence on core
impurity transport [7]. Modelling the correct absorption, slowing-down and collisional energy
redistribution of the several simultaneously RF heated species in a DT plasma mix with strong
neutral beam injection (NBI) is numerically challenging [11] and reliable predictions are key for
optimizing the ICRH schemes for DT operation in JET and in ITER.
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Traveling wave antennas have been developed for launching both fast and slow waves in the
lower hybrid range of frequencies for non-inductive current drive. The advantages of TWAs are
very high directivity and good input impedance match independent of plasma loading, radial
compactness, and minimal use of port area.
A 12-module 200 MHz inductively coupled comb-line antenna (ICCA) for launching fast
waves operated at up to the equivalent of 800 kW on JFT-2M in 1996-2000, demonstrating both
efficient coupling to the plasma and good power handling capability.
A 30-module ICCA has been installed in the DIII-D tokamak for off axis current drive using
very high harmonic (476 MHz) fast waves ('helicons') [1]. A 12-module low-power version of
the antenna was installed in DIII-D in 2015-2016 for measuring plasma loading as a function of
plasma position for various types of discharges and imposed n|| at ≤ 400 W input power [2]. The
results of simulations, low-power tests, plasma loading measurements, high- power test stand
measurements, and limits on antenna efficiency imposed by ohmic loss will be presented.
Two capacitively coupled comb-line (CCC) antennas for slow wave current drive at 200
MHz are in use in the TST-2 spherical tokamak. The top launch is conceptually similar to the
successful outside launch CCC antenna [3], but it is mounted above the plasma towards the
centerpost for improved accessibility and stronger first pass damping of the launched wave. The
results of simulations and low and high power measurements will be presented.
In development is a surface wave structure, the fin-line, for launching the slow wave.Lowpower measurements on a 4.6 GHz prototype have exhibited a good match to the waveguide, the
predicted n|| ≈ 3 propagation along the structure, and strong loading by a resistive film located 6
mm from the antenna.
1.
2.
3.

R. Prater, C.P. Moeller, R.I. Pinsker, M. Porkolab, O. Meneghini, and V.L. Vdovin, Nucl.
Fusion 54 (2014) 083024
R.I. Pinsker, R. Prater, C.P. Moeller, et al., Nucl. Fusion 58 (2018) 106007
S. Yajima et al, Plasma Fusion Research 13, 3402114 (2018)

This work was supported by the US Department of Energy under DE-FC02-04ER54698 and
by Japan-US Cooperation in Fusion Research and Development.
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The Passive-Active Multijunction (PAM) launcher has been demonstrated in H-mode
plasmas on HL-2A since the 3.7GHz LHCD system was built in 2014[1,2]. The coupled power
increased much from 470kW in 2014 to 1400kW in 2018[2,3]. The LHW power became more
and more important in the H-mode discharges on HL-2A in the past 4 years. Plenty of H-mode
discharges in 2018 campaign were operated with the help of LHW power.
The LHCD experiments showed distinct characteristic on HL-2A, such as no full noninductive CD (loop voltage always >0.5V) and counter-current drive effect with the co-current
drive spectrum. This phenomena may be caused by the high refractive index N//0=2.75 and the
low directional efficiency of PAM antenna. Assuming a spectrum with a main N// peak and an
opposite peak, which is lower but just a little smaller due to the low directional efficiency. As the
opposite spectra with same absolute value give the same LHCD efficiency[4], only the counter
and co-current drive differences, the LHCD effect of the two peaks we assumed can be
comparable, making it possible to obtain counter-current drive, even the main N// peak drives cocurrent. So, the antenna was turned around for 180 degree in 2018, launching an opposite
spectrum. With phase changing and plasma parameter adjustment, full non- inductive current
drive was obtained finally[5], with low CD efficiency as expected(~0.2×1019A m-2W-1).
ELM mitigation with LHCD has been successfully achieved[6]. It has been observed that the
edge velocity shear is strongly modified by LHCD, probably due to the modification of the
pedestal ion pressure gradient by the high component of lower hybrid heating. The change of
velocity shear then leads to the turbulence enhancement through a turbulence radial wavenumber
spectral shift process. This enhancement of turbulence is governed by a critical growth rate of the
instabilities, which is also responsible to the ELM mitigation[7].
4 MW LH system is planed on HL-2M tokamak. The antenna is manufactured and measured.
It is a 6×32 grilled FAM antenna with the refractive index n//0=2.25, made of stainless steel.
1. X.Y. Bai et al., EPJ Web of Conferences 157, 02001 (2017).
2. X.Y. Bai et al., Proc. 42nd EPS Conference, Lisbon (2015), paper P5.137
3. M. Xu et al., 27th IAEA Fusion Energy Conference (2018), OV/5-1.
4. V. Basiuk et al., Ukea, 2004.
5. A. Ekedahl et al., 27th IAEA Fusion Energy Conference (2018), EX/P2-16.
6. G. L. Xiao et al., Physics of Plasmas 24, 122507 (2017)
7. G. L. Xiao et al., 27th IAEA Fusion Energy Conference (2018), EX/7-4.
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Full wave modeling of SOL density fluctuations effects on LH and helicon waves
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Lower hybrid (LH) and helicon waves drive off-axis current in tokamaks to enable steady
state advanced scenarios. Previous experimental, computational and theoretical investigations
have indicated the importance of scrape-off-layer (SOL) density fluctuations on the propagation
and absorption waves of LH and helicon waves. This paper presents a summary of recent
computational results demonstrating the impact of synthetic turbulent density profiles using a
cold plasma full wave model for LH waves on Alcator C-Mod and helicon waves on DIII-D:
SOL density fluctuations at large amplitudes (50-100%) and with wavelengths close to the
LH wavelength consistent with ballooning mode turbulence are necessary to explain
experimentally measured LH polarization modification on Alcator C-Mod
Scattering, interference, and large LH electric fields can occur in the SOL, increasing SOL
collisional losses for fluctuation lengths near the LH wavelengths (Fig. 1, center)
Strong SOL electric field structures and collisional absorption for helicon waves on DIII-D
can form at high SOL densities (Fig. 2, right)
SOL density fluctuations at large amplitudes and specific wavelengths can create large SOL
electric fields and losses for helicon waves on DIII-D at both low and high SOL densities

Fig. 1: LH |E| for fluctuations at different
Fig. 2: Helicon |E| for density profiles at
poloidal wavelengths (λfluct)
different minimum antenna density (nmin)
These physics highlights are established from a computational study of 2-D axisymmetric
full wave models for a wide range of plasma and antenna parameters such as density profile,
density fluctuation amplitude, density fluctuation poloidal wavelength, collision frequency,
antenna toroidal mode number, and realistic vacuum vessel geometry. These results show the
impact of SOL density and density fluctuations on LH and helicon wave SOL propagation,
increased SOL absorption and reduced core coupling, and the importance of full wave models in
capturing strong SOL electric fields that cannot be simulated by standard ray tracing models.
1. E.H Martin et al, submitted to IAEA (2018)
2. C. Lau et al., Nuclear Fusion, 58 (2018).
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Recent work on ICRF physics at the Large Plasma Device (LAPD) at UCLA has focused
on deleterious near-field antenna effectsa, such as RF rectification, sputtering, convective
cells and power lost to the plasma edge. Plasma parameters in LAPD are similar to the scrapeoff layer of current fusion devices. The machine has a 17 m long, 60 cm diameter magnetized
plasma column with typical plasma parameters ne ~ 1018 – 1019 m-3, Te ~ 1 – 10 eV and B0 ~
0.1 T . A high-power (~150 kW) RF system and single-strap antenna have been developed
for LAPD, enabling the generation of large amplitude fast waves. The source runs at a
frequency of 2.4 MHz, corresponding to 1 – 7 fci, depending on plasma parameters.
Evidence of rectified RF sheaths is seen in large increases (~ 30 Te) in the plasma
potential on field lines connected to the antenna, and in copper deposition on plasma facing
components due to sputtering at the antenna. The rectified RF sheaths set up convective cells
of local E x B flows, measured indirectly by plasma potential measurements with emissive
probes, and measured directly with Mach probes. At high antenna powers substantial
modifications of the density profile were observed after the RF antenna is powered up. The
density rearrangement is asymmetric with a decrease in plasma density near the top of the
antenna and an increase near the bottom. The plasma density profile initially exhibits transient
low frequency oscillations (~10 kHz) and settles into a quasi-steady state profile for the
remainder of the RF pulse. Recent experiments with insulating antenna side walls showed
markedly decreased RF sheath effects.
In experiments at low antenna powers, the parasitic coupling to slow waves in the low
density region in front of the antenna is being studied. Detailed wave field measurements show
coupling to both the short wavelength slow wave and the long wavelength fast wave. Coupling
to lower hybrid waves was demonstrated for a range of normalized frequencies, from1<f
/fci<30.
These results led to the start of the ICRF campaign at LAPD with involvement from MIT,
Princeton, RMA, TAE, ORNL, Tech-X and GA. Simulation work is underway at MIT using
Petra-M. Recently a 4-strap antenna was installed, in collaboration with TAE, ORNL and
ASIPP.
Work is performed at the Basic Plasma Science Facility, supported jointly by DOE/NSF.
a
M. Martin, et al, Phys. Rev. Lett 119, 205002 (2017)
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WEST is an integrated platform where plasmas are heated by a combination of LHCD and
ICRF powers, to address the power exhaust challenges for next step fusion devices. To meet the
project targets, the WEST ICRF system has been upgraded to provide resilience and continuous
operation capabilities. In particular, three new fully water cooled antennas have been fabricated
in association with ASIPP [1,2], to inject Radio Frequency power from 3 MW in continuous
operation up to 9 MW during 30 s in the 48-60 MHz frequency range [3,4].
A series of low power (milli-watt) characterizations and high voltage (27 kV) tests were
performed on each WEST ICRF antenna prior to installation on the tokamak [5]. Part of these
low power tests was carried out with the antennas facing a dummy load consisting of an
aquarium with an optimized salt water solution. Despite the limited range of coupling that can be
achieved using salt water, the load-resilience of the WEST ICRF antennas was demonstrated in
these conditions. The low power tests also allowed performing a broad range of comparisons
with modelling, thus validating the use of numerical calculations for predictive modelling of the
impedance matching. Furthermore, dedicated low power tests were conducted to validate the
impedance matching algorithm that was later tested during plasma operation.
Following these characterizations, two ICRF antennas were installed on WEST and
successfully commissioned on plasma within ~190 shots, during the C3 experimental campaign
in 2018. A coupled power of 1 MW was achieved with one antenna, and up to 1.4 MW peak
power was coupled with two antennas. The impedance matching of both antennas was first
performed manually before using a feedback controlled algorithm during plasmas.
The third WEST ICRF antenna has now been tested at low and high voltages on the TITAN
test bed. In particular, a new system of arc detection based on optical fibres has been successfully
validated during the high voltage tests. The third antenna will be installed in WEST to be used in
the C4 experimental campaign in 2019.
The paper presents the low power characterizations of the three antennas and the
commissioning results on the plasma. The strategy that was followed to perform the manual
impedance matching is described. The predictive numerical modelling that was performed to
consolidate this strategy is discussed together with the impedance matching algorithm
performances. This paper shows that the performances of the WEST ICRF antennas are
conformal to the RF design. This gives solid confidence for the future operation of these
antennas.
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High field side (HFS) launch of LHCD improves current drive efficiency and may mitigate
plasma material interaction (PMI) issues observed during low field side (LFS) launch. An HFS
LHCD launch scenario on DIII-D functions as a primary off-axis CD actuator for profile
control at r/a=0.6-0.8. We present the design of an HFS LHCD launcher, Fig. 1. (A),
utilizing additive manufacturing capability and planned for installation on DIII-D. A proposed
multi-junction (MJ) coupler is simulated in COMSOL to verify suitability for future DIII-D
current drive experiments. COMSOL simulations capture effects of RF structures in close
proximity to the plasma; an effect not captured in ALOHA simulations when an infinite length
waveguide is assumed. A novel coupler geometry including a traveling wave poloidal power
divider and an impedance matching structure integrated into each launcher aperture reduces
reflected power, peak electric field within the vacuum section of the launcher, and sensitivity to
vacuum gap thickness to reduce breakdown potential at high launch power. The impedance
matching structure increases the operating range of density and density gradient, allows
operation near or at the cut-off density with minimal power reflection, and decreases sensitivity
to density variations at the launcher aperture. Additive manufacturing allows the integration of
the impedance matching structure into the aperture of the launcher module, simplifies design,
and improves strength. GENRAY/CQL3D synthetic diagnostic results predict HXR emission
distribution during LHCD.
Recent advances in selective laser melting (SLM) 3D printing technology allow additive
manufacture of RF launchers from a new type of copper alloy, Glenn Research Copper 84
(GRCop-84), in configurations otherwise unachievable with conventional machining processes.
The current LHCD launcher design will make extensive use of SLM printing; techniques are
applicable to other RF launcher designs. RF and material properties of SLM printed GRCop-84
WR187 waveguide, Fig. 1. (B), are compared with commercially available oxygen-free copper
waveguide. The surface and bulk material are analyzed with scanning electron microscopy, and
focused ion beam milling. Cleaning and surface treatment options are tested to compare
roughness to RF losses. Functional gradient between GRCop-84 and TZM to produce a
molybdenum plasma facing aperture are investigated. HFS experiments using an antenna dummy
module show negligible sputtering of Mo into the plasma. Work supported by USDOE, OFES,
using User Facility DIII-D, under No. DE-FC02-04ER54698 and by US DoE Contract No. DESC0018090.

Fig. 1. HFS launcher traveling wave power divider and aperture matching structure to be
constructed with additive manufacturing techniques (A), and 3D printed WR187 waveguide test
article (B)
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In this contribution, we extend the studies of recent JET experiments [1] in H/D
≈85%/15%
plasma (2.9T/2MA) in which neutron rate was enhanced by a factor of 10-15 by applying
2.5MW of ICRH using D-(DNBI)-H three-ion scheme. An extensive analysis of this novel heating
scenario has been carried out by means of integrated TRANSP/TORIC [2] modelling, and a
comprehensive validation of the computed Fast Ion Distribution Function (FI DF) with a range
of fast ion diagnostics available at JET is presented. The predicted acceleration of D NBI ions
beyond their injection energies and the associated changes in FI DF by RF wave are found to be
in good agreement with measured neutron yield and time-of-flight neutron spectrometer
measurements, as well as with multi-channel neutron camera observations and neutral particle
analyser diagnostic. The results of our analysis confirm strong synergetic absorption of RF
power by fast D NBI ions in the vicinity of the MC layer.
The impact of the modified FI DF on the Beam-Target (BT) fusion rates is analysed in details.
The significant enhancement in the observed neutron rates is shown to be largely due to the
strong tail in FI DF driven by ICRH. Finally, we give an outlook of the possible applications of
the developed technique for future DTE2 studies on JET. In particular, controlled acceleration of
T NBI ions in D-rich and D NBI ions in T-rich plasmas to optimal energies can be applied to
maximise BT fusion rates and contribute to the success of future DT experiments at JET and
ITER as illustrated in this study.
Acknowledgment: This work has been carried out within the framework of the EUROfusion
Consortium and has received funding from the Euratom research and training programme 20142018 and 2019-2020 under grant agreement No 633053. The views and opinions expressed
herein do not necessarily reflect those of the European Commission.
1. J. Ongena, Ye. O. Kazakov, Yu. Baranov et al 2017 EPJ Web of Conferences 157 02006
2. http://w3.pppl.gov/transp
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See the author list of “Overview of the JET preparation for Deuterium-Tritium Operation” by E. Joffrin et al. to be
published in Nuclear Fusion Special issue: overview and summary reports from the 27th Fusion Energy Conference (Ahmedabad,
India, 22-27 October 2018)
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In this paper we present an overview of recent results from the linear device Proto-MPEX at
Oak Ridge National Laboratory (ORNL), a prototype for the Material Plasma Exposure eXperiment (MPEX) to be used in the study of plasma-materials interactions for fusion applications1.
Proto-MPEX utilizes a 13.56 MHz helicon plasma source operating at power levels up to ~ 130
kW (to be upgraded to 200 kW) producing deuterium plasmas, with maximum source density
ne > 1 ×1020 m-3 and fluxes at the target of ~ 1024 m-2s-1 achieved to date. Pulse lengths are
currently limited to ~ 2s due to plasma heating of the helicon window, but a collaboration
between ORNL and the University of California, San Diego has produced a water-cooled
window capable of steady state operation that has been successfully tested at the latter institution.
Electron heating will be used on MPEX to increase heat flux at the target and allow a wide
range of electron densities and temperatures to be produced there. Proto-MPEX experiments
have studied several electron heating scenarios, including production of electron Bernstein wave
(EBW) and upper hybrid heating by a 28 GHz gyrotron source operating at power levels up to ~
60 kW. To date, Te at the source up to 25 eV and up to 12 eV at the target have been achieved
under overdense conditions with EBW. Heat flux to the target has been shown to increase
linearly with gyrotron output power, and values up to 5 MW/m2 have been achieved.
Ion cyclotron heating has also been investigated. On MPEX, it will be used to further
increase the heat flux to the target and produce a finite perpendicular (to the surface) ion energy
com- ponent, creating conditions more representative of those occurring near a divertor surface
than can be achieved with substrate biasing. On Proto-MPEX, Ti up to 16eV has been attained,
as measured by spectroscopy, utilizing 30 kW of power in the frequency range 6.5-7.5 MHz. The
most recent experiments have utilized an antenna external to the vacuum that is prototypical of
the one for MPEX. Like EBW, core heat flux on a target has been shown to increase linearly
with heating power. ICH is implemented using slow waves launched from a region with ω < ωci,
into an expanding magnetic field, with absorption at ω = ωci. However, due to the high plasma
density, it is necessary to couple power to the core plasma through a kinetic Alfvén wave (KAW),
rather than the cold plasma slow wave as in many other linear devices. Full wave modeling has
been performed using the COMSOL code with a simplified Maxwellian plasma dielectric tensor
that shows clear core coupling of the KAW to the plasma core. For combined EBW and ICH
heating of the helicon plasma, the effect on the heat flux of the two heating sources has been
found to be additive. This work is supported by U.S Department of Energy, Office of Science,
Office of Fusion Energy Sciences under contract numbers DE-AC05-00OR22725.
1. J. Rapp et al., IEEE Transactions on Plasma Science 44, 3456 (2016).
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In the CFETR (China Fusion Engineering Test Reactor) design project, integrated modeling
is being applied to push forward the physics design of the external heating and current drive
(H&CD) schemes to support the scenarios beyond the 0D design by the system codes. The
schemes should be consistent with the kinetic profiles (e.g., plasma density, temperature,
impurity density) predicted by plasma transport codes, the safety factor profile with good current
alignment, the plasma shape and so on. In order to achieve high duty factor, tritium selfsufficiency (TBR>1) and high fusion gain (Q>~10) in the multi-stage targets of CFETR, the
requirement on the number of windows for H&CD and the power of H&CD should be
minimized. Thus, optimization of the H&CD parameters is necessary in the scenario
development research.
An RF dominated scheme has been developed to support the long-pulse hybrid operation, in
which helicon waves and electron cyclotron (EC) waves are applied to sustain the weak reversed
shear in the deep core (r/a<~0.5) [1]. The replacement of helicon waves by lower hybrid (LH)
waves (deposited around r/a~0.75) reduces the Volt-second consumption a little but degrades the
plasma performance due to the decrease of heating and elevation of safety factor profile in the
deep core.
A preliminary high bootstrap scenario (bootstrap fraction ~ 70%) has been developed to
support the fully-noninductive operation, in which helicon waves and EC waves are applied to
sustain the strong reversed shear at far off-axis position (r/a~0.6). In the ongoing simulations, the
current drive by the neutral beam in this scenario is replaced by the combination of another
helicon waves and the ion cyclotron (IC) waves for ion heating. However, the normalized beta in
such scenarios is over the no-wall stability limit. Tailoring the q profile to increase the plasma
internal inductance might be necessary.
Accordingly, a high bootstrap fraction scenario with far off-axis weak reversed shear
sustained by pure RF H&CD is being developed, which is an extension of the high bootstrap
fraction scenario developed on DIII-D recently. There is a strong ITB around the weak reversed
shear position and a weaker ETB than that in discharges without strong ITB [2]. The lower
height of pedestal could enable lower hybrid current drive to play a role in sustaining the
scenarios.
In the modeling, ray-tracing codes are used to simulate the EC, LH and helicon waves and a
full wave code is used to simulate the IC waves. Further verification using codes with higher
physics fidelity is ongoing.
1. G. Zhuang, V. S. Chan, J. Li, et al., 27th IAEA Fusion Energy Conference (FEC 2018)
2. A. M. Garofalo, X. Gong, B. A. Grierson, et al., Nucl. Fusion 55, 123025 (2015)
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This study compares experimental observations on the two challenges of Ion Cyclotron
Resonance Heating (ICRH), namely the coupling of waves to the plasma and the enhanced
plasma surface interactions in EAST and WEST medium size tokamaks.
In WEST, Lower Hybrid (LH) power helps improving ICRH coupling. In both machines
experiments reveal that fueling from the midplane not only helps to couple waves from nearby
antennas like in other devices, but also has an impact on the scrape-off layer (SOL) density in
regions that are not magnetically connected to the valves. Localized midplane nozzle valves
allow similar (in WEST) or better (in EAST) coupling compared to poloidally distributed valves.
Core density control requirements for long-pulse operation, in particular in L-mode regime,
however limit the amount of gas that can be injected. If injected from radially retracted points,
gas can spread and help reducing sputtering yield on active antenna limiters by a combination of
four effects: (a) reduce thermal effects by cooling down the SOL (b) improve coupling and
therefore reduce the overall near-field amplitudes for a given RF power, (c) increase the electron
mobility in the SOL and thus mitigate the excitation of parallel components of the electric field
and (d) dilute impurities which are the main contributors to sputtering. Despite reduced
sputtering yield, higher deuterium fluxes associated with larger amount of injected gas can
sometimes lead to increased tungsten fluxes.
During ICRH impurities can contaminate the plasma to a level detrimental for the operation,
e.g. 100% of ICRH power radiated on WEST. In WEST, tungsten (W) production measured by
visible spectroscopy increases on all the observed objects during ICRH compared to a reference
phase without ICRH. On some components (antenna side limiters, baffle, divertor) the rise is
larger than with a similar LH power. The relative contribution of each object and physical
process (RF-sheaths, fast ion ripple losses) to core contamination yet remains poorly known.
Comparing antenna limiters with W-coating vs low-Z materials would help quantifying the role
of these components. In EAST, the core W content, measured by EUV spectroscopy in presence
of divertor sources only, is correlated with the total injected power, either from ICRH or LH.
Since 2018 the LH guard limiter tiles were W-coated. Their contribution to the core W content
appears more important than divertor sources, when the magnetically connected ICRH antenna is
powered. Two-strap ICRH antennas magnetically connected to W components at the midplane
already compromise high performance operations.

I3.6
Recent ECH Physics Results from DIII-D
Xi Chen, the DIII-D team
General Atomics, San Diego, CA, USA chenxi@fusion.gat.com
Electron Cyclotron Heating (ECH) has proven critical to DIII-D tokamak research by
producing reactor-relevant scenarios and controlling impurity accumulation. Three unique results
from 110 GHz (2nd harmonic) ECH applications are presented: 1) in recent DIII-D widepedestal QH-mode experiments, the confinement surprisingly improves with the addition of ECH
power instead of degrading as in standard QH-mode or other H-mode plasmas in DIII-D [1].
Dominant-electron-heated wide-pedestal QH-mode has been sustained for several confinement
times with low torque injection and a ratio of ECH to NBI power up to 3:1 [2]. Depositing the
ECH power near the plasma axis results in an electron internal transport barrier (ITB) with
central electron temperatures exceeding 12 keV. Analysis of the heat pulse propagation from
ECH power modulation shows that the electron ITB is due to inward electron heat convection
(i.e., a heat pinch) rather than reduced diffusion [3]. 2) Experiments to integrate the high-beta
hybrid scenario with a high-density radiative mantle required the ECH location be moved from
r/a≤0.2 to r/a=0.45 to avoid the X-mode density cutoff. While moving the ECH deposition offaxis reduced the energy confinement time, analysis showed this is not due to a change in thermal
transport but rather the geometric effect of moving the ECH power closer to the plasma edge.
However, the change in ECH location has a strong effect on the profiles of the neon and argon
ions used to create a radiating mantle. For off-axis ECH, the density profile peaking factor
is~2.6 for neon and ~3.2 for argon, both of which are more peaked than the electron density
profile (~1.4); for on-axis ECH, the neon profile is flat and no accumulation is observed [4]. To
control impurity accumulation for plasma densities above the X-mode cutoff, experiments have
begun to use central O-mode absorption, where a single pass absorption of 88% has been
achieved in the high-density Super H-mode regime [5]. 3) Novel experiments in DIII-D have
tested the predicted ECH refraction for densities near to and above the cutoff density. While we
safely push to higher density plasmas in X-mode polarization, we operationally rely on the
TORAY ray tracing calculations of the proximity to the cutoff density and the intersection of
unabsorbed ECH power on the vessel wall. Experiments have tested these calculations by
modulating the power from a single gyrotron while ramping up the plasma density. When
exceeding the cutoff density, the core absorbed power determined from an ECE radiometer
drops at the same time as an IR periscope camera measures a rise in the deposited power on
the outer wall. The locations of the ECH deposited power on the outer wall measured with the
IR periscope camera and that calculated with the TORAY show very good agreement for overdense conditions [6].
1. Xi Chen, etc., APS-DPP 2018.
2. D. Ernst, etc., IAEA 2018.
3. C.C. Petty, etc.,TTF 2018.
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Progress of lower hybrid current drive towards long-pulse plasma at high density in EAST
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Aiming at fusion reactor, effective current drive at high density is necessary for lower hybrid
current drive (LHCD). For this goal, effort has been done continuously in EAST.
Studies of high density experiments suggest that low recycling and high LH frequency are
preferred for LHCD at high density, mainly due to the reduction of parasitic effects in edge
region [1-4]. Recently, it has been observed for the first time the correlation between the onset of
parametric instability of lower hybrid waves and modification in edge plasma current profile on
EAST[5]. Results show the effects of LH frequency and plasma density on power dissipation in
the edge region, suggesting a role of anomalous wave power damping on the modification of
current profile at the plasma edge. Experiments [6] of effect of LH specrum and density on
plasma current profile were performed， demonstrating the possibility of profile control by
adjusting LH spectrum and plasma density for high performance. Also, the development of LH
wave number measurement in the edge region for further mechanism understanding and the
preliminary result obtained in EAST will be reported. Studies benefit the realization of the fully
non-inductive H-mode discharges over 100s in EAST.
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P1.1
Simulation of Ohkawa current drive by using linear and quasi-linear models
P.W. Zheng*, X.Y. Gong
University of South China, Hengyang, Hunan, 421001, P.R. China.
*Corresponding author: pwzheng@usc.edu.cn
Simulation of far off-axis Ohkawa current drive (OKCD) is performed by using TORAY-GA
linear code, and the results are compared with those calculated by CQL3D quasi-linear code. It is
found that the radial location of OKCD profile is almost identical between the linear and the
quasi-linear calculations. However, there are significant differences in the calculation of the
total driven current I and the peak value of the driven current profile j peak between the two
ec

ec

models. The Iec, calculated by the CQL3D code, is at least 1.4 times larger than the results from
the TORAY-GA code. For the calculation of the j pea , the results by CQL3D are at least 1.6
ec

times larger than that calculated by the TORAY-GA. With the increase of electron temperature,
the two models further enlarge the total driven current scaling factor FI and the peak driven
current density scaling factor Fj . This is mainly because the collision operator in TORAY-GA
code adopts a high-speed model and dose not retain the first-order Legendre correction term
which makes momentum conservation of electron self-collision. Below 10MW injection power,
the impact of quasi-linear effect will not exceed 11%, and it can be ignored. So that, in practical
engineering, the TORAY-GA code can be used to calculate OKCD quickly and accurately by
multiplying some appropriate scaling factors.
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Observations of Fast-Ions-Driven Emission by Ion Cyclotron Emission Detection System
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A high-frequency magnetic probes (HFBs) based passive, non-invasive diagnostic system
has been designed and developed for the measurement and identification of ion-cyclotron
emission (ICE) on the Experimental Advanced Superconducting Tokamak (EAST). Details of
the hardware components of this system including HFBs, direct current blockers, radio frequency
splitters, filters and power detectors and data acquisition systems are presented. Spectrum
analyzer is used in addition to the ordinary speed acquisition card for data registration and
analysis. The reliability of HFBs based diagnostic system has been well validated during the
2018 spring experiments on EAST. The field dependence of ICE has been checked from last
experimental results with three different background magnetics field and the ratio of magnetic
fields is equal to the ratio of the ICE frequency within measurement errors of a few perce.
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Quasioptical simulations of electron cyclotron waves with and without mode conversion
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Electron cyclotron resonance heating and current drive in fusion plasmas require deposition
of the wave-power with high precision; hence, accurate modeling of electron cyclotron waves
(ECWs) is required. Geometrical-optics (GO) ray tracing, which has been widely used for the
modeling of ECWs, is much faster but cannot adequately describe the structure of the wave beam
in the focal region. Many alternatives, which take into account diffraction, have been proposed
as extensions of GO and have contributed to the improvement of the wave-power depositionprofile simulations. However, none of them account for the possible interaction of the two coldplasma modes (linear mode conversion), which can occur in the sheared magnetic field at low
density, for example, at the peripheral plasma. Recently, a reduced theory called ``extended
geometrical optics’’ was proposed that captures mode conversion and refraction simultaneously
[1,2], and its latest version also accounts for diffraction [3]. Here, we report a new quasioptical
code PARADE (PAraxial RAy DEscription) based on this theory [4]. We also report the first
PARADE simulations of ECW beams in inhomogeneous magnetized plasma with and without
mode conversion. Specific applications to modeling ECWs on the Large Helical Device are also
considered.
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Influence of external plasma on ICRF voltage stand-off
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High voltage breakdown is one of the main performance-limiting issues in ICRF antennas.
Arcs in the antenna straps have been previously correlated with type I ELMs, both in ASDEX
Upgrade[1] and JET[2]. Periodic plasma relaxation leads to increased density in the SOL and
strong radial particle transport; ponderomotive effects can additionally vary the particle transport
in front of the antenna [3]. Hence, the dense plasma can periodically come in contact with the
straps, influencing the voltage stand-off during the discharge via space charge effect, secondary
electron emission and sputtering.
This work presents the experimental design and first results of a quarter- wavelength
resonator for the studies of high RF voltage breakdown in the presence of an external magnetized
plasma. The resonator is implemented in IShTAR [4], a linear helicon plasma device able to
reproduce the conditions of a Tokamak SOL in terms of electron density and temperature.
Preliminary sim- ulation results with ArcPIC2D [5] will be presented. ArcPIC is a 2-dimensional
particle in cell code developed at CERN for the study of arc development in vacuum. An
external plasma is added to investigate the effect on release and ionization of particle clusters
from the surface, as well as the increased field and secondary emission.
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2. I. Monakhov et al. 2013 Nucl. Fusion 53 083013.
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Modelling of ICRF heating for JET T and D-T plasmas
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A tritium (T) campaign is planned in preparation for the forthcoming deuterium-tritium (DT) campaign [1] at the Joint European Torus (JET). These experiments will be the first
experiments involving T with the ITER-like plasma-wall facing components materials. They will
give a unique opportunity to test one of the most promising ion cyclotron resonance frequency
(ICRF) heating schemes for ITER plasmas: the 2nd tritium (T) harmonic resonance (ω = 2ωT). As
a continuation to the work carried out in [2-4], this paper provides two key contributions related
to modeling of the performance of this scheme at JET. First, we assess the heating performance
of the 2nd T harmonic resonance and, second, we model different ICRF schemes for the T
campaign in support for the D-T campaign, i.e., identify differences and similarities from the
heating point of view between T and D-T plasmas in order to predict the performance of ω = 2ωT
in the D-T scenario. We consider two ICRF schemes (6 MW), i.e. ω = ω3Ηε= 2ωT and ω = 2ωT
(no 3He), with a central resonance and three NBI power outputs (15, 25 and 35 MW) in two
plasma compositions (~100% T and 50%: 50% D-T). For this study, the ICRF and NBI heating
are modeled with the ICRF code PION [5] and the beam code PENCIL which take into account
the ICRF+NBI synergy.
The analysis of the T velocity distribution function shows that a stronger tail is formed in
those plasmas with lower tritium density. This fact has an important impact on the slowing-down
process of fast tritons with the background species; effectively increasing bulk ion heating in
plasmas with higher tritium density. On the other hand, the use of 3He as a minority makes the
fast ion T energy considerably lower due to strong 3He absorption. Fast ion average energies
reached at the plasma centre are similar in all species mixture cases. However, it is crucial to
study the generation of a strong T tail as a result of particle-wave interaction. Therefore, both
schemes (ω = ω3He = 2ωT and ω = 2ωT) need to be tested.
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Study of the ohmic losses of a Travelling Wave Antenna section in view of application
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A multi-section Travelling Wave Antenna (TWA) is one of the presently proposed options
for Ion Cyclotron Resonance Heating (ICRH) of DEMO. This option would reduce the antenna
power density while enabling sufficient heating in low coupling situations by increasing the
number of radiating straps. Such an antenna consists of several sections each fed in a resonant
ring configuration. In order to guide future engineering requirements, a detailed computation of
the ohmic losses due to finite conductivity of the antenna components of one TWA section is
performed for different loading conditions.
The geometry of the TWA section is compatible with the presently proposed layout of
DEMO and is modelled by the finite element code Microwave Studio (MWS) taking into
account the finite resistivity of its constituent materials. As MWS cannot handle plasma loading,
it has been implemented in the code by a layer in front of the antenna with the permittivity of
water and open boundary conditions. The loading conditions are then varied changing the
distance between the antenna and this layer. An equivalent antenna resistance characterizing
those ohmic losses as a function of frequency, material resistivity and loading has been
computed. This resistance can be linked to the skin depth resistance and compared to the
radiation resistance in order to assess the performance of the antenna for a given choice of
material. These results are then extrapolated to a real plasma loading based on ANTITER results
for different plasma profiles and water dielectric load distance.
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Recently Helicon plasma sources are of particular interest for plasma material interaction
under fusion conditions. This paper is devoted to study the coupling of three typical helicon
antenna to the plasma in Helicon Physics Prototype eXperiment(HPPX). Based on Maxwell’s
equations and cold-plasma dielectric tensor, we studied the effect of the antenna type, RF
frequency and magnetic field on the wave field, current density and energy flow in a parabolic
radial density plasma. The results show that Half Helix antenna can generate non-axisymmetric
RF energy which can produces higher electron density. When the antenna work frequency is
13.56MHz, helicon plasma can produce better absorption effect. The external constrained static
magnetic field is introduced into the plasma, the helical wave propagates deep into the plasma.
There exist multiple local peaks for certain magnetic field strength, and the absorption effect
increases with magnetic field strength overall. This work can serve as an important reference for
the related physical experiments of HPPX device in the future.
Keywords: HPPX, Helicon wave, Power deposition, Antenna
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In tokamak plasmas, parametric instabilities (PIs) of lower hybrid waves have received
considerable attention. By reducing the effect of PIs at the plasma edge, the lower hybrid current
drive (LHCD) efficiency can be recovered at reactor-grade high densities. Theoretical
investigations of lower hybrid parametric instabilities generally assume the process as an
interaction of electrostatic waves. However, as the local density is relatively low in the scrape-off
layer (SOL), electrostatic assumptions might be invalid and electromagnetic corrections will be
essential. Based on a newly-developed kinetic model, the theory of PIs in the electromagnetic
framework is presented. Numerical calculations are performed under realistic LHCD
experimental parameters. Comparison between the electrostatic and electromagnetic results
shows that electromagnetic effects are important in the low density region.
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Research of XB mode conversion in the electron cyclotron range of frequency on SUNIST
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XB mode conversion in the electron cyclotron range of frequency has been studied in detail
in SUNIST ohmic plasmas. The radial profile of electron density in the edge region is measured
by a triple probe array, and the efficiency of XB mode conversion is calculated accordingly. The
reflection ratios of a 5.8 GHz probe wave have shown good agreement with the calculated
efficiencies. To enhance the XB mode conversion efficiency, a biased electrode is used to
increase the electron density and shorten the density scale length in the edge region. A 2.45 GHz/
10kW microwave source is then used for heating through XB mode conversion process, and
local heating effect has been observed.
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The parallel wave-number of lower hybrid waves is an important parameter determining the
wave propagation, absorption and the current drive efficiency in lower hybrid current
drive(LHCD) experiments[1-3]. However, this parameter has not been measured during
experiment in EAST(Experimental Advanced Superconducting Tokamak). The design,
simulation and test of the magnetic probe for the measurement parallel wave-number spectrum
of lower hybrid waves at 2.45GHz in EAST have been performed. Using the software COMSOL
Multiphysics 5.2 based on finite element simulation, the size of the magnetic probe was
simulated and optimized. Especially, some key dimensions that affect the coupling performance
of the magnetic probe, such as dimension of the loop, the slit on the shield and the thickness of
ceramic are determined. The test results show that the magnetic probe has good coupling
performance for 2.45GHz lower hybrid waves and the ability identifying wave polarization,
being consistent with the theoretical simulation results. This work provides important reference
for the establishment of parallel wave-number measurement diagnosis system in EAST, which is
critical for further high-density LHCD experiments.
Key words：lower hybrid current drive; parallel wave-number; magnetic probe
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Understanding non-linear interactions of ion cyclotron range frequency (ICRF) waves with
magnetized plasmas are essential for ion cyclotron resonance heating (ICRH) in fusion devices.
A single strap, high-power (~150kW), RF (2.4MHz) antenna was used to study RF sheaths in a
magnetized helium plasma with plasma parameters ne ~ 1018 – 1019 m-3, Te ~ 1 – 10 eV and B0
~0.1 T. The experiment was conducted on the Large Plasma Device (LAPD) using two plasma
sources, barium oxide (BaO) and a lanthanum hexaboride (LaB6), located at opposite ends of the
machine.
This poster presentation will draw a comparison between two experiments carried out at the
LAPD with different antenna strap enclosures. In the first set of experiments the antenna strap is
recessed in a copper enclosure whereas in the second set of experiments the antenna strap is
recessed in an enclosure with electrically insulating macor side walls. Both experiments had
similar plasma density, temperature, magnetic field and fast wave amplitude. In the case of the
copper enclosure, formation of convective cells as a result of plasma potential rectification was
observed and reported1. In the more recent experiments with the macor enclosure we observe a
lack of plasma potential rectification as well as no evidence of convective cells. The results are
reminiscent to the results obtained in ASDEX-U with the 3-strap antenna optimized to reduce
image currents on the antenna limiters2.
1. M. Martin et al, Phys. Rev. Lett. 119, 205002 (2017)
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P1.12
Direct local electric field measurements in the sheaths of ICRF antenna in IShTAR
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An important step in understanding the radio-frequency sheaths in the vicinity of Ion
Cyclotron antennas in magnetically confined fusion plasmas is to benchmark the existing
theoretical models against real antenna operation. The data needed is locally measured DC
electric field that develops in the sheaths surrounding the plasma-facing structures of the antenna.
In this contribution we present our most recent progress on the development of the diagnostic
method for non-invasive, direct and local measurements of electric field across the sheath. The
method makes use of polarization spectroscopy where the electric fields are optically determined
from the Stark effect on the emission spectra of excited helium atoms. The sheath electric fields
obtained with this diagnostic scheme are measured in the vicinity of ICRF antenna in IShTAR, a
test facility designed to mimic the tokamak edge plasma parameters and focused on studying the
ICRF antenna-plasma interaction.
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Lower hybrid current drive(LHCD) is a candidate to achieve non-inductive plasma current
operations on China Fusion Engineering Test Reactor(CFETR) [1]. In this work, parametric
decay instability at the last closed magnetic surface(LCMS) for different operation scenarios is
discussed. The growth rates of the child waves are obtained by solving nonlinear dispersion
relation [2]. It is found that the decay to a lower hybrid wave with a lower frequency and an ioncyclotron quasi-mode (ICQM) is the dominant decay channel. Using the obtained growth rates,
LH power thresholds of significant PI effects in CFETR scenarios with higher fusion power are
calculated. In scenarios with strong PIs, the launched n// spectrum is broadened which may
significantly affect the power deposition of the lower hybrid wave. The parameter regime for
PDI mitigation is proposed.
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IShTAR (Ion cyclotron Sheath Test Arrangement) [1] is a linear plasma machine that
focuses on the studies of RF sheath on an ICRF antenna than mimics tokamak antennas. The
IShTAR range of operation parameters is suitable for studying the slow mode of the ICRF waves
and therefore it is possible to decouple its role in the RF sheath formation. The slow wave (SW)
is evanescent in the high density plasma of tokamaks, starting from around the edge of the
antenna limiters to the plasma center. It can propagate only in the lower densities which are
present inside the antenna box and outside in the limiters shadow. Therefore its effects on the RF
sheath are limited to the far edge of the tokamak. In IShTAR most of the operational range
results in conditions in the whole plasma volume which are suitable for the SW propagation.
The theoretical study and the 3D modelling of the SW performed for IShTAR [2] showed
that this mode has a shape of a resonance cone that leads to the electric field distributions in a
propagating wave that are completely different from the ICRF fast wave (FW) and other elliptic
waves. It was shown that the location of the strong electric fields depends crucially on the
density distribution around the antenna. The previous modelling formed a framework for the
studies of the RF sheath produced by the slow wave in the conditions of IShTAR.
The parallel electric field calculated in the previous 3D models is used as input for the RF
sheath modelling in the presented work. SSWICH (Self-consistent Sheaths and Waves for Ion
Cyclotron Heating) is a 2D finite element solver implemented in COMSOL that introduces
sheath boundary conditions in order to calculate the parallel electric field in the rectified RF
sheath [3]. The original code SSWICH-SW [3] includes only the evanescent slow wave and its
improved version SSWICH-full wave [4] accounts additionally for the FW under the condition
of tilted magnetic field. In this work it is attempted to adapt SSWICH for simulations of the
sheath induced by a propagating slow wave. The plasma conditions typical for IShTAR are
studied and a simplified geometry is used.
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Lower hybrid current drive (LHCD) is one of the major approaches maintaining long pulse
discharges on EAST. There are two lower hybrid (LH) systems on EAST launching waves at 4.6
GHz and 2.45 GHz into the plasma, respectively, and the input power of 4.6 GHz waves is
typically dominant. In this work the synergy of the two waves and the modification of the power
deposition of 4.6 GHz waves by the coupling with 2.45 GHz waves are investigated theoretically.
According to the phase space analysis [1], the wave propagation domains of the two LH waves
are always overlapping substantially with each other for typical LHCD experimental parameters
on EAST, indicating that the coupling between them might be strong. Ray-tracing/Fokker-Planck
simulations for a LH current drive experiment on EAST show that the change of the power
deposition profile due to the coupling between the two waves could be understood by the rise
and fall of the tail of the parallel electron distribution functions on different flux surfaces. If
either the injected wave power at 2.45 GHz is comparable with that at 4.6 GHz or the launched
N of 2.45 GHz waves reaches a high value ( ~ 6 Te ,0 ), the power deposition profile of 4.6
GHz waves can be modified greatly due to the coupling with 2.45 GHz waves. Thus an example
is provided to demonstrate such modification clearly within the ability of the LH system on
EAST. Even much stronger coupling effect can be illustrated in low density plasmas with
magnetic shear reversal configuration, in which the power deposition rate of 4.6 GHz waves by
Landau damping increases from 5% to about 100% due to the simultaneous injection of 2.45
GHz waves.
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New integral kernels describing the 'full-wave' high-frequency (HF) dielectric response of
Maxwellian tokamak plasmas [1] are presented. These analytical expressions realistically
account for the rotational transform and the wave dispersion properties in presence of parallel
gradients of the equilibrium magnetic field. The results are free from the poloidal Fourier mode
expansions of the HF fields which appeared in earlier formulations, but nevertheless
mathematically equivalent to the latter.
For the sake of clarity presentation is first made to lowest order in the (thermal) Larmor
radius ρLT, and then generalized to all orders in ρLT/λ⊥ (where λ⊥ is a characteristic length-scale of
the RF field).
The main ingredients of our integral kernels are three original 'kernel dispersion functions'
which generalize the standard Maxwellian plasma dispersion functions. These transcendental
functions of three variables describe the dielectric coupling between the HF field at different
poloidal locations on a given magnetic surface, for each toroidal Fourier mode. Their analytical
properties will be concisely presented and illustrated, highlighting various symmetries,
singularities, series expansions, integral representations and remarkable asymptotic forms. The
related power deposition kernels will also be discussed.
This approach provides additional physical insight into the Maxwellian HF dielectric
response of tokamaks, as well as a basis for efficient numerical evaluations. The new expressions
provide much freedom for discretizing the wave equation - for instance using 2D finite element
meshes, which can be locally refined at will to resolve the HF field in the vicinity of cyclotron
resonance layers. They may also prove of interest for alternative field representations such as
wavelets.
1. P. U. Lamalle, to be submitted to Plasma Physics and Controlled Fusion (2019)
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Simulation survey [1] performed at TAE Technologies has found that high harmonic fast
wave (HHFW), which has been adapted successfully to high beta, overdense spherical tokamak
(ST) for the experiments of core electron heating and off-axis current drive, can be also used to
heat the core electrons of field-reversed configuration (FRC) plasmas. Motivated by this finding,
a deployment of HHFW heating has been planned on C-2W, an advanced beam-driven FRC
device recently built at TAE. The unique features of C-2W plasma create major challenges for
waves’ launching, coupling, and propagation; as a result, HHFWs’ utility and efficiency are
more unpredictable in C-2W FRC plasmas than in ST or tokamak plasmas. Therefore, it is of
vital importance to experimentally study HHFW antenna-plasma coupling and wave propagation
on a reliable test bench (equipped with well-developed diagnostics), such as LAPD at UCLA.
The experimental topics to be addressed on LAPD include: (a) launch HHFWs with desired
spectra of N// by efficiently controlling phase shifts between antenna straps; (b) optimize
fast wave-plasma coupling by exploring the effects of frequency (magnetic field), Faraday
screen, edge density profile, and antenna-plasma distance; (c) experimentally validate fast wave
eigenmodes predicated by full wave codes. These subjects are also of fundamental interest to the
community of researchers studying RF power applications in fusion plasmas.
Based on available ports and operational parameters of LAPD, a high-power-capable 4-strap
antenna has been calculated and designed through collaboration among TAE, ORNL, ASIPP,
and UCLA. This antenna was mechanically designed and fabricated by ASIPP and it has been
installed on LAPD in December 2018. The antenna is now available to all RF campaign users.
The first experiment campaign with TAE’s phased-array antenna is planned in March 2019.
Meanwhile, by using the Petra-M code, a newly developed generic electromagnetic simulation
tool for modeling RF wave propagation, the RF-SciDAC team starts 3D full wave simulations.
Detailed information on antenna electromagnetic simulations and mechanical design, as well as
initial experimental results of HHFW coupling study will be presented.
1. X. Yang et al., EPJ Web of Conferences 157, 03065 (2017).
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As an important tool for steady state operation of tokamak, lower hybrid(LH) waves are
widely used in the fusion experiments for the sustainment of fully non-inductive discharges,
direct electron heating, sawteeth stabilization, and off-axis current drive for triggering and
control of internal transport barriers (ITBs). However, as the injected wave power increases, the
nonlinear physics of wave-particle and wave-wave interactions are very important to correctly
address the wave propagation and absorption. In fact, many nonlinear phenomena such as
parametric instability (PI) have been observed in experiments [1], and the nonlinear effects are
confirmed to play significant role to wave-plasma coupling, propagation, absorption and plasma
confinement.
The nonlinear dispersion relation based on the electrostatic model for LH waves are widely
used to analyze the parametric processes during the wave injection, however, the electromagnetic
effects of LH waves can not be ignored in the edge of modern tokamak, especially the scrapedoff layer where PIs are observed. Thus, in order to analyze the LH wave parametric processes
accurately and comprehensively, the electromagnetic effects need to be taken into account to the
nonlinear dispersion relation of LH waves.
In this work, we derived a new electromagnetic nonlinear dispersion relation for LH PIs for
studying the parametric processes by using typical scraped off layer parameter of tokamak.
Compared to previous electrostatic results, the electromagnetic effects strongly stabilize the ion
cyclotron wave quasi-mode decay and ion sound wave quasi-mode decay through parallel
nonlinearity. In the framework of electromagnetic theory, increasing the parallel refractive index
of pump LH wave can help to stabilize the PI. It is also found that the growth rate of PI increases
with the density, which agrees with the conclusion from electrostatic theory qualitatively.
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The scrape-off layer and the edge region in fusion plasmas are replete with turbulence
induced incoherent fluctuations, and coherent fluctuations, such as blobs and filaments. Radio
frequency (RF) electromagnetic waves, excited by antenna structures placed near the wall of a
fusion device, encounter this turbulent region as they propagate towards the core. In order to
optimize the heating of plasmas, or the generation of non-inductive plasma currents, it is
necessary to properly assess the effect of this turbulence on RF waves. We have undertaken a set
of theoretical and computational studies that model the propagation of RF waves through
turbulent plasma. The theoretical models are mathematically tractable, and provide physical and
intuitive insight into the effect of turbulence on RF waves. The computational studies provide
support for these theoretical studies. We have used two theoretical approaches – geometrical
optics and physical optics – for magnetized plasmas with a tensor permittivity. The former, an
approximation to the latter full-wave approach, is useful for incoherent fluctuations and leads to
Snell’s law and the Fresnel equations for reflectance and transmittance in plasmas. This is the
basis of the Kirchhoff’s approximation for scattering off density fluctuations [1]. In the
Kirchhoff theory, the electromagnetic fields at any point on the surface, separating two different
density regimes, are approximated to be those on the tangent plane at that point. In contrast, we
apply physical optics to study the scattering from coherent fluctuations – specifically, a spherical
blob and a cylindrical filament [2,3]. The approach to solving the full set of Maxwell’s equations
is similar to that used for Lorenz-Mie-Debye scattering.
The two complementary analyses reveal important physical insights into the scattering of
RF waves. Besides refraction and reflection, the spatial uniformity of power flow into the plasma
is affected by side-scattering, diffraction, shadowing, and interference. Significantly, the incident
RF wave power can couple to other plasma waves as a result of fluctuations. For example, an
incident slow (ordinary) wave can couple power to the fast (extraordinary) wave.
Within the framework of the COMSOL software, we have built a numerical code to study
scattering of RF waves by fluctuations [4]. The code has been benchmarked against our
theoretical studies and the agreement between the two is essentially exact. We have extended
these studies to more complex representations of density fluctuations in plasmas.
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It is extremely challenging to effectively heat the core electrons of field-reversed
configuration (FRC) plasmas due to its unique magnetic filed profile. Recent survey by TAE
Technologies indicated that high harmonic fast wave (HHFW) heating, which has been
successfully adapted to high beta, overdense spherical tokamak (ST) plasmas such as NSTX for
the experiments of core electron heating and off-axis current drive, can balance the conflict
between good wave accessibility and efficient power damping on electrons [1]. This discovery
motivates the project of experimentally studying HHFW antenna-plasma coupling and wave
propagation on a reliable test bench, such as LAPD at UCLA, before the method of HHFW
electron heating is employed on the C-2W, an advanced beam-drive FRC device recently
built at TAE. Therefore, in the framework of collaboration agreement between TAE and
CAS/ASIPP, ASIPP was in charge of design and fabrication of a high power capable, phasedarray (4 straps) HHFW antenna for TAE’s RF project on LAPD at UCLA.
HHFW antenna consists of faraday shields, straps, transmission lines, inner and outer-side
frame, drive system, etc. The paper is mainly described HHFW antenna mechanical design
based on the results of electromagnetic simulations (with Microwave Studio Software)
performed by ORNL. During design, structural analysis and optimization for the HHFW antenna
has been carried out, results are shown that deformation and stress meets design requirements.
The antenna fabrication was finished in the middle of November 2018. Based on available ports
dimension and antenna installation position of LAPD, as well as precise requirements, assembly
strategy was detailedly considered, assembly procedure and measurement technique have been
defined carefully. Special tools and jigs were designed for assembly, and test for antenna
motion drivered by motor and inspection by laser instrument were performed on the testbed
before installation on LAPD machine, which test all the parts and components of antenna
tolerance and motion satisfying requirements, to finally install antenna without a hitch. The
antenna installation on LAPD has been completed in December 2018; it will be used for all RF
campaign users.
1. X. Yang et al., EPJ Web of Conferences 157, 03065 (2017).
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ICRF system is designed to assist the operation power of ~100MW at the initial stage in
CFETR. Therefore the engineering design of such ICRF auxiliary heating has also been
proceeded to assess the challenges and provide some solution concepts. The ICRF power is
planned to be injected from the top windows to release the occupation of windows in the middle
plane. To inject so much high power with limited space and windows puts significant challenges
on the engineering design. The engineering design of ICRF will show the main ideas and
interfaces. The relevant R&D activities are put on the schedule to invest the performance of the
concept design and meet the future requirements of CFETR. Some calculations and test results of
the R&D activities will be presented, such as travelling wave antenna, fast ferrite tuner, and so
on. The engineering design and R&D are ongoing to upgrade these solutions to achieve the
mission of CFETR.
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Real-time feedback control of electron cyclotron（EC）wave power deposition to suppress
NTM in real time is one of the essential functions of ITER and future fusion reactor electron
cyclotron resonance heating （ ECRH ） system. In recent years, the research on real-time
feedback control of EC wave for NTM suppression has been carried out on HL-2A device, and
important progress has been made. The ECRH system of HL-2A Tokamak consists of six sets of
68GHz/500kW/1s, one set of 105GHz/1MW/3s and one set of 140 GH/1MW/3s. Eight
microwave beams inject plasma from the low field side of the Tokamak through two antennas,
and each antenna emits four microwave beams. In order to realize the real-time suppression of
NTM, we upgraded the rotating driving structure of the planar mirror of the antenna and the wire
drawing driving mechanism of antenna mirror is improved to push rod structure, which can help
the antenna planar mirror to change the microwave poloidal direction angle in real time. By
adopting new motor and advanced motor control system, the antenna planar mirror poloidal
direction rotation response speed is improved to 50ms, and the poloidal direction control
precision is improved to 4mm. With the high spatial and temporal resolution ECE system,
Mirnov probe and real-time EFIT，combining with Real-time wave trajectory code which is
named Raytracing_SWIP，the target position of the rotating antenna mirror can be calculated in
real time. The designed ECRH Real-time Feedback Control System was successfully applied in
the first proof-of-principle experiment for NTM real-time control, in which within 50 ms
suppression of the classical tearing modes (TMs) by ECRH/ECCD was realized on HL-2A.
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This work compares the performance of a simplified, flat, plasma-loaded, ion-cyclotron
antenna, as obtained by solving the electromagnetic problem with three different modeling
approaches. Several plasma profiles with different density gradients and distances between the
antenna and the cutoff density have been used as benchmark for the numerical simulations,
which have been run at 30 MHz by means of two tools. The one is the TOrino Polythecnic IonCyclotron Antenna (TOPICA) code [1] that has been repeatedly used and validated for this type
of problems. The other tool is the finite-element method (FEM) of a commercial software, where
inhomogeneous anisotropic materials can be defined and the perfectly matched layer technique
can be adopted [2]. In this tool, two models of antenna load have been implemented: an
equivalent dielectric, locally matching the perpendicular propagation constant of the fast wave in
the plasma, and a cold plasma model. The simulation results by such models are compared with
the results by TOPICA, which relies on a 1D inhomogeneous, hot plasma. Unlike a similar
comparison [2], a very good agreement between TOPICA and the FEM code is found as regards
the predictions of the coupling performance. This work also compares the spectra radiated by the
antenna as well as the integrals of the RF parallel electric fields along the magnetic field lines of
the tokamak. As far as the latter figure-of-merit is concerned, plasma modeling by an equivalent
dielectric load is shown to give different results from the other modeling approaches.
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The European Integrated Modelling effort (EU-IM) has led to the creation of a standardized
simulation platform for testing and exploiting numerical codes modelling aspects of the plasma
dynamics in fusion machines. One of the EU-IM key achievements is the European Transport
Simulator (ETS) [1]. This suite of codes was designed to simulate arbitrary tokamak plasma
discharges.
Improving reliability of the adopted tools is a basic concern. The verification and validation
of ETS is a continuous process as new workflows and modules are steadily being integrated in
the simulator. A first verification of the full-wave codes was done in [2]. Two new 1D FokkerPlanck solvers have recently been implemented within ETS: StixRedist [3] and FoPla [4]. To
ensure the CPU time remains acceptable, the latter was parallelized with a generic and easy to
implement method. In this paper, it will be shown how these modules were integrated in the ETS
workflow in particular a first approach adopted to reach a consistency between wave and FokkerPlanck equation resolution. Also, the Verification and Validation efforts will be discussed. JET
shots were analyzed and the ETS predictions were cross-checked against earlier validated codes
external to the EU-IM effort, TRANSP [5] in particular, as well as against experimental neutron
yield data. A good agreement was obtained, both when comparing the predictions with other
codes for cases within their reach (minority or beam populations) and with experimental neutron
yield data. Simulations illustrating the exploitation of the nonlinear collision operator when
solving a set of coupled Fokker-Planck equations for cases when majority species play a key role
will be also shown.
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Electron cyclotron current drive (ECCD) has been considered an important tool for current
profile control to achieve high performance in ITER operation owing to its ability to drive local
current on- and off-axis. An accurate and computationally efficient model of ECCD efficiency is
highly desirable for the purpose of performing scenario modeling and in-between shots data
analysis for EC experiments on ITER. From theoretical studies in the past, it is clear that both
momentum-conserving and relativistic characteristics are needed in the electron-electron
collision operator to appropriately describe the collisional relaxation [1, 2, 3] processes in the
high temperature plasmas. In this work, numerical calculations of the current drive efficiency in
a tokamak by using the variational approach are performed. A fully relativistic extension of the
variational principle with the modified test function for the Spitzer function with momentum
conservation in the electron-electron collision is described in general tokamak geometry [4, 5, 6].
The model developed has generalized that of Marushchenko’s[2], which is extended for arbitrary
temperatures and covers exactly the asymptotic for u>>1when Zeff>>1, and suited to ray-tracing
calculations. Also the wave-particle interaction is modeled by the relativistic generalization of
the local Kennel-Engelman wave-induced diffusion operator in velocity space [7]. The
theoretical results obtained here have been used to upgrade the current drive package in the raygracing code TORAY-GA, the benchmark has been made and the calculated results were in good
agreement with that using CQL3D. The upgraded code can also be used in other EC ray-tracing
codes.
1.
2.
3.
4.
5.
6.
7.

R. Prater, D. Farina, Yu. Gribov, et al., Nucl. Fusion 48, 1(2008).
N. B. Marushchenko, C. D. Beidler, and H. Maassberg, Fusion Sci. Technol. 55, 180(2009).
Y.M. Hu, Y. J. Hu and Y. R. Lin-liu, Fusion Science and Technology, 59, 684(2011).
S.T. Beliaev and G.I. Budker, Sov. Phys. Dokl. 1, 218(1956).
B. J. Braams and C. F. F. Karney, Phys. Fluids B 1, 1355(1989).
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Coupling properties of the LHCD launchers in the WEST experiments
L. Delpech, A. Ekedahl, J. Achard, A. Armitano, P. Bienvenu, X. Courtois, M. Goniche, R.
Nouailletas, X. Regal-Mezin, and the WEST Team*
CEA, IRFM, F-13108 Saint Paul-lez-Durance, France.
*http://west.cea.fr/WESTteam
The aim of WEST experiments [1] is to master long pulses (1000s) and submit ITER like
tungsten tiles to power fluxes of 10 MW/m2. The Lower Hybrid Current Drive system (LHCD)
with a capability of 7MW/1000s is essential to meet these goals and it has been upgraded to
improve its coupling efficiency in WEST environment [2]. In particular the Full Active
Multijunction (FAM) launcher has been toroidally reshaped to match the magnetic field lines in
WEST tokamak and avoid high flux on its edges due to supra-thermal electrons. Good wave
coupling is observed with reflection coefficient (RC) below 5% for the FAM launcher and 3%
for the Passive Active Multijunction (PAM) launcher. During 2018 experimental
campaign, LHCD achieved repetitive long pulses (30s) in Upper Single Null (USN)
configuration on an actively cooled divertor with 2.7 MW of LH coupled power. In Lower
Single Null (LSN) configuration, a total of 5 MW LH power during a 2 second pulse was
performed.
To protect the launchers from plasma events which can result in poor coupling, leading to
high electric field and RF arcing or excessive heat loads, the LHCD power is real-time controlled
with RC interlocks and copper impurity level interlock. The FAM launcher front face
temperature is also monitored with an Infrared Red (IR) camera which allows increasing the LH
power and pulse duration following a step by step approach. Long pulses achieved with the FAM
launcher permitted to assess the effects of the new toroidal shape by measuring the power loads
on the launcher edges thanks to the IR camera. The RC of the two launchers in L-Mode plasma
both in USN and LSN configuration and with various distances between the plasma and the
launchers is also studied. The results have shown that good results are obtained with the FAM
launcher after the reshaping of its front face. For the PAM launcher, the study of the RC
behavior will be complemented with IR measurements in the next campaign. These two studies
are necessary to conclude whether the same reshaping will be mandatory for the PAM launcher
for long pulse operation in WEST actively cooled environment.
The paper describes the status of the LHCD system, the results obtained during the 2018
experimental campaigns and the prospects for the next WEST experiments which main objective
is to reach an H-mode by the means of RF heating systems combining LHCD with Ion Cyclotron
Heating.
1. C. Bourdelle et al., Nucl. Fusion 55, 063017 (2015)
2. L. Delpech et al., Fusion Eng. Des. 96-97, 452 (2015)

P1.27
Design of high power wideband polarizer for electron cyclotron resonance heating systems
Feng Zhang, Mei Huang, Gangyu Chen, He Wang, Jieqiong Wang
Southwestern Institute of Physics, Chengdu, 610041, China
In order to improve the flexibility of electron cyclotron resonance heating (ECRH) system,
multi-frequency ECRH system by developed in magnetically confined plasma devices. For
ECRH systems, polarizers are mainly used to obtain the desired polarization for high efficient
coupling between electron cyclotron waves and plasma. Considering the ECRH systems in the
mega-watt level, to avoid field enhancement and breakdown at the sharp edges of the grooves,
the two sinusoidal-grooved wideband polarizers for 170GHz and 230GHz systems are designed
with the coordinate transformation method. This coordinate transformation method was checked
by before experiments. The polarization characteristics of single polarizer and the related
polarization characteristics of dual-polarizer are theoretical calculations at the frequency of
170GHz and 230GHz. The results indicate that the polarization characteristics can achieve
almost arbitrary polarization.
Keywoeds: wideband, polarizer, electron cyclotron resonance heating
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Measurements of the scattering matrix of the W7-X prototype ICRH antenna and
capacitor units
I. Stepanov1, V. Borsuk2, K. Crombé1,3, D. Castaño-Bardawill2, G. Offermanns1, J. Ongena1, B.
Schweer1, M. Vervier1
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3
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Low-power measurements of the W7-X prototype ICRH antenna and variable capacitor units
have been performed at FZJ Jülich. The antenna scattering matrices, with and without the carbon
limiter tiles, have been de- embedded from network analyzer measurements using custom-built
RF adapters. The results have been compared to the matrices calculated with CST Microwave
Studio 2017 using a model based on the original CAD files. A very good agreement is seen,
since a) the difference in magnitude is less than 0.02 in the whole frequency range, and ~ 0.015
or less in the range of interest (between 20 and 40 MHz) and b) the difference in phase is less
than 5° in the whole frequency range, and ~ 2° or less between 20 and 40 MHz.
The S-parameters of the tuning capacitors have also been measured, to determine the
relationship between the internal DC capacitance CDC of each unit, and the actual "equivalent"
capacitance Ceq seen by the antenna at the capacitor ports, since it is the latter that determines
the antenna pre-matching. It is seen that the effective capacitance range seen at the port, 36-475
pF, is substantially different from the nominal DC range, which is 15-200 pF. Nonetheless this is
not expected to pose a problem for antenna operation.
A series of measurements were also made with the two capacitors mounted on the antenna, to
validate the approximation made in the o e antenna and capacitors are included as separate
scattering matrices.
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The ICRH system for the Wendelstein 7-X stellarator
J.Ongena1, the TEC team1,2,3 and the W7-X team4
Laboratory for Plasma Physics, Ecole Royale Militaire-Koninklijke Militaire School,
1000 Brussels, Belgium, Trilateral Euregio Cluster (TEC) Partner
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(ZEA-1)
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The superconducting stellarator Wendelstein 7-X at the Max-Planck-Institute in Greifswald
started operations in 2015. An important aim of W7-X is to demonstrate fast ion confinement at
volume averaged beta values up to 5% for which W7-X was optimised [1], implying plasma
densities above 1020 m-3. Mimicking the behaviour of alpha particles in a future stellarator
requires the presence of energetic ions with energies in the range ~100 keV in the core of W7-X
high density plasmas [2]. This is a challenging task, but such a population can be created using
Ion Cyclotron Resonance Heating (ICRH) using various heating schemes, including the newly
demonstrated 3-ion heating scenario [3, 4].
The ICRH system under construction for W7-X aims at delivering RF power levels up to
~1.5 MW in the frequency range 25-38 MHz with pulse lengths up to 10 s [5]. The antenna
consists of two straps connected to a tuning capacitor on one side and grounded to the antenna
box at the other end. A pre-matching has been implemented by connecting the RF transmission
lines at an intermediate position on each strap and strap width and length and the antenna box
depth have been optimized to maximise the power delivered to the plasma. The shape of the
antenna is carefully matched to the 3D shape of the Last Closed Magnetic Surface (LCMS) of
the standard magnetic field configuration on W7-X [6], resulting in a variable curvature in
toroidal and poloidal direction over the surface of the antenna. To optimize coupling to other
magnetic scenarios that are less well matched to the shape of the antenna, the antenna can be
moved radially over max. 35 cm (with a speed ≤ 3 mm/s and in addition gas puffing is foreseen
in the region between the scrape-off layer (SOL) and the LCMS to locally improve the coupling.
A purposely-built test stand in the Institute for Energy and Climate Research/ Plasma Physics
(IEK-4, Forschungszentrum Jülich, Germany) is assembled to check the main properties of the
ICRH antenna. Measurements of the antenna scattering matrix have been performed, and
compare very well with the calculated values with CST Microwave Studio 2017. Checks of the
vacuum compatibility, voltage standoff and functionality of the radial positioning system are
underway. A detailed description of the test stand and obtained results will be given. The ICRH
system is planned for installation in W7-X end 2019, in order to apply ICRH power to W7-X
plasmas in operational phase OP2.
References :
1. H .S. Bosch et al., Nucl. Fusion 53, 126001 (2013)
2. M. Drevlak et al., Nucl. Fusion 54, 073002 (2014)
3. Ye. O.Kazakov et al., Nature Physics 13, 973-978 (2017),
4. J. Faustin et al., Plasma Phys. Control. Fusion 59 (2017) 084001
5. J. Ongena et al., Phys. Plasmas 21, 061514 (2013)
6. J. Geiger et al., Plasma Phys. Control. Fusion 57 (2015) 01400
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Modeling of 2nd Harmonic Electron Cyclotron Heating and Current Drive Solenoid-free
Start-up Experiment in QUEST
M. Ono1, N. Bertelli1, H. Idei2, K. Hanada2, T. Onch2, S. Kojima2, H. Elserafy2 and the QUEST
Group,
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The QUEST ECH solenoid-free start-up experiment utilizing the 28 GHz gyrotron at 2nd
harmonic frequency has demonstrated remarkable efficiency and achieved record start-up
current values [1]. The experiment provides rich opportunities to understand and optimize ECHbased tokamak/ST current start-up and ramp-up concept. Another potentially noteworthy aspect
of the QUEST 28 GHz experiment is its very high frequency to toroidal magnetic field ratio,
which is 28 GHz/0.25T or 112GHz/1T. The higher frequency enables higher density limit and
for reactors with several Tesla toroidal field, this start-up scenario can largely avoid the usual
density limit often encountered by ECCD. Conversely this higher harmonic scenario would
enable utilization of ECH at lower magnetic field as in the case of many ST experiments. This
scenario maybe also attractive for the ECH assisted start up for the initial phase of ITER where
the toroidal magnetic field maybe relatively low ~ 2 T. To better understand the QUEST
experimental results, we initiated a modeling effort at PPPL. Improved modeling should also
help develop better predictive capability for future ST and tokamak-based reactors. An
ST/tokamak start-up modeling is a highly coupled non-linear problem as the magnetic field
topology evolves dramatically from an open vacuum field configuration to a closed
configuration. The plasma temperature evolves from a very cold collisional regime to a very hot
collision-less regime. For this task, we developed a grid-based start-up code where plasma
parameters, generated plasma currents, and resulting poloidal magnetic fields are evolved from
the vacuum fields. Initially, 2nd harmonic electron cyclotron heating takes place with multi-pass
ECH absorption as the single-pass absorption is relatively small at low temperature. The current
generated in this stage is purely pressure driven since the launched wave phase and polarization
information is likely lost quickly. The grad-B drift driven current together with the processional
currents can then create a closed flux surface configuration and then the bootstrap current in a
closed configuration can further enhance the plasma current. The ECH heating efficiency
increases with plasma current since the confinement is increased, and resulting electron
temperature rise would further increase the ECH absorption and plasma currents. Once the
plasma temperature becomes sufficiently high ~ 1 keV, a single-pass absorption can rise
sufficiently to transition to the ECCD phase. The entire start-up process is therefore a selfamplifying non-linear problem where a very rapid spontaneous plasma current rise (e.g., “current
jump”) can be expected. An important point to note is that two-component distribution (hot
minority and colder bulk) is highly advantageous for hot electrons to be generated for efficient
ECCD as observed in the QUEST start-up experiment. The analysis shows that the QUEST
experiment was able to generate energetic electrons by heating small hot component ~ 3% to
minimize the collisional drag. Once heated to ~ 10 keV, the hot component could be sustained
even with the subsequent density rise to 3-4 x 1012cm-3.
*This work supported by DoE Contract No. DE-AC02-09CH11466
1. H. Idei, et al., IEAE 2018.
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Formulation of Kinetic Full-Wave Analysis in Tokamak Plasmas Using an IntegralForm of Dielectric Tensor
Atsushi Fukuyama
Department of Nuclear Engineering, Kyoto University, Kyoto Japan
fukuyama@nucleng.kyoto-u.ac.jp
Full-wave analysis including kinetic effects of plasmas has been extensively employed in
studying wave heating and current drive in tokamak plasmas. Most of previous kinetic analyses
of wave propagation and absorption in an inhomogeneous plasma are based the wave number.
The dielectric tensor in a hot plasma has been usually expressed as a function of the wave
number. In the full-wave numerical analysis using the finite element method (FEM) or the finite
difference method (FDM), however, the wave number is not available a priori. In order to
describe the kinetic response of plasma without wave number, it is appropriate to use an integral
form of the dielectric tensor derived by integrating along an unperturbed particle orbit.
Maxwell’s equation with the integral form of dielectric tensor can be numerically solved as a
boundary-value problem by FEM. Numerical analysis with FEM may have higher performance
with parallel processing owing to sparse coefficient matrix. Though the integration is localized in
an element in usual FEM for differential equations, coupling between different elements occurs
in FEM for integro-differential equations. In a magnetized plasma, the guiding center motion
along an inhomogeneous magnetic field and the cyclotron motion perpendicular to the magnetic
field can be separately taken into account in deriving the dielectric tensor as an integral operator.
The part of the response related to the guiding center motion along the field line is related to the
inverse Fourier transform of the plasma dispersion function, and the part related to the cyclotron
motion is related to that of the modified Bessel function. Both of kernel functions are localized in
space within the excursion length or the Larmor radius of thermal particles with Maxwellian
velocity distribution function. Several identities were derived to reduce the dielectric tensor. The
dielectric tensor is derived in the tokamak configuration. The applicable frequency range is much
above the drift frequencies, since the particle drift motion is not taken into account. There is no
limitation in short wave length. Some results of numerical analysis for a simple configuration
will be presented as demonstration.
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Comparative modeling of lower hybrid wave coupling with 2.45 GHz and 4.6 GHz
launchers on EAST
M. H. Li1, B. J. Ding1, L. Liu1, M. Wang1, H. Jia1, F. K. Liu1, J. F. Shan1, Y. F. Wang1, C. B.
Wu1, Y. C. Li2, J. Hillairet3, Y. Peysson3, M. Goniche3 and A. Ekedahl3
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Two high power lower hybrid current drive (LHCD) systems with different operating
frequencies at 2.45 GHz and 4.6 GHz have been developed on EAST [1, 2]. The LH waves from
both systems are coupled to the plasma using the same kind of fully-active-multijunction (FAM)
launcher. Comparative modeling of coupling properties and power spectra with different plasma
densities and different phase difference were performed by using ALOHA code [3].
The modeling results show that the electron density for optimum coupling is ~ 3 ×1017/m3
and~ 12 ×1017/m3 respectively for 2.45 GHz and 4.6 GHz LH waves as shown in Fig. 1. For both
launchers the power directivity can be high as 76% and reflection coefficient less than 1%
around the optimum density. When the density increases above the optimum value, the wave
coupling becomes poor and simultaneously the power directivity decreases for both waves,
hence reducing the current drive efficiency. This indicates that it is very important to find a
suitable operational condition to minimize the reflected power during current drive experiments.
However, the coupling property shows a lower sensitivity to plasma density for 4.6 GHz wave.
Comparison between ALOHA and experimental LH coupling results on EAST are presented. By
adjusting the phase difference between main waveguides, the parallel refractive index (N//) can
be varied from 1.7 to 2.5 for 4.6 GHz wave and from 1.9 to 2.9 for 2.45 GHz. It is found that the
power directivity shows weak dependence on the phase difference between main waveguides for
both of the waves. Besides, the power spectra with some columns powered off were also
calculated.

Fig. 1 Reflection coefficient (RC) and power directivity (Dp) as a function of density.
1.

J. F. Shan et al., A New 4MW LHCD System for EAST, in Proceedings of the 23rd IAEA
Fusion Energy Conference, Daejon, Korea (2010).
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L. Liu et al., 4.6-GHz LHCD Launcher System of Experimental Advanced
Superconducting Tokamak, Fusion Science and Technology 75, 49 (2019).
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J. Hillairet et al., ALOHA: an Advanced LOwer Hybrid Antenna coupling code, Nucl.
Fusion 50, 125010 (2010).
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Effect of the fast electron fluxes on the guard limiter of the lower hybrid wave antenna
on EAST tokamak
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The hot spot on the EAST tokamak graphite guard limiter of the lower hybrid wave
(LHW) antenna may cause a sudden increase of impurity influx and even ending with
disruption[1]. A sheath model is developed by taking into account the energetic electron
component from the plasma-LHW interaction via electron Landau damping. It is found that the
fast electron fluxes driven by both the 2.45 GHz and 4.6GHz LHWs modify strongly the sheath
potential, which then influence on the bombarding ion energy at the material surface and the
surface temperature. For the carbon guard limiter, our results show that carbon impurity is
mainly from physical sputtering, except for the 4.6GHz LHW in a narrow range of the high
electron temperature where the chemical erosion has a very sharp increase. Due to modification
of the sheath potential induced by the fast electrons, the power density is higher with the 4.6GHz
than the 2.45GHz LHW system. As a consequence the surface temperature is higher at 4.6GHz
and susceptible to reach several hundred of degrees which is prone to chemical erosion. For the
tungsten guard limiter, by the calculating the surface temperature, the operation regime of the
tungsten guard limiter is discussed based on tungsten material properties. The hardness and
strength of tungsten may reduce easily due to recrystallization in the presence of the large fast
electron fluxes. In additional, the tungsten production from the guard limiter is also estimated. It
is found that the tungsten physical sputtering yield caused by the main and impurity ions is
enhanced for the operation regime with the low edge plasma density and high edge plasma
temperature where the sheath potential drops obviously.
1.

B. N. Wan, et al., "Overview of EAST experiments on the development of high-performance
steady-state scenario", Nucl. Fusion, 57, 102019, (2017)
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Preliminary HFSS simulation for 105GHz/1MW torus window
C. Wang, M. Huang, H. Wang
Southwestern Institute of Physics, P.O. Box 432, Chengdu, China.
First author e-mail: wangchao@swip.ac.cn
This report introduces the preliminary simulation result for 105GHz/1MW torus window,
using Boron Nitride(BN) ceramic as medium. HFSS result shows that the tolerance for the
ceramic medium thickness is 0.01mm and the permittivity of the material should be exactly
measured with 1% accuracy to limit the reflection below -25dB. Thermal analysis shows that BN
ceramic can only be used for 100ms duration if the power is 1MW, which is consistent with the
working condition of BN window used for gyrotron commissioning in reality.
1. J.R.Brandon et al, Fusion Eng.Des, 2001, 53,553-559.
2. ITER Detailed Design Document 5.2, ECRH and ECCD System.
3. M.Thumn. IEEE TRANSACTION ON PLASMA SCIENCE,30,No.3,2002
4. Mk Alaria et al. International Conference on Recent Trends in Physics.2012
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HL-2M LHCD Antenna Development
X.Y. Bai*, J. Liang, K. Feng, B. Lu, H. Zeng, C.Wang, J.Q. Wang, Y.L. Chen, X.M. Zhou, M.
Huang, J. Rao,
Southwestern Institute of Physics, P.O. Box 432, Chengdu, China.
E-mail: baixy@swip.ac.cn
HL-2A is a tokamak of SWIP located in Chengdu, China, where a 2MW/3.7GHz LHCD
system was developed and demonstrated[1,2]. A new tokamak device called HL-2M is now on
building in SWIP, main parameters shown below[3].
Tab.1 main parameters of HL-2M
Ip

R

a

R/a

Κ

δ

Bt

NBI
power

ECRH
power

LHCD
power

3MA

1.78m

0.65m

3.6

1.8

0.5

3T

15MW

8MW

4MW

The HL-2M LHCD parameter is designed as 4MW/3.7GHz/3s. Up to now, half of the system
has been constructed, including a 4MW full active multijunction (FAM) concept antenna.
The structure of HL-2M LHCD antenna is 6×32, which is designed for launching the LH
wave from LFS via one of the 450mm×500mm main windows in the middle plane. The grill size
is 7mm×72mm while the wall thickness is 2mm between two adjacent grills. There are four
modules in the toroidal direction, with 3mm wall between the adjacent modules and a passive
grill added to each side of a row for decreasing the reflected power. 1-3 power divider in ploidal
direction based on TE10-TE30 mode converter is used for 6-row realization. The peak refractive
index is designed as n//0=2.25, with high directivity D=0.94 and low reflection coefficient
RC<1%. ALOHA code[4] is used in the design and calculation. The electric field at the antenna
mouth is less than 800kV/m, a little higher than that of the PAM antenna on HL-2A (600kV/m).
The maximum power density is 41MW/m2, which can be acceptable for HL-2M LHCD system.
These parameters show that the design is suitable for HL-2M LHCD experiments.
The whole antenna body is separated to three parts: phase shifter and launching part, 1-3
power divider part, and the connecting waveguide part. All of them are made of stainless steel,
bringing about 3% power loss on the antenna. It is acceptable due to the short operation pulse of
the LHCD system. These three parts are manufactured respectively and combined together
finally.
The RF characteristic of the antenna is tested via special designed measurement components.
The test result shows that the reflection coefficient, transmission characteristic and the phase
shift of the grills can match the design.
1.
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3.
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X.Y. Bai et al., Proc. 42nd EPS Conference, Lisbon (2015), paper P5.137
X.Y. Bai et al., EPJ Web of Conferences 157, 02001 (2017).
Li Q. Fusion Engineering and Design, 2015: 338-342.
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Analysis of metallic impurities during the application of three-ion ICRH scenario at JETILW
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E. Joffrin et al. to be published in Nuclear Fusion Special issue: overview and summary reports
from the 27th Fusion Energy Conference (Ahmedabad, India, 22-27 October 2018)
Ion cyclotron resonance heating (ICRH), in particular, H minority scheme in D plasmas, has
been extensively used in recent experimental campaigns at JET-ILW. This ICRH scheme not
only provides bulk plasma heating, but is also applied as a technique to prevent accumulation of
heavy impurities. Optimization of (H)-D scheme for core impurity control in JET-ILW
demonstrated a beneficial effect of applying ICRH with the H minority cyclotron resonance
located as close to the plasma core as possible [1].
Recently, high efficiency of a novel ‘three-ion’ minority ICRH scheme for plasma heating
and fast-ion generation has been demonstrated on three tokamaks worldwide (Alcator C-Mod,
AUG and JET-ILW) [2, 3]. For proof-of-principle demonstration, the D-(3He)-H scheme
was chosen, which was applied for heating H-D mixed plasmas using 3He ions as a minority.
The novel scenario is characterized by an efficient absorption of RF power at the
concentrations of resonant minority ions of the order of ~1% or even below.
In this paper, we discuss the effect of the novel heating scheme on the behavior of the
metallic impurities at JET-ILW. The reported experiments were performed in L-mode plasmas at
a magnetic field BT = 3.2T, plasma current Ip = 2MA and central plasma densities ne(0) ≈
4×1019 m-3. ICRH power was delivered with dipole or +π/2 antenna phasing at f ≈ 32.2-33MHz,
placing the 3He cyclotron resonance at the plasma core. The edge isotopic ratio H/(H+D) was
varied between 73 and 92%, and 3He concentration in the range of 0.1-1.5% to assess the
sensitivity of the scheme to the detailed plasma composition. The results of our analysis show a
linear increase of the plasma effective charge Zeff, radiated power Prad,bulk and content of
metallic impurities with ICRF power. The observed scattering of the points reflects the
difference in the plasma composition and ICRF antenna phasing. For discharges heated with
similar ICRH power level ~4MW, our analysis indicates that for a large range of H/(H+D) the
novel scenario effectively heats the plasma with reduced content of metallic impurities, while for
(H)-D scheme in L-mode D plasmas, operation at increased H concentration (~15%) could be
beneficial from the point of view of the impurity reduction and heating efficiency [4]. The
impurities are shown to be concentrated mainly around the mid-radius region of the plasma.
We conclude this paper with a discussion of the effect of the long-period sawteeth on the
observed dynamics of metallic impurities in the plasma core.
1. E. Lerche et al., Nucl. Fusion 56 (2016) 036022
2. Ye. O. Kazakov et al., Nature Physics 13 (2017) 973
3. Ye. O. Kazakov et al., Proc. 27th IAEA Fusion Energy Conference (2018), EX/8-1
4. E. Lerche et al., Nucl. Fusion 54 (2014) 073006
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The real-time power monitoring [1] of gyrotron [2] is one of the key issues in the
operation of electron cyclotron resonance heating system. The detector is the key device
for real-time power monitoring. We analyzed the principle of diode detection and designed a
D-band wideband detector based on Schottky diode. The detector includes a waveguide-tomicrostrip transition, a matching circuit, a diode, and a low pass filter. A novel waveguide-tomicrostrip transition [3] was developed based on probe coupling. A novel matching circuit
was developed based on multi-segment tapered transmission lines and matching branches. The
simulation results show that the designed detector has good performance.
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Wave Power Monitoring in EAST ECRH System,” IEEE Access, vol. 4, no. 1, pp. 58095817, 2016.
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vol. 76, no. 6, pp. 644-656, Jun, 1988.
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The high order harmonic fast wave, also called the helicon/spiral wave, which can
propagate into central region without high density limitation, in addition, the current drive is
comparable to lower hybrid current drive (LHCD). Therefore, the helicon wave off-axis
current driving is one of the key issues in the China Fusion Engineering Experimental
Reactor (CFETR). Based on the main parameters of the CFETR, in this paper, the
investigations of the helicon wave off-axis current drive (HWCD) simulations and helicon
wave antenna design have been carried out. Detailed analysis of ray behavior of high frequency
waves shows that ray trajectories and damping are deterministic (that is, not strongly affected
by plasma proﬁles or initial ray conditions). Current drive was found to not be sensitive to
the launched value of the parallel index of refraction 𝑛||, so wave accessibility issues can be
reduced. Use of a travelling wave antenna provides a very narrow 𝑛|| spectrum, which also helps
avoid accessibility problems. The paper also involves the physical design of the helicon wave
antenna. The physical model of CFETR helicon wave traveling wave antenna is established
by using the three-dimensional electromagnetic simulation software--CST. The characteristics
such as scattering parameters, near-fields and surface current are analyzed. In order to evaluate
the coupling performance of the helicon wave antenna, simulations of the CFETR antenna
reference model with dielectric media and cold plasma loaded has been performed by using the
finite element analysis software COMSOL. The basic coupling characteristics of reference
antenna such as near-fields and the coupling impedance are provided. The simulation results will
provide a theoretical guidance for the CFETR current driving antenna mechanical design.
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How similar are the ICRF systems between JET and ITER?
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It is important to know the degree of the similarity when using the dedicated experiment of a
small system to predict a large system result. In this study, we present theoretical conditions of
the similarity between two equivalent RF systems in tokamaks, and find important
deviations from the similarity relations.
The RF wave propagation and damping patterns
in plasmas are exactly equivalent in two tokamaks
(e.g. JET and ITER), of which one size is twice as
large as the other, if the larger tokamak has a half
of the magnetic field, a half of the wave frequency, a
quarter of the density, the same temperature, and a
half of the RF power of the smaller tokamak [1].
These similarity relations are verified by the coupled
codes, AORSA-ECOM-CQL3D, in which the
Maxwell’s equation, Grad-Shafranov equation, and
Fokker-Planck equation are solved self-consistently.
Nevertheless, the similarity conditions are unlikely
attainable in real experiments because of many
practical and physical constraints. We evaluate
several important effects of the deviations from the
similarity conditions.
For
a
ITER
ICRF
minority heating scenario of (3He)D plasmas, the
design parameters have the scaling in the magnetic
fields BITER=αBJET, the wave frequency
ωITER=αωJET, the machine size RITER=γRJET, the
density nITER=βnnJET, the temperature TITER=
βTTJET, the wave toroidal mode number ΦITER=ζ
ΦJET and RF power PITER=η PJET, where α=1.5, γ=2.0, βn=4.0, βT=4.2, ζ=1.0, and η=4.0. We
found that three combinations of the above scaling parameters (D1, D2, and D3) sufficiently
describe three important ICRF phenomena (optimized minority fractions, power decompositions,
and effective temperatures) by capturing damping mechanisms, kinetic effects, FLR effects, and
Doppler effects, unless the deviations are significant. [1] J. P. Lee, D. Smithe, E. F. Jaeger, P. T.
Bonoli and R. W. Harvey Phys. Plasmas 26, 012505 (2019)
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ICRF coupling simulations are crucial for the prediction of ICRF antenna performance in
terms of power coupling and RF near fields. Such simulations are commonly performed
assuming the antenna to be loaded by an axisymmetric plasma, that is, utilizing 1D density and
magnetic profiles as input for codes such as FELICE and TOPICA [1], which solve the coupling
problem in 1D. This formulation immediately reduces their usefulness for the study of intrinsic
3D geometries, such as Stellarator plasmas and MHD/MP perturbed tokamaks.
We present in this work a consistent numerical scheme that allows for the first time to
perform ICRF coupling simulations including arbitrary 3D magnetic fields and 3D density
profiles. We first utilize the PARVMEC code [2] to compute the 3D free-boundary magnetic
equilibrium in the ideal MHD approximation. Since the PARVMEC solution is only defined
within the last closed flux surface, the magnetic induction field domain is extended to the
scrapeoff layer via the BMW code, which computes a divergence-free induction field arising
from the external conductors’ vacuum field and the PARVMEC flux surface currents. This
magnetic reconstruction is then used in the EMC3-EIRENE transport code [3] in order to
compute 3D density profiles. In the last step, the RAPLICASOL code [4] is utilized to compute
the ICRF antenna S-matrices resulting from the 3D density and magnetic profiles. Results of the
numerical scheme will be presented for the case of a magnetically perturbed ASDEX Upgrade
equilibrium. Experimental results in these conditions [5] are qualitatively well-represented, such
as the coherent coupling variation when the 3D density profile is rotated in front of the ICRF
antenna.
1. D. Milanesio et al. “A multi-cavity approach for enhanced efficiency in TOPICA RF
antenna code”. Nuclear Fusion 49.11, 115019 (2009).
2. S. K. Seal et al. “PARVMEC: An Efficient, Scalable Implementation of the Variational
Moments Equilibrium Code”. Proceedings of the International Conference on Parallel
Processing 2016-Septe, 618–627 (2016).
3. Y. Feng et al. “3D edge modeling and island divertor physics”. Contributions to Plasma
Physics 44.1-3, 57–69 (2004).
4. W. Tierens et al. “Validation of the ICRF antenna coupling code RAPLICASOL against
TOPICA and experiments”. Nuclear Fusion 59.4, 046001 (2019).
5. G. Suárez López et al. “Investigation of the coupling properties of the ion cyclotron fast
wave under applied magnetic perturbations and MHD phenomena in ASDEX Upgrade”.
EPJ Web of Conferences 157, 03051 (2017).
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Electron cyclotron resonance heating (ECRH) and current drive is widely used in toroidal
plasmas and is considered for application in ITER for heating and neoclassical tearing mode
control. The parametric decay instabilities (PDIs), which can accompany the
ECRH
experiments, are believed to be deeply suppressed by huge energy loss of daughter waves from
the decay region, according to the predictions of theory developed in 80th [1]. However, during
the last decade many experiments have demonstrated excitation of the anomalous phenomena
during ECRH at TEXTOR, TCV, TJ-II, ASDEX-U, LHD and FTU. The clearest evidence of
the nonlinear effect was obtained at TEXTOR [2] where the strong backscattering signals down–
shifted in frequency and amplitude modulated by the magnetic island were observed. A
convincing demonstration of the anomalous ion heating during the ECRH pulse under conditions
when the energy exchange between the ion and electron components is negligible was obtained
at TCV [3].
In the present paper we describe a theoretical model taking into account, as distinct from the
standard theory [1], the presence of a non-monotonous density profile, which always exists on
the discharge axis or may be present due to the magnetic island or the density pump-out effect.
We interpret the generation of backscattering signal and the anomalous ion heating, as a result
of secondary nonlinear processes that accompany a primary low – threshold two– upper-hybrid
(UH) – plasmon PDI of the pump X wave. The threshold of the primary PDI is shown [4] to be
much smaller than that predicted in [1] due to the trapping of at least one UH wave in the
presence of the non-monotonous density profile. The primary PDI is absolute due to the finitesize of the pump beam. Its growth enhancing the UH wave fluctuations from the thermal noise
level is saturated in our theory due to both the secondary decays of the daughter UH wave that
leads to excitation of the secondary UH and ion Bernstein (IB) waves [5] and the pump wave
depletion [6]. The threshold of this spontaneous parametric frequency down- conversion can be
easily overcome for the secondary radially trapped UH waves. The coupling of different
daughter UH waves is responsible in the theory for generation of the backscattering signal [7].
This mechanism appears capable of reproducing the fine details of the frequency spectrum of the
anomalously reflected X wave and the absolute value of the observed backscattering signal in
TEXTOR experiment. It also predicts substantial (up to 80%) anomalous absorption in the
electron channel and explains the anomalous ion heating at TCV by the generation of the
secondary IB waves which directly transfer the pump power to the ion component. The
possibility of anomalous absorption of the O-mode pump in the ECRH experiment due to
parametric excitation of the trapped UH wave [8] is discussed as well. The results of a model
experiment demonstrating strong anomalous absorption of the X and O-mode pump in a plasma
filament due to the two-plasmon decay and thus confirming the theory are presented.
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In this paper we present several recent improvements to the Ion cyclotron range of
frequencies (ICRF) antenna coupling code “RAPLICASOL”, a COMSOL-based Finite Element
code. RAPLICASOL solves Maxwell’s equations in vacuum and/or in the cold plasma
approximation, in frequency domain near ICRF antennas with realistic 3D geometry. The
improvements which we discuss include:
1. The ability to construct curved antenna geometries, illustrated with the ASDEX Upgrade 2Strap antenna. This requires also the construction of a perfectly matched layer (a type of
absorbing boundary condition) in curvilinear field-aligned coordinates.
2. Validation against other ICRF codes such as TOPICA [1] and ERMES [2,7].
We compare the S-matrices and port reflection coefficients calculated with
RAPLICASOL and TOPICA for the curved ASDEX Upgrade 2-Strap antenna, thereby
extending the results of [1]. Second, we compare the fields calculated by a new open-source
code, ERMES [2], with those calculated by RAPLICASOL and investigate the claim that
ERMES’ “regularized” Finite Element formulation gives numerically better-behaved results
near the lower hybrid resonance.
3. The ability to simulate ICRF wave propagation through plasmas with arbitrary 3D density
and magnetic field profiles, which extends the results of [3,4], and may prove to be of great
use for ICRF in perturbed tokamak plasmas [5,6] and stellarators.
1.
2.
3.
4.
5.

6.
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W. Tierens et al. Validation of the ICRF antenna coupling code RAPLICASOL against
TOPICA and experiments. Nuclear Fusion, 2018
R. Otin. ERMES: A nodal-based finite element code for electromagnetic simulations in
frequency domain. Computer Physics Communications, 2013
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heating. EPJ Web of Conferences, 2017
W. Zhang et al. Effects of outer top gas injection on ICRF coupling in ASDEX Upgrade:
towards modelling of ITER gas injection. Plasma Physics and Controlled Fusion, 2017
Suárez López et al. Investigation of the coupling properties of the ion cyclotron fast wave
under applied magnetic perturbations and MHD phenomena in ASDEX Upgrade. EPJ Web
of Conferences, 2017
Zhang et al. Influence of ELMs on ICRF. This conference, 2019
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Radio frequency waves used for heating and current drive in magnetic confinement fusion
devices have to propagate through the scrape-off layer (SOL) and edge plasma before reaching
the core. The SOL plasma can be significantly perturbed by the Edge Localized Modes (ELMs).
The modification of the density profile leads to two types of effects: firstly, changes in the
antenna coupling mainly due to the change in amplitude and radial gradient of the density;
secondly, changes in the wave propagation and power absorption due mainly to the variations in
poloidal density gradient. Changes in the coupling have been extensively documented before.
Here we concentrate on the modifications of wave propagation and power deposition. For the
electron range of frequency waves and lower hybrid waves, it is known from previous studies [1,
2] that density turbulence or blobs in the SOL can lead to wave scattering. In this contribution,
the influence of ELMs on Ion Cyclotron Range of Frequencies (ICRF) on the wave fields and
power absorption in the ASDEX Upgrade tokamak are investigated.
In our studies, the BOUT++ code [3] with the Six-field two-fluid model [4] is used to
simulate the ELMs with peeling-ballooning modes. The calculated 3D density with ELMy
filamentary structures is then used in the 3D RAPLICASOL code with curved antenna model [5]
to calculate the wave fields and antenna coupling. Concerning the coupling, we recover the same
effect as previously observed experimentally and theoretically, namely that during ELMs, the
modification of the density profile in the far SOL leads to an increase of antenna coupling
resistance. Concerning the wave propagation and power absorption we find that the scattering of
fast wave depends on the wave wavelength and ELM size. For the ICRF heating frequency at the
level of 10MHz and a typical ELM size (radially ~cm, poloidally ~10cm), the scattering of the
fast wave tends to be small. The influence of ELMs on perpendicular electric fields is small, but
its influence on the parallel electric field can be large. Parameter scan studies give quantitative
characterization of the effects of ELMs on ICRF.
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In the ion cyclotron range of frequencies (ICRF) in fusion relevant experiments, radio
frequency (RF) sheaths are associated with enhanced impurity sputtering, parasitic power
dissipation, and hot spots. Since RF sheath properties are determined by the local RF wave fields,
and those wave fields are affected by the sheath, global RF wave codes that include a
selfconsistent description of these sheaths are needed. Scale separation permits such a
description in terms of a nonlinear sheath boundary condition obtained from a microscale (i.e.
Debye scale) model. [1,2] The model outputs the sheath impedance for use in global RF codes,
and the rectified (DC) potential produced by the wave fields, relevant to sputtering calculations.
In part one of this paper, previous microscale models based on fluid theory [1,2] will be
extended to assess the effect of a net DC current flowing through the sheath. In the low
frequency limit, relevant to validation experiments on low-field devices, voltage rectification is
shown to be reduced when net DC electron current is drawn by the sheath. DC currents have
been inferred in RF experiments on ASDEX,[3] NSTX [4] and EAST.[5]The model also predicts
that the electron admittance (inverse impedance) is increased under these conditions. The
displacement and ion admittances are affected indirectly through the changes in the rectification.
These effects can be accounted for by generalizing the previously published parametrizations for
the sheath impedance and rectification to include the DC sheath current.
In part two, we begin the important task of verifying fluid model results and their
parametrizations against microscale kinetic results obtained from PIC simulations using the
Vorpal [6] and HPIC [7] codes. PIC simulations also provide additional information such as
particle impact energy and angle distributions, and sensitivity to effects not considered in the
fluid modeling including finite ion temperature and the spatial distribution of sources. Coverage
of the complete parameter space accessible in the fluid models is not practical. In this paper,
comparisons will be reported for selected cases.
This material is based upon work supported by the U.S. Department of Energy Office of
Science, Office of Fusion Energy Sciences under Award Numbers DE-FG02-97ER54392, DEAC05- 00OR22725 sub-contract 4000158507, DE-SC0018319 and DE-SC0018090-PO97564.
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F.Poli1, W. Choi1, M. Gorelenkova1, M-H Li2, H. Du2, L. Zhang2, X. Zhang2, B. Ding2, P.
Bonoli3, S. Shiraiwa3, SG Baek3, Y. Petrov4
1

2

Princeton Plasma Physics Laboratory, Princeton, NJ 08543, USA
Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, Anhui, PRC
3
Plasma Science Fusion Center, MIT, Cambridge, MA, USA
4
CompX, del Mar, CA, USA
e-mail address: fpoli@pppl.gov

Super-conducting tokamaks are challenging the current understanding of advanced operation
and control based on our experience with “copper” tokamaks. At the same time they
provide a valuable bridge to ITER and burning plasmas by providing unique opportunities to
test control algorithms for access and sustainment of advanced operating regimes and to
optimized trajectories for current ramp-up and ramp-down compatible with coil limits and
external actuators. Independent simulations for exploration of steady-state operation on ITER
over the past ten years indicate that a combination of flexible heating and current drive
systems with variable radial deposition is necessary to control the current profile and sustain
steady-state [1]. In addition, experiments on EAST with LH have indicated that good wall
recycling is required to dissipate power radiatively and to maintain high core confinement [2].
Simulations of EAST plasmas offer unique challenges for time-dependent simulations,
because of the simultaneous injection of Electron Cyclotron and Lower Hybrid waves, which
modify the electron distribution function [3]. The presence of two Lower Hybrid antennae
with different frequency, which synergistically interact, requires self-consistent evolution of the
magnetic equilibrium and the current drive. This is particular important when looking into
scenario optimization for access and sustainment of steady-state operation [4]. At the same
time, the combination of Ion Cyclotron waves with Neutral Beams offers opportunities to
study burning plasmas by using the accelerated beam fast ions as a proxy for alphas [5].
The challenging of modeling self-consistently these plasmas are discussed, including the path
towards a Whole Device Model for discharge predictions that self-consistently simulates plasmas
from the antenna to the core.
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High field side lower hybrid current drive (HFS LHCD) has potential to provide efficient off
axis current drive consistent with advanced tokamak scenarios due to improved wave accessibility
and penetration.[1] In addition, HFS LHCD potentially mitigates plasma material interaction and
coupling issues due to the quiescent HFS scrape off layer.[1] For DIII-D advanced tokamak
discharges, HFS LHCD simulations show that efficient off axis current at r/a~0.6-0.8 with peak
current density ~0.4 MA/m2 is achievable. The DIII-D experiments provide an opportunity to
validate HFS RF wave physics and LHCD physics models important for evaluating the efficacy
of HFS LHCD in future experiments and expected reactor conditions. Further this
experiment could demonstrate that common challenges for LHCD (coupling and launcher
survivability) are largely mitigated by locating the LHCD coupler on HFS.
With HFS launch, the HFS poloidal position is selected to balance the effects of toroidicity
and poloidal field to improve wave penetration and allow single pass absorption. For DIII-D AT
discharges, HFS launch below mid-plane allows LH waves to penetrate (poloidal k|| upshift
balances toroidal k|| downshift) and damp in region ρ~0.6-0.8 and drive current up to 0.39
MA/MW coupled. To investigate the impact of a small inner gap and a metallic launcher on
plasma performance, inner wall limited discharges with up to 10 MW injected power were
investigated using a mock-up coupler. Experiments found that small inner gap had a negligible
impact on plasma performance, no significant Mo I source was observed, and the core Mo
contamination was subtle to non-existent.
To retrofit a HFS LHCD coupler in DIII-D, the center post tile thickness is planned to increase
by 2.5 cm while keeping the divertor floor tile height unmodified. Within this physical restriction,
we have designed a compact 4.6 GHz coupler. The coupler is to be powered by eight 250 kW
klystrons and the expected power density is ~32 MW/m2. The power is distributed poloidally
utilizing a traveling wave, 4- way splitter where each aperture has integrated matching structure to
minimize peak electric fields (<9.3 kV/m) and a multi-junction to split and determine the launched
wave spectrum.[2] Due to the coupler complexity, we plan to utilize additive manufacturing.
Disruption loads and 380°C machine bake restricts the waveguide materials to GRCop-84, copper
plated Inconel or stainless steel. We have designed and tested a unique RF vacuum flange for use
in vessel to enable assembly. The latest simulations, design and system status will be presented.
Work supported by the U.S. DoE, Office of Science, Office of Fusion Energy Sciences, using
User Facility DIII-D, under Award Number DE-FC02-04ER54698 and by US DoE Contract No.
DE-FC02-01ER54648 under a Scientific Discovery through Advanced Computing Initiative.
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Nonlinear interactions of electrons with lower hybrid waves are studied by a particle
simulation code. The code is based on the gyro-kinetic electron and fully-kinetic ion (GeFi)
model [Lin et al., Plasma Phys. Control. Fusion 47, 657 (2005)]. The evolution of the wave
spectrum, as well as the distribution of the electrons in phase space, is investigated.
Enhanced growths of the waves with lower and intermittent mode numbers are found. This is
because the electrons with higher velocities transfer kinetic energy to these waves through
chaotic transport in phase space. The growth of the waves with intermittent phase velocities
bridges the gap between non-overlapping resonances.
For the wave power with a single spectral peak, particles are trapped by the peak wave, and a
resonant plateau in the velocity distribution function is formed. For a double-peak spectrum,
when the resonances of the two peak waves slightly overlap, two resonant plateaus with two
different levels in the velocity distribution function are formed due to the wave damping if the
resonances are non-overlapping. When the resonances of the two peak waves strongly overlap,
even though the resonant waves are damped to lower levels, two resonant plateaus merge into an
extended plateau in the velocity distribution function due to the growths the waves with
intermittent mode numbers.
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The ICRF system at ASDEX Upgrade (AUG) currently uses five RF generators with
a total nominal output power of 10 MW. The contract for delivering the initial 4 generators
was signed in 1987 and operation started in 1992. In 2018, we added a fifth generator, one
that had been put into operation in 1983 for the AUG predecessor, the ASDEX tokamak
and later also used for the Wendelstein 7-AS advanced stellarator. While this is a
testimony to the longevity of the generators in this frequency range - a legacy of their
extended development as radio transmitters - it does rely on spare parts remaining
available, in particular tetrodes.
Since the initial operation starting in 1983 and 1992, the original tetrodes for the predriver stage (Siemens RS 1054) and final stage (ABB CQK 650-2) did become unavailable.
The pre-driver tetrode can be replaced by a widely used triode or the pre-driver itself can be
replaced by a semiconductor amplifier. As a replacement for the BBC final stage tetrode,
we successfully tested an EIMAC 4CM2.500KG tetrode on the ASDEX/W7-AS generator
mentioned above. Recently however, it was announced that the EIMAC tetrode may no
longer be available. Consequently only a single electron tube manufacturer would remain,
able to produce a tetrode of the type needed for the final stage. Security of supply and
lack of competitive pricing could become a cause of concern.
We investigate to what extend it is already possible now to replace tube based ICRF
generators with semiconductor based RF amplifiers and what future developments can be
expected.

P2.18
The High Power Test of A Megawatt Level Microwave Synthesizer
Y. L. Chen1, B. Lu2, X. Y. Bai3 , J. Liang4, C. Wang5, H. Zeng6, J. Rao7
Southwestern Institute of Physics, Chengdu 610041, China First author
e-mail: chenyl@swip.ac.cn
The study of megawatt level HPM synthesizer is very important for lower hybrid current
drive(LHCD) system, since the microwave power of the main lower hybrid current drive(LHCD)
system is in megawatt level[1-3], but the existing klystrons is in hundreds of kilowatt[4-5] . The
megawatt level HPM synthesizer can simplify the transmission line system greatly and get the
megawatt level power by the existing klystrons for the development of microwave devices such
as circulator, waveguide switch, and matching load in megawatt level.
A high power synthesizer was designed and fabricated, it was based on the 3dB waveguide
directional coupler structure without matching disc in the coupling region. The calculated power
capacity was above 1MW. In this paper the temperature of the MW level microwave synthesizer
is analyzed by the ANSYS-workbench and HFSS in the power of 1MW without water cooling.
The distribution of temperature in the synthesizer and the curve of the temperature rising over
time is obtained. The highest temperature is at the impedance matching steps and the H-plane
common narrow wall. And the highest temperature in the synthesizer is up to 720C in 5 seconds.
The high power performance is test on the high power debugging platform with 500kW
TH2103A high power pulsed klystron amplifiers. The two output microwave are transmitted
through two C-type waveguides with 90 degrees phase difference, and then combined by the
synthesizer. The most output power is up to 400kW/3s at the output port of the synthesizer, and
at the isolated port is only 3kW/3s. There is no arc inside the synthesizer, so the most output
power is limited by the klystron. The synthesis efficiency is 99.3%.
1. Dolpech L, Achard L, Armitano A et al. 2014, Nucl. Fusion, 54: 103004.
2. Lu Bo, Huang Mei, Zeng Hao et al. 2014, Journal of the Korean Physical Society, 65: 1243.
3. Jia Hua, Liu Fukun, Liu Liang et al. 2013, Plasma Science and Technology, 15: 833.
4. Kazarian F, Bertrand E, Delpech L et al. 2009, Fusion Engineering and Design, 84: 1006.
5. Do H, Park S, Jeong J H et al. 2011, Fusion Engineering and Design, 86: 992.
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Effect of poloidal magnetic field and cross-coupling between antenna sections on the
performances of a set of Traveling Wave Antenna sections for the coupling of ICRH to
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A. Messiaen, R. Ragona, R. Koch, J. Ongena
Laboratory for Plasma Physics, ERM-KMS, 1000-Brussels, Belgium
The Traveling Wave antenna (TWA) has been proposed for the ICRF heating of the
reactor in view to decrease the antenna power density [1]. The reduction of the antenna
voltage and associate electric field and current is compensated by the number of radiating straps.
The considered TWA system is splitted in several sections. Each TWA section is constituted by
an array of typically 8 straps and is fed by its own generator. This layout increases the
reliability and the efficiency of the antenna system.
An upgraded version of the fast semi-analytical code ANTITER-II is used to model a set of
TWA sections of any arbitrary number of radiating straps facing a low coupling plasma profile
with their feeding system [2]. It incorporates now the effect of the non- alignement of the
antenna to the total steady magnetic field (toroidal + poloidal) in front of it. The code computes
the Y, Z and S matrices of the set of antenna arrays from which the performances of the TWA
sections and of their feeding system are deduced as a function of the geometrical parameters
of the TWA system. The model incorporates the feeding of each section by a resonant ring
circuit that recirculates its output power. The cases of straps grounded at one of their ends (L
grounding) or in their center (T grounding) are also compared.
The TWA sections are located at arbitrary positions along the machine wall.
The model is applied to the proposed TWA layouts for the ICRF heating of DEMO. It is
shown that the antenna tilting affects mostly the poloidal radiating spectrum seen by the plasma.
This effect increases with the absolute value of the k// selected by the antenna system.
The resulting coupling reduction remains weak for the expected q95 value of the reactor. The
tilting effect is compared with the one expected for the in-port antenna of ITER.
The effect of antenna tilting and mutual coupling between TWA antenna sections on the
strap current and voltage distribution in the TWA sections is also investigated.
1.
2.

R. Ragona and A. Messiaen, Nucl. Fusion 56(2016)076009.
A. Messiaen and R. Ragona, Plasma Phys. Contr. Fusion 2019, in press
.
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Conceptual study of an ICRH system for T-15MD using Traveling Wave Antenna (TWA)
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The low aspect ratio (R/a=2.2) D-shaped tokamak T-15MD with toroidal field of 2T on axis
is currently under construction in the Kurchatov Institute [1, 2]. Ion-cyclotron resonance heating
(ICRH) is considered as an important heating method for this device [1]. In addition, ion
cyclotron current drive (ICCD) could contribute to sustain the non-inductive plasma current for
long-pulse operation. To decrease the power density and associated high voltage a distributed
antenna system is proposed for heating of the future fusion reactor with ICRH/ICCD. Among the
different possible solutions a set of Travelling Wave Antenna (TWA) sections is considered as
most promising [3, 4]. It optimizes coupling to the plasma, is load resilient and avoids a large
Voltage Standing Wave Ratio in the feeding lines. A conceptual design of 2 superposed TWA
sections with each 8 radiating straps, is made for T-15MD in view of minority heating of H in
4He (or D) plasmas at 30 MHz. This antenna, loaded by a simulated density profile of T-15MD,
is modeled including its resonant ring feeding system, using an upgraded version of the fast
semi-analytical code ANTITER-II, incorporating the effect of the tilting of the antenna with
respect to the steady magnetic field in front of it and of the mutual coupling effects between the
TWA sections. The ring feeding allows the recirculation of the non-radiated power and the
termination of the TWA section on its iterative impedance. The paper describes the antenna
design, the feeding ring tuning algorithm and expected performances of this antenna concept.
The chosen geometry of the TWA sections is compatible with that of a future reactor and
therefore this antenna in T-15MD represents also a testbed for DEMO [5].
1. A. Melnikov et al, Fusion Engineering and Design 96–97 (2015) 306–310
2. P.P. Khvostenko, et al., Fusion Eng. Design 124, 114-118 (2017)
3. R. Ragona and A. Messiaen, EPJ Web Conf. 157 (2017) 03044.
4. A. M. Messiaen and R. Ragona, EPJ Web Conf. 157 (2017) 03033.
5. J. Ongena, A. M. Messiaen, A. Melnikov et al., Fusion Eng. Design, in print (2019)

P2.21
First application of Ion Cyclotron Resonant Frequency waves on WEST plasma scenarios
Colas1,*, G. Urbanczyk1, M. Goniche1, E.A. Lerche2,3, J. Hillairet1, W. Helou1, G. Lombard1, P.
Mollard1, V. Bobkov4, O. Meyer1, J. Gunn1, C. Desgranges1, V. Basiuk1, B. Pégourié1, R.
Dumont1, J.F. Artaud1, C. Bourdelle1, N. Fedorczak1, J.-M. Bernard1 and the WEST Team5
1
CEA, IRFM, F-13108 Saint Paul-Lez-Durance, France. *laurent.colas@cea.fr
2
LPP-ERM/KMS, TEC partner, Brussels, Belgium
3
CCFE, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, UK
4
Max-Planck-Institut für Plasmaphysik, Boltzmannstr. 2, 85748 Garching, Germany
5
http://west.cea.fr/WESTteam
Waves in the Ion Cyclotron Range of Frequencies (ICRF) are a workhorse heating method
on the WEST tokamak. We report here on their first application for scenario developments in
2018. So far up to 1.4MW ICRF power was launched from two antennas and combined with up
to 4.3MW Lower Hybrid (LH) power, in the D[H] minority heating scheme at 3.2T and 3.8T.
In ICRF-only plasmas, or on top of a low level of LH power, ICRF application increases the
core electron temperature. 60% to 80% of the injected ICRF power is evacuated as extra plasma
radiation, a similar fraction as for the ohmic power. In presence of larger LH power however,
nearly all the applied ICRF power is radiated, mainly in the bulk plasma, versus only ~50% of
the applied LH power. Besides, the core electron temperature decreases and the core density
increases over the whole profile. In all cases the neutron production increases, suggesting some
heating of deuterium ions. Electron cooling is largely independent from the H minority
concentration inferred from visible spectroscopy. It was only observed at 3.8T and frequencies
55.5MHz-57MHz, but ICRF-heated discharges at 3.2T had lower LH power. Two specificities of
WEST, that may combine their effects, are presently investigated to explain the phenomenology:
ion ripple losses and enhanced impurity contamination in the new tungsten (W) environment.
In the highly rippled magnetic field of WEST, the ICRF-accelerated H minority ions can be
trapped in local magnetic wells and de-confined before they thermalize onto bulk plasma species.
Although WEST plasmas were moved towards the high-field side, WEST equilibria are more
elongated and have lower current than those of Tore Supra. This reduces the extent of the good
confinement zone for H ions, such that it does not always intersect the central H cyclotron layer.
In the absence of fast ion diagnostic, ripple losses were visualized by a wide-angle infrared
camera as toroidally-modulated heat loads on the baffle, where trapped ions are expected to
impinge. One bolometry line of sight, aiming at the baffle while avoiding the main plasma, also
recorded extra radiation during ICRH, even in upper-single-null configurations. The intensity of
the extra radiation varied consistently with a scaling law for the ion ripple losses on Tore Supra.
Ripple losses alone cannot account for electron cooling. Density rise and enhanced radiation
also need to be invoked. W sources inferred from visible spectroscopy increase on all the
observed objects during ICRH. On the baffle, divertor and especially ICRF antenna limiters, the
rise is larger than with a similar extra LH power, mainly due to enhanced sputtering yields. The
contribution of each object to the core contamination is yet poorly known. An upper bound for
W sources due to ripple losses is estimated and is compared with RF-sheath expectations.
In the next experimental campaigns, WEST scenarios will be improved towards reducing
both the ion ripple losses and the W sources. Comparing ICRF antenna limiters with W-coating
versus low-Z materials would also help quantifying the specific role of these components.
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Development status of KSTAR ECH system
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KSTAR has decided to develop six ECH systems for the advance TOKAMAK operation
until KSTAR upgrade. To install six ECH systems in the limited space, ECH equipment
room was completely newly constructed by steel beam-type deck. The existing two ECH
system was totally disassembled and rearranged and cooling system were re-designed and
newly developed, so two 105/140GHz ECH systems including the new gyrotron were
commissioned and operated in 2018 KSTAR campaign. Other two 105/140GHz gyrotrons
will be delivered in 2019 and one more ECH system will be operated in 2019 campaign with
newly designed power supply and control system. The remaining two gyrotron sources were
also decided to GYCOM ITER 170GHz gyrotrons, but the order was postponed due to
budget issues. The transmission line system has been using 63.5mm circular corrugated
waveguides and there is no window in TL and antenna also, so it is kept in a tokamak
vacuum by the main window of the gyrotron. The final positions of the antenna were
decided considering the current drive and heating efficiency. However, due to the poloidal
limiters installed inside vacuum vessel, in 2018 ECH couldn’t operate in Ctr-CD. To solve
this problem, the pivot position of all ECH launchers will approach 350 mm to the plasma in
the radial direction. A 2ch antenna for 3rd and 4th ECH system is in design which is
identical to the mechanism of the existing launcher. In this presentation, the development
status and the design parameters of ECH system will be presented and discussed and the
operation results of ECH system in 2018 will be presented.
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Parametric decay instability (PDI) is a kind of nonlinear wave-wave interaction, which
significantly influence the wave accessibility and heating in plasmas. In fusion plasmas, the
parametric process is typically displaying as quasi-mode decay, such as nonlinear landau
damping or ion cyclotron harmonic decay. [1] For these quasi-mode decays, the previous
kinetic theory [2] for PDI, where quasilinear treatments are adopted for the pump as well
the daughter branches, is not valid any longer. In electrostatics case, a kinetic-fluid mixed
approach [3] can be employed to deal with quasi- mode decay. However, in electromagnetic
case, a complete nonlinear kinetic framework should be established. In this talk, nonlinear
kinetic theory of parametric instabilities is developed, [4] meanwhile, different
approaches containing nonlinear treatments are numerically solved and compared. As an
example, the PDI during the injection of low hybrid wave in plasma is investigated within the
full electromagnetic framework.

Figure. Real frequencies (green curves) and growth rates (red curves) versus the
perpendicular wavenumber of the low frequency modes for (a) quasi-linear and (b)
nonlinear approach, for typical parameters in LHCD experiments.
1. For example: B. J. Ding, P. T. Bonoli, A. Tuccillo, et al, Nucl. Fusion 58, 095003 (2018);
S. G. Baek, G. M. Wallace, P. T. Bonoli, et al, Phys. Rev. Lett. 121, 055001 (2018). R.
Cesario, L. Amicucci, A. Cardinali, et al, Nat. Commun. 1, 55 (2010)
2. S. Liu and V. K. Tripathi, Phys. Rep. 130, 143 (1986).
3. For example: A. Zhao and Z. Gao, Nucl. Fusion 53, 083015 (2013); R. Cesario, L.
Amicucci, A. Cardinali, et al, Nucl. Fusion 54, 043002 (2014).
4. Z. Liu, Z. Gao and A. Zhao, submitted (2019)
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Since mid-2018 the ITER IC H&CD antenna design has undergone extensive modifications
to realize a number of outstanding objectives: stiffening the vacuum transmission line (VTL)
assembly, mitigating the possible degradation of the front vacuum window ceramic under
irradiation, and simplifying manufacture and assembly. Design changes are also driven by the
difficulty of developing an acceptable joint between stainless steel and the water-cooled
titanium alloy of the vacuum window, and the difficulty of developing a robust sliding RF
contact. A new vacuum ceramic window will be located outside the vacuum vessel and VTL
structural stability is now ensured by a new service stub which could provide sufficient
mechanical support to the inner conductor.
In this work we present a series of numerical assessments of the RF properties of the
resulting new architecture. Various designs aiming at using the service stub as a
mechanical support were analysed and compared to the reference 2012 performance: the socalled “internal T-stub” design was selected. CST MWS/Ansys HFSS 3D models of the subcomponents of the antenna were developed and simulated, and the resulting scattering matrices
were integrated into transmission line models to evaluate RF coupling properties and RF power
losses on the conductors. The results are compared with the 2012 performances and the
differences are discussed. Also, 3D RF fields maps are produced and areas of improvement are
identified.
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When RF waves are applied in tokamaks with metal walls, sheath rectification effects
associated with the fields induced in the scrape-off layer (SOL) may lead to enhanced plasmawall interactions (i.e. heat-loads in the limiters, RF-induced impurity sources) which can
endanger the integrity of the machine and limit the RF power. Although many codes are
available to describe the wave-particle physics in the plasma core, the modelling of the RF wave
interactions in the presence of a low-density plasma is much less explored since the RF physics
describing the involved mechanisms is not yet fully understood and the solution of the problem
is numerically demanding. Currently, some numerical tools are being used to simulate the RF
antenna near fields in the presence of magnetized plasmas, but they have their limitations. For
instance, the well-known in-house code TOPICA, which is typically used to couple realistic
antenna geometries with the hot plasma inside the reactor, needs a vacuum buffer area of
separation between the antenna and the plasma. Therefore, it neglects all the physical phenomena
related to the interaction of the RF waves with the low-density plasma close to the antenna (as
the Lower Hybrid Resonance (LHR)). Other software such as the commercial packages CST,
HFSS and COMSOL or in-house codes such as MFEM, have been customized to take into
account the close interaction of the near-fields with the low-density plasma, but they fail to find a
solution around the LHR due to numerical instabilities associated with the finite element
formulation implemented inside them. Simplifications can be used to reach convergence (neglect
gyrotropy, increase electron density to avoid LHR), but the fields obtained can be very different
to the real ones (even if the input impedance of the antennas are similar to the ones measured)
and this difference can affect the accuracy of derived magnitudes as the sheath rectification
effects, which use these fields as an input.
In this work we try to overcome all the limitations mentioned above by customizing the
open-source finite element code ERMES to read measured plasma density profiles from files,
incorporate these measurements in a 3D CAD representation of the RF antennas and calculate
the near-fields and other relevant magnitudes in the presence of cold magnetized plasma.
ERMES implements a stabilized finite element formulation which allows it to simulate near
fields of the antenna in a continuous gyrotropic non-homogeneous media without limits in the
minimum value of the plasma density. Benchmarking of this approach is underway and
comparison against measurements (LAPD at UCLA), semi-analytical approaches and other
codes (COMSOL, MFEM) will be presented.

P2.26
The simulation of the antenna performance enveloped by the reentry plasma sheath
with COMSOL Multiphysics
Jiahui Zhang1, Yanming Liu1, Xiaoping Li1
1

School of Aerospace Science and Technology, Xidian University, Xi’an, Shaanxi 710071, China
zhangjh@xidian.edu.cn, ymliu@xidian.edu.cn, xpli@xidian.edu.cn

The simulation of the electromagnetic wave propagation as well as the antenna performance
plays an important role in solving the blackout issue. Finite element analysis software package
COMSOL multiphysics facilitates the simulation of the electromagnetic wave propagation in the
presence of the non-uniform reentry plasma sheath. The propagation characteristics of the
electromagnetic wave are analyzed by the observation of the field distributions in this paper. To
obtain the reliable calculation results, the basic regulations of the modeling are discussed in 2D
model. Finally, The 3D simulation model including the realistic antenna structure is established.
The antenna performance is analyzed and evaluated based on the simulation results, such as the
Smith chart and the Gain of the antenna. The relevant research in this paper can be the
foundation to employ the COMSOL to study the interactions between the electromagnetic wave
and the reentry plasma sheath.
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A research activity in the Plasma Physics Institute of the National Research Council (IFPCNR, Italy) and in L.T. Calcoli (LTC, Italy) is aimed at the design and construction of
calorimetric loads for the absorption and the measurement of high power millimeter-waves in the
electron cyclotron frequency range [1]. The latest loads developed by IFP-CNR/LTC for
laboratories involved in fusion research consist of five spherical loads: two CW loads, one for
the European ITER gyrotron test facility and the other for the FALCON test-bed, both installed
at the Swiss Plasma Center (SPC, Switzerland); one short pulse (2 s) load for 1 MW, designed
and optimised to operate at two different frequencies (84 GHz and 126 GHz), for testing and
conditioning two new dual-frequency gyrotrons for the Tokamak à configuration variable (TCV,
Switzerland); two additional CW loads, designed for absorbing powers higher than 1 MW,
delivered to the National Institutes for Quantum and Radiological Science and Technology (QST,
Japan) and exploited for the acceptance tests and the conditioning of the Japanese prototype of
the ITER gyrotron [2]. The present status and the most recent experimental results achieved in
the framework of this development activity are reported in the paper.
1. W. Bin et al., “Tests and developments of a long-pulse high-power 170 GHz
absorbing matched load,” https://doi.org/10.1016/j.fusengdes.2018.11.019.
2. Oda et al., “Completion of 1st ITER gyrotron manufacturing and 1 MW test result,” FEC
(2018)
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The EAST tokamak relies on Lower Hybrid (LH) heating and current drive for long pulse
steady-state operation [1]. The combination of the two antennas—operating at 2.45 and 4.6
GHz—offers a unique opportunity to understand the synergy between LH waves and how to best
exploit it for optimization of plasma performance towards demonstration of sustained steadystate. Because the DC electric field affects the fast electron distribution function, it is important
that the magnetic equilibrium and the LH current drive are evolved self-consistently [2]. For this
reason, time-dependent modeling is a necessary tool to guide experiments on EAST dedicated to
access and sustainment of steady-state.
The time-dependent evolution of an EAST plasma discharge with lower hybrid power has
been modelled using the TRANSP code in combination with GENRAY and CQL3D. Analytical
profiles for electron temperature and density were adopted to remove noise from experimental
measurements, as well as for ease of scaling studies. This enables quick scans of density to
identify an optimal range for high LH current drive and maximum plasma performance. Initial
predictive simulations of temperature were unable to reproduce the measured profiles during
injection of 1 MW of LH power at 4.6 GHz, likely due to a combination of insufficient diffusion,
a lack of a Scrape-Off-Layer model, and an incomplete physics model. Preliminary results from
scaling studies suggest there is a density threshold, beyond which current drive is significantly
reduced. Additionally, there is some indication that the electron heating and the driven current do
not scale similarly with density and temperature, indicating a complex nonlinearity in the
absorption process. Future work will address the current challenges in time-dependent LH
simulations and explore the synergy between the two LH antennas during simultaneous power
injection.
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The Divertor Tokamak Test (DTT) facility will be built to study a solution suitable for
the power exhaust in conditions relevant for DEMO. The tokamak will reach the needed
condition of 15 MW/m power flow to the divertor by coupling up to 45 MW of additional
power to the plasma. The selected Heating Systems to achieve this goal are Electron Cyclotron
Heating (ECH), Ion Cyclotron Heating (ICH) and Negative Neutron Beam Injector (NNBI).
The power systems will be installed in two stages: a day-1 configuration, with a coupled power
of 25 MW, and a second step where the completion of the 45 MW will be reached in 4 years
from the day-1. At a first stage 16 MW of ECRH power and 4 MW of ICRH will be installed,
making the DTT plasma dominated by RF heating.
The EC system relies on 170 GHz, 1 MW gyrotron, similar to those developed for ITER,
while for the power transmission a Quasi Optical approach has been chosen, where a multi-beam
mirrors (transmitting 8 beams each) will be installed under vacuum. The goal consists in
reducing the overall losses below 10%, avoiding atmospheric absorption and selecting the proper
polarization. At the end, the power will be injected into the tokamak exploiting independent
front-steering antennas, installed in both equatorial and upper ports and capable to real-time steer
all the beams for assisted breakdown, NTM and ST control, ECCD and main electron heating.
The first module of the ICRH systems will be based on transmitters, capable of a
wide frequency range (60-90 MHz), connected, through standard coaxial cables and RF
components, to two movable antennas inserted in the equatorial ports of DTT. The range is
selected to allow different heating schemes. The choice of the antenna type will be based on
reliability (i.e. power density) rather than on its performance in term of peak coupled power.
This led to choose a two- strap antenna with a power density of 3.5 MW/m2, shaped to fit the
scrape-off of the reference
plasma scenario and with an adjustable radial position. An external matching system is
envisaged to cope with fast variations of the antenna loading, as the one expected in presence of
edge localized modes.
The main characteristics of the RF DTT heating systems will be presented and discussed,
focusing on the improvement of reliability and real-time control which are the requirements for
future reactor heating systems.
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Helicon waves are being considered for plasma heating and current drive in KSTAR. While
slow mode has a low cutoff density and can easily propagate from the antenna to the higher
magnetic field/density region, Helicon waves can have stop gap between the antenna and the
edge plasmas. Therefore, both Helicon and slow waves should be considered in KSTAR. In this
presentation, we examine the effective plasma condition (e.g., magnetic field strength near the
antenna, toroidal mode number m, or radial density gradient) for Helicon wave propagation from
the antenna to the plasma core without cutoff or mode conversion to the slow wave. It is
found that m window near the antenna becomes wider for the higher density in front of the
antenna. The m window for helicon is also strongly affected by the radial density variation and
becomes wider when the density gradually increases in the edge region. Then we perform wave
simulations by adopting full-wave code Petra-M to examine Helicon and slow wave
propagations from the antenna to the plasma core for various values of density gradient, toroidal
mode number, and angle between normal antenna current and static magnetic field. We also
calculate wave transmission and reflection coefficients near the plasma edge and discuss the
optimized plasma conditions for Helicon wave coupling to the plasma core in KSTAR.
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Experiments in DIII-D have measured the width of the power deposition and current
drive profiles for electron cyclotron (EC) waves and compared these with theoretical predictions
from ray tracing (and occasionally full wave) codes. This comparison is motivated by previous
reports of a wider than expected EC power deposition widths from transport effects [1] or
refraction by edge density fluctuations [2]. The EC power deposition is determined by squarewave modulation of the gyrotron power and measurements of the resulting oscillations in the
electron temperature profile. An analytic solution to the Fourier-analyzed heat pulse propagation
equation is fitted to the experimental electron temperature oscillations (amplitude and phase) to
self-consistently determine the electron-heat transport coefficients and height/width of the EC
power deposition profile. It is found that the measured EC power deposition widths are scattered
around the predicted values, including both narrower and wider cases. The EC database will be
analyzed to determine factors that can account for this scatter, including measurements made
using multiple EC beams nominally aimed at the same location that may not perfectly coincide.
The EC current drive width, directly determined from changes in the motional Stark effect (MSE)
signals, is consistent with the modeled width from the quasilinear Fokker-Planck code CQL3D
without any anomalous profile broadening, except for the lowest density plasmas on DIII-D [3],
with an upper limit of≈0.7 m2s -1 for any radial transport of the current-carrying electrons [4].
The differences between the EC power deposition widths and the EC current drive widths will be
discussed.
1. R.W. Harvey, et al., Phys. Rev. Lett. 62, 426 (2002)
2. M.W. Brookman, et al., EPJ Web of Conferences 147, 03001 (2017)
3. C.C. Petty, et al., Fusion Sci. Technol. 57, 10 (2010)
4. C.C. Petty, et al., Nucl. Fusion 43, 700 (2003)
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This work presents an approach to incorporating an arbitrarily shaped ion cyclotron
radio frequency (ICRF) antenna into existing ICRF wave simulation models. There are two
computation domains: the plasma and ICRF antenna region. Simulations in each domain are
performed separately with appropriate numerical solvers. The method of boundary
connection at the plasma/vacuum interface is used with the impedance matrix and
continuity of tangential fields on plasma surface [1-4]. Surface impedance matrix of
plasma is obtained using a 1D magnetized inhomogeneous plasma model [5]. The antenna
near-field is computed by combining a 3D electromagnetic (EM) code based on finite
difference time domain method (FDTD). An example of application to an ICRF antenna
on EAST is illustrated. The results show that the near-field around ICRF antenna is
revised significantly by the plasma loading; the values of EM fields around ICRF antenna
facing plasma are higher than the values of EM fields around ICRF antenna with noplasma loading. Such EM field distribution around the antenna is consistent with
experimental measurement by high-frequency B-dot probes. The approach is more efficient
in 3D simulations of ICRF antenna with plasma loading.
Keywords: ICRF, antenna, near-fields
1. Brambilla M. 1995 Nucl. Fusion 35 1265
2. Lancellotti V., Milanesio D., Maggiora R., Vecchi G. and Kyrytsya V. 2006 Nucl.
Fusion 46 S476
3. Kyrytsya V. , Crombé K. and Van Eester D. 2012 39th European Physical Society
Conference on Plasma Physics (EPS-2012)/16th International Congress on Plasma
Physics. Stockholm, Sweden, July 2, 2012, European Physical Society, 36, pp. P2-041
4. Shiraiwa S., Wright J C., Lee J P. and Bonoli P T. 2017 Nucl. Fusion 57 8
5. Chiu S C., Mayberry M J. and Bard W D. 1990 Nucl. Fusion 30 2551
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Recent experiments in EAST show that the coupling of both 2.45GHz and 4.6 GHz
LH waves (seen the reflection coefficient of PLH4.6 (RC4.6) in Fig. 1(d)) degrades with the
increase of LH power, which is significantly different from the previous results for
graphite divertor in EAST. The similar phenomena were observed in Tore Supra [1-2],
Alcator C-Mod [3], and ASDEX [4]. The simulations based on diffusive-convective equation
indicate that the increase of the LH power results in the increase of electric field in front of the
LH launcher, which strengths the ELHÍB drift, leading to more inhomogeneous density profile in
poloidal direction and lower electron density in front of LH launcher. Furthermore, it is found
that the two LH waves may affect each other on coupling. Coupling of one LH wave is improved
or deteriorated (as shown in Fig. 1(f)) when the electric field in front of its launcher is
weakened or strengthened by another LH wave.
1.

M. Preynas et al., “Experimental characterization and modelling of non-linear coupling of
the lower hybrid current drive power on Tore Supra”, Nucl. Fusion, 53, 013012 (2013).
2. A. Ekedahl et al., “Non-Linear Effects on the LH Wave Coupling in Tore Supra and
Impact on the LH Current Drive Efficiency”, AIP Conf. Proc., 1187, 407 (2009).
3. O. Meneghini et al., “SOL Effects on LH Wave Coupling and Current Drive Performance
on Alcator C-Mod”, AIP Conf. Proc., 1406, 411 (2011).
4. V. A. Petrzilka et al., “Non-linear coupling of the lower hybrid grill in ASDEX”,
Nucl. Fusion, 31, 1758(1991).

Fig. 1. Typical waveforms of LH coupling with two LH waves injected.
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A comparison between CQL3D Fokker-Planck solver with Monte-Carlo code on RF
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The bounce-average finite-difference Fokker-Planck code CQL3D [1] is an established tool
for modeling of RF and NBI heating. Recently it has been augmented with Finite-Orbit-Width
(FOW) treatment of ions [2]. For validation purpose, and also for accessing the highcollisionality regime, a Monte-Carlo particle code has been developed that is based on the
MCGO code [3]. Among other goals is an accurate calculation of ion and neutral particle
losses to a realistic vacuum chamber. Ion orbits from a thermal initial distribution, and/or from
an NBI source, are integrated in time under the effects of collisions, charge exchange events
and RF kicks. The RF kicks are based on local quasilinear diffusion coefficients that include all
components of RF electric field and all-orders terms for finite Larmor radius effects. The RF
operator acts on both perpendicular and parallel component of particle momentum. A procedure
for accumulation of particle loss distributions to the wall, of test ions and neutrals, is included
as a function of poloidal and toroidal distance along the wall, particle energy and the
incident angle. As a verification study, a comparison is made between CQL3D and MC code
for scenarios of minority ICRH in C-Mod. The calculated profiles of RF power deposition are
very similar in CQL3D and MC runs, the distribution functions also agree in main features of
non-Maxwellian tails, although some details are different. We also compare the heating of fast
ions in NSTX.
1.
2.
3.

R.W. Harvey and M. McCoy, "The CQL3D Fokker Planck
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Electron Cyclotron Resonance Heating (ECRH) system plays an important role in
plasma formation, heating and current drive in the HL-2A Tokamak located in Chengdu, China.
Up to now, 5MW of ECRH system has been constructed in HL-2A.
The ECRH system is equipped by 8 gyrotrons which manufactured by GYCOM. 6 gyrotrons
are operating at a frequency of 68GHz and capable of delivering 0.5MW/1s, and the other 2
gyrotrons are operating at a frequency of 140GHz and capable of delivering 1MW/3s. The
transmission line consisting of 15 meters length 63.5mm corrugated wave guide, DC break,
wave guide switch, mitre bend, polariser, bellows that terminates with a vacuum barrier CVD
window. A beam launching system used to steer the microwave beam in the plasma volume is
connected between the end of the transmission line and the tokamak. The control system
based real time data acquisition and PLC control system is used for monitoring, acquisition
and control. Hard-wired interlock operates a rail-gap based Field-Programmable Gate Array
(FPGA) system in less than 10µs under any fault condition. Burn patterns are recorded at
various stages in the transmission line. The results of the Commissioning of the gyrotrons are
reported and discussed in this paper.
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In order to realize a practical, economically competitive low aspect ratio tokamak fusion
reactor, elimination of the central solenoid would be highly beneficial. Since plasma start-up
(plasma formation and plasma current ramp-up) is the most challenging problems, plasma startup using the lower hybrid wave (LHW) is being studied on the TST-2 spherical tokamak. The
LHW with high directivity and sharp n|| (parallel index of refraction) spectrum is excited using
the newly developed capacitively-coupled combline (CCC) antennas. Whereas the originally
proposed combline antenna makes use of mutual inductance to couple neighboring elements and
is suitable for exciting the fast wave, the CCC antenna makes use of mutual capacitance and is
suitable for exciting the LHW. Presently, there are two CCC antennas installed on TST-2, one on
the outboard side and another on the top side of the plasma. RF powers and power densities of
the order of 100 kW and 1 MW/m2 can be achieved easily in small antennas of the order of 0.1
m2. Both of these antennas excite the n|| spectra peaked around 5. Successful plasma start-up and
plasma current (Ip) ramp-up to over 25 kA (about 1/4 of the nominal Ip for OH operation) have
been achieved with RF power of less than 100 kW in about 40 ms.
A variety of codes (LTspice, COMSOL Multiphysics, PetraM, AORSA, TORLH, GENRAY,
CQL3D, etc.) is used to model the antenna characteristics, wave excitation, propagation, and
current drive. It is shown that the antenna-plasma coupling should be moderate to maintain the
optimum n|| spectrum. This is achieved by tailoring the density profile in front of the antenna and
keeping adequate distance between the antenna surface and the plasma cut-off layer.
Experimentally, higher Ip can be achieved with top launch compared to outboard launch. This
is in agreement with theoretical expectation that the top-launch LHW undergoes rapid n||
upshift and is strongly absorbed during the first pass through the plasma. Bottom launch can be
simulated with top launch with reversed toroidal field Bt. Since the n|| downshift occurs initially
for bottom launch, poor current drive was expected, but experimentally even higher Ip than top
launch was achieved. This result can be explained by further acceleration of energetic electrons
to higher velocities by the downshifted n|| LHW, after thermal electrons are accelerated by the
upshifted n|| LHW after reflection from the cut-off layer at the bottom of the plasma. This
requires the power loss in the edge region to be insignificant. The driven Ip was found to increase
almost linearly with Bt because of improved accessibility. It also increases with top limiter height,
because of larger plasma cross section. Although qualitative agreement between experiment and
theory is already achieved, better quantitative agreement requires more comprehensive
diagnostics (especially current density profile) and improved modelling (finite orbit physics,
energetic electron effects). A 4-channel microwave polarimeter is being prepared for TST-2.
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ICRF-enhanced plasma potentials are observed in the scrape off layer regions that do not
map to active ICRF antennas on EAST. Unabsorbed fast waves is the reason for the
enhancement of plasma potential in unmapped situation. This article mainly discuss the
influence of antenna spectrum, the plasma density in scrape off layer, the gap on ICRF wave
coupling and absorption which is very critical in investigating plasma potential. From our
experimental results, it is clear that ICRF heated discharge with low parallel wave number is
characterized by higher coupling efficiency through evanescent layer and higher absorbed ICRF
power in core plasma. The coupling impedance increases with edge plasma density and
minifying the gap can achieve the same effect. Langmuir probe is used to detect edge plasma
density, magnetic probe is used to investigate ICRF waves in inner side of EAST and
voltage-current probes is used to detect coupling impedance in coaxial transmission line.
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The QUEST is a spherical tokamak device which has been working on the steady- state
operation as a main theme. One of the main issues is the non-inductive steady current drive.
Among several non-inductive current drive methods, electron Bernstein wave (EBW)
heating/current drive is the most attractive method, because EBW can propagate over the cut-off
density and give a chance to drive current steadily at over the cut-off density. Since the EBW can
be excited through mode conversion process, it is important to clarify and optimize the injection
condition by checking the excited EBW near the core region. Expected wavenumber in the
perpendicular to the magnetic field ranges 104-105 m−1. The direct and detailed measurement of
the density fluctuations associated with the EBW gives clear evidence of the excitation,
propagation and damping of the EBW from the mode conversion region towards the core, since
it is an electro-static wave. Such measurement can be performed by the sub-Tera-Hz wave
scattering.
The Collective Thomson Scattering (CTS) measures the density fluctuations associated with
the ion thermal fluctuation and STS signals were detected successfully at the frequency of 77 and
154 GHz in the Large Helical Device (LHD). In order to apply the CTS in high density region in
the LHD, the 300-400 GHz gyrotrons at the power level of more than 100 kW have been
developed. One of them is now applied to the CTS in the LHD. The other 400 GHz gyrotron[2]
is the candidate of the source for scattering measurement of the EBW in the QUEST.
The detection of the EBW in QUEST by the scattering measurements requires a wide range
and flexible scattering configuration under limited port access and boundary condition due to the
presence of hot first wall covering the surface of the plasma. The scattering measurement system
and resolution, detectable level of the density fluctuations associated with a given power flux of
the EBW will be discussed along with the EBW propagation analysis.
1. M. Nishiura, et al., Nuclear Fusion 54, 023006 (2014).
2. T. Saito et al., Phys. of Plasmas 19, 063106 (2012)
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In order to investigate the LHW-plasma coupling, Langmuir probes were installed around
the LH antenna to measure the electron density near the LH grills in EAST. Based on the
measured data, the effects of LHW injected power, ELM activity on the density near the
launcher, and then on LHW-plasma coupling is studied in this paper. Experiment and
simulation results indicate that density near the launcher increased due to the neutrals
ionization and the poloidal density profile became more asymmetrical due to the convective
process with LH power increase. The density profile near the launcher was modified by
competition between the increment by neutrals ionization and a depletion by convective
and ponderomotive processes, thus improving or degrading the LHW-plasma coupling. The
LHW-plasma coupling is favored with low-frequency, large-amplitude ELMs due it brings
more electron than high-frequency, small-amplitude ELMs.
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Scikit-rf (www.scikit-rf.org) is a Python package developed for RF/Microwave engineering
[1]. Licensed under the BSD license, it is currently being actively developed by a group of
volunteers on Github. The package provides a modern, object-oriented library for network
analysis and calibration which is both flexible and scalable. Besides offering standard
microwave network physics and operations, such as reading/writing touchstone files (.sNp),
connecting or de-embedding N port networks, frequency/port slicing, concatenation or
interpolations, it is also capable of advanced operations such as interpolating between an
individual set of networks or deriving network statistical properties. The package also allows
direct plotting of rectangular plots (dB, mag, phase, group delay, etc), Smith Charts or automated
uncertainty bounds.
In this paper, the scikit-rf package is used to simulate the WEST ICRH antennas. The
antenna is modelled by connecting the various elements that compose it, separately full-wave
modelled. Tunable elements, such as the matching capacitors, can be either created from ideal
lump components or from interpolating full-wave calculations performed at various capacitance
configurations. The package is also used to deduce the experimental 6-port network of an
antenna (2 power ports plus 4 voltage probe ports) from at least two measurements made with a
4-port VNA. Besides mutualizing forces and avoiding parallel similar developments, the usage
of this open-source package allows, when published online with its associated data, other
researchers to reproduce the modelling approaches, few months or years after work had been
initially made. Finally, a numerical antenna model of a WEST ICRH antenna can be used offline
or online by using operating-system-level virtualization services.
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This paper presents the comarison of the full-wave simulation (TorLH) with ray tracing
simulation (GENRAY) of 5 GHz lower-hybrid (LH) wave for KSTAR H-mode discharge with
two different toroidal magnetic fields (2.5 T and 3.0 T). Iterations between TorLH full-wave
solver and CQL3D with moderate poloidal mode resolution (1023 modes) show that the electric
field convergence is not yet complet on all of the flux surfaces. The LHRF power deposition
profiles are different in the TorLH-CQL3D relative to GENRAY-CQL3D with ray tracing
exhibiting a peak in the core for 3.0 T and n|| = -2.5 that is not seen in the full-wave simulation. It
might have to do with differences in the reconstruction of the quasilinear diffusion coefficient in
ray tracing and full-wave solver. It might also be related with diffraction and refraction by which
the wave spreads again when the wave approaches the center of the plasma in the case of the
single pass absorption with high n|| [1]. The case of the poloidal mode number 4095 shows the
electric field is well converged on all of the flux surfaces. The LHRF power deposition in fullwave simulation is similar to the full-wave simulation with poloidal mode numbers of 1023, but
the current drive is a bit weaker. In all cases presented in this paper, the ray tracing simulation
shows higher current drive than the full-wave simulation.
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Ion Cyclotron Range of Frequencies (ICRF) strap antennas are routinely adopted in most of
the existing nuclear fusion experiments, even though their main goal, i.e. to couple high power to
the plasma (MW), is often limited by rather severe drawbacks due to high fields on the antenna
itself and on unmatched part of the feeding lines directly connected to the antenna.
In this work, we propose, describe, prototype and measure an ICRF strap antenna based on
the high impedance surfaces concept that is matched at a specific tunable frequency. The adopted
high-impedance structure, positioned between the strap and the backwall, is a metallic patch
displaced on top of a dielectric block and grounded by means of a vertical post, in a mushroomlike shape. This structure presents a high impedance, within a given very narrow frequency band,
such that the image currents are in-phase with the currents of the strap itself, thus determining a
significant efficiency increase. After a general description on the properties of high impedance
surfaces applied to ICRF antennas, we describe the optimization steps, carried on by means of
numerical codes, to define an antenna configuration suitable for a nuclear fusion experiment. The
antenna has been then manufactured and measured; strengths and weaknesses of the proposed
solution are outlined.
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Efficient current drive scheme in central or off-axis region is required for the steady state
operation of tokamak fusion reactors. The current drive by using the fast wave in frequency
range higher than two times lower hybrid resonance (w>2wlh) could be such a scheme in high
density, high temperature reactor-grade tokamak plasma.[1] A feasibility study was planned for
the LHFW H&CD concept in VEST[2] and a LHFW RF system has been successfully developed
and installed through collaboration between KAERI, KWU, SNU, and KAPRA.[3] The klystron
RF power is 10 kW with center frequency of 500 MHz and bandwidth of 20 MHz. The N||
spectrum of the comb-line type traveling wave antenna ranges 3 to 5 corresponding to the
operating frequency. About 2 kW RF power is injected into 30kA Ohmic target plasmas with
coupling efficiency of about 60% and the propagation of fast wave is identified through RF
magnetic probe. The target plasmas for higher coupling and H&CD is limited since the density
window is very narrow at 0.1T and the plasma position and shape are not actively controlled.
The toroidal magnetic field has been recently upgraded to 0.2 T to widen the coupling density
window and inject power further. Antenna conditioning and development of target plasmas
suitable for efficient coupling are progressing. The detailed experimental result will be presented
in the conference.
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In the work, B4C coating on tungsten substrates by means of RF driven inductively coupled
plasma (ICP) thermal spraying technique is studied, which is driven by a 24-60 MHz RF power.
Compared with arc plasma, ICP allows for considerable reduction of plasma contamination
associated with electrode erosion. In order to investigate the effects of hydrogen introduced into
sheath gas of ICP torch on B4C coatings fabrication, the characteristics of plasma at different
Ar/H2 proportion are diagnosed by optical emission spectroscopy (OES) and voltage/ current
probe, and the melting processes of B4C particle in plasma are studied. In the study, the RF
antenna input impedance and coupling resistance can be deduced from the amplitude of voltage
probe, amplitude of current probe, as well as the antenna feeding power. For improvement of
coating binding force, we prepared B4C/W coatings by the method of functionally gradient
materials (FGM), in which B4C/W spraying powder was fed into ICP torch with gradient ratio.
The characterization of the coatings are presented with compositional (XPS) and morphological
(SEM) analyses. And the testing under high heat loads and thermal cycling, together with the
bonding strength is described. All the plasma properties and the characterization results of
B4C/W coatings would give us an insight of improving the B4C coatings fabrication process. [1]
1.

Q.J. Guo, P. Zhao, “The effect of hydrogen on B4C coatings fabrication in inductively
coupled plasma torch,” AIP ADVANCES, 8, 025003 (2018) .

Figure 1: Schematic drawing of the experiment system.
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One of the critical points of the ion cyclotron radio frequency (ICRF) heating for nextgeneration Tokamaks is the insulating support structures (ISS) for coaxial RF feed line. For the
mechanical strength reason, ISS need to be used between the central/outer conductors of
coaxial line [1-2]. However, the ISS may increase the power loss and enhance arcing incidence.
For EAST-ICRF system in the first proposal a light teflon material is used for ISS. Once arcing or
breakdown occurs, the coaxial fee line will be polluted by a lot of dust from the Teflon ISS. In the
second proposal a hollow ceramic disc is used for ISS. But the ceramic disc is too heavy and
increases the power loss. In the last proposal, a ceramic ISS with three legs shown in figure 1 is
used for EAST-ICRF system by optimizing design with finite difference time domain
(FDTD) method. The simulation results show the coaxial feed line with the last proposal has a
lower voltage stand wave ratio than that with the second proposal. The last proposal ISS was put
into operation with megawatt RF power and was not found to have breakdown in 2018.

Fig.1 The last proposal: a ceramic ISS with three legs
1.

Zhao Y P, Zhang X J, Mao Y Z, et al. EAST ion cyclotron resonance heating system for long
pulse operation [J]. Fusion Engineering and Design, 2014, 89(11): 2642-2646.
2. Mutoh T, Kumazawa R, Seki T, et al. Steady-state tests of high-voltage ceramic
feedthroughs and coaxial transmission line for ICRF heating system of the large helical
device[J]. Fusion technology, 1999, 35(3): 297-308.
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Simulation of lower hybrid current drive in the presence of inductive electric field in
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Ioffe Institute, St. Petersburg, Russia
The development of non-inductive current drive methods is a central problem on the way of a
fusion reactor development within the tokamak concept. The low-hybrid (LH) method of
current maintenance can potentially be used in solving this problem, since it has one of the
highest efficiencies of current drive [1]. This method is proposed as a possible technique for
current generation at the middle and periphery radii of plasma core for the current profile
broadening in ITER, which will operate with a mixture of heavy hydrogen isotopes [2].
Recently the isotope effect on the LHCD efficiency dependence on main parameters of
hydrogen and deuterium plasmas have been studied at the FT-2 tokamak [3]. To interpret the
experimental results indicating the high LHCD efficiency complex simulations of the
propagation and absorption of LH waves in the FT-2 plasma were performed. The Grill3D code
[4] was used to calculate the parallel refractive index spectrum of the lower hybrid wave
launched into the plasma by two-waveguide antennae. The magnitude and direction of the
current generated by the lower hybrid wave were computed using the Fast Ray Tracing Code
(FRTC) [5], the calculated LH wave spectrum, and the measured profiles of the plasma
parameters. The magnetic equilibrium of the plasma column was provided by the ASTRA code
[6] with using of the measured radial profiles of the plasma parameters. However simulations
performed in [3] did not take into account the effect of the residual inductive electric field
on the electron distribution function, generation of super-thermal electrons and hence on the
LHCD efficiency.
In the present work a new one-dimensional approach to the lower hybrid current drive
modelling in the presence of the inductive electric field suggested recently in [8] is applied to
calculate LHCD for hydrogen and deuterium plasmas at FT-2 experiments. The simulation
results are compared to the experimental data.
1. N.J. Fisch, Mod. Phys. Rew. 59 1987
2. P. Bonoli, Phys. Plasmas 21, 2014
3. S.I. Lashkul et al., Nucl. Fusion 55 (2015) 073019
4. M. A. Irzak and O. N. Shcherbinin, Nucl. Fusion 35, 1341 (1995)
5. A.D. Piliya, A.N. Saveliev, JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA,
1998
6. G.V.Pereverzev and P.N. Yushmanov, Automated System for TRansport Analysis IPPReport IPP 5/98, (2002)
7. A.N. Saveliev, EPJ Web of Conferences 157, 03045 (2017)
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Electron Cyclotron Resonance Heating (ECRH) is one of the main heating methods for HL2A tokamak. The ECRH system with total output power 5MW has been equipped on HL-2A
which include 6 sets of 0.5MW/1.0s at a frequency of 68GHz and 2 sets of 1MW/3s at a
frequency of 140GHz. Total output power 8MW of ECRH system will be equipped on the
new tokamak device called HL-2M, the parameter is 8 sets of 1MW/3.0s/105GHz. The power
is an important parameter for ECRH system during commissioning and ECRH experiment. In
this paper, the method for measuring the power of ECRH system on HL-2A is introduced which
include calorimetric techniques and directional coupler.
For the calorimetric techniques, the calorimeters were installed on Match Optical Unit
(MOU), gyrotron output window and the window near the EC launcher separately in each
ECRH system， by which the absorbed microwave power of the transmission components are
obtained. Recent years a directional coupler has been designed, which aims to monitor the
microwave power of the transmission line in real-time for ECRH system on HL-2A. The
directional coupler designed bases on the theory of electromagnetic coupling through aperture.
The directional coupler is applied to measuring power in ECRH system and analyzing the
operation status of the gyrotron.
Key words: HL-2A, ECRH, Power measurement
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Spontaneous toroidal flows have been observed during ECH without direct momentum input
in tokamak and helical plasmas[1-3]. We have studied the j × B toroidal torque due to radial
diﬀusion of suprathermal electrons during ECH in LHD applying GNET code[4]. It is found
that the j × B torque related to the suprathermal electrons plays an important role in the toroidal
flow generation in the LHD plasma[5]. On the other hand, in axisymmetric tokamaks, it is well
known that this j × B torque and the collisional torque by the precession motion of
suprathermal electron would cancel each other, and no net toroidal torque is generated.
However, in the real tokamaks, there exists finite non-axisymmetric magnetic field; such as the
toroidal field ripple, magnetic resonance perturbation, RMP, etc., and these nonaxisymmetric
magnetic fields would generate the net toroidal torque.
In this study, we investigate the j × B and the collisional torques due to suprathermal
electrons by ECH in the non-axisymmetric tokamaks (finite toroidal field ripples and RMP).
To evaluate the toroidal torques, we apply the GNET code, which can solve the 5D drift
kinetic equation for suprathermal electrons. We assume a simple tokamak A=6.7 (LHD size) and,
first, assume a toroidal field ripple as B = Baxisym + B0,18 cos(18ϕ). We have found significant
net toroidal torques by ECH due to the radial motion of ripple trapped electrons. The peak
value of torques gradually increases in the region B0,18/B0,0 < 0.2% and almost linearly
increases in the region B0,18/B0,0 > 0.2%. The model of the radial flux of suprathermal
electrons has been developed and has shown relatively good agreements with the simulation
results.
We, next, study the eﬀect of RMP (m, n = ±3) on the toroidal torques assuming B =
Baxisym + Bm,±3 cos(mθ ± 3ϕ). We can see a significant radial flux and j × B torques
as Bm,±3 increases. It is found that about ten times larger torques in the n < 0 cases compared
with that of the n > 0 cases. The largest torque is obtained in the (3,-3) mode case and this is
because the electron can be trapped for a longer time in the RMP ripple in the (3, -3) mode
case, where q ~ m/n.
1. M. Yoshida, et al., Phys. Rev. Lett. 103, 065003 (2009)
2. J. S. deGrassie, et al., Phys. Plasmas 14, 056115 (2007)
3. S. T. A. Kumar, et al., Plasma Phys. Control. Fusion 60 054012 (2018)
4. S. Murakami, et al., Nuclear Fusion 40, 693 (2000)
5. Y. Yamamoto, et al., Int. Stellarator-Heliotron Workshop, Kyoto P1-43 (2017)
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In the frame of the TCV Tokamak upgrade, two 84/126 GHz/2 s dual frequency Gyrotrons
designed by SPC and KIT and manufactured by THALES will be added to the existing ECSystem. The first unit has been delivered to EPFL-SPC and tested. In the commissioning
configuration, a matching optics unit (MOU) is connected to the gyrotron window. The RF is
then coupled to the HE11 mode of a 63.5mm corrugated waveguide and dissipated in a load
procured by CNR after 4m of waveguide and 2 miter bends. Owing to the flexible triode gun
design giving the possibility to adjust the pitch angle parameter, the specifications were met at
both frequencies. At 84 GHz (TE17,5 mode), a power of 0.930 MW was measured in the
calorimeter, with a pulse duration of 1.1 s. At the high frequency (126 GHz, TE26,7 mode), a
power of 0.98 MW was reached for a pulse length of 1.2 s. Accounting for the load reflection
and the ohmic losses in the various subcomponents of the transmission line and the tube, it is
estimated that the output power at the gyrotron window is in excess of 1 MW at both frequencies,
with an electronic efficiency of 32% and 34% at 84 GHz and 126 GHz respectively. The
gyrotron behavior is remarkably robust and reproducible, and the pulse length is limited by
external systems that will be improved shortly.
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The China Fusion Engineering Test Reactor (CFETR) will require significant lower hybrid
current drive (LHCD) power to supplement the bootstrap current in steady-state. A scoping
study was performed using GENRAY/CQL3D ray-tracing/Fokker-Planck models to determine
the appropriate antenna parameters for optimum current drive performance in the CFETR
“hybrid” scenario. CFETR is a large (R0 = 7 m, a = 2.2 m) steady-state tokamak with a toroidal
magnetic field of 6.4 T, plasma current of 7.6 MA, core density of 1.2x1020 m-3, and core
temperature of 30 keV. The key parameters scanned were the launched parallel refractive index
of the primary lobe of the LH launcher (n||) and poloidal angle (𝜃) of the antenna, with a LH
source frequency of 4.6 GHz. A comparison of high field side (HFS) versus low field side (LFS)
launch points shows similar current drive efficiency (~1300 kA per 20 MW net power) from
both the HFS and LFS. HFS launch yields a broad current profile in the outer part of the plasma
(r/a = 0.6-0.9) as desired for supplementing the bootstrap current, while LFS launch yields a very
narrow current profile near the top of the pedestal (r/a ~ 0.9). A 5-D parameter scan (n||1, n||2, 𝜃1,
𝜃2, P1/P2) of synergy between HFS and LFS antennas at fixed total power of 20 MW shows a
modest (~5%) increase in efficiency when only cases with single-pass absorption are considered.
Here the subscripts “1” and “2” refer to HFS and LFS respectively. Synergy simulations with
very low n|| (|n||| ~ 1.3) show higher current drive efficiency, but these scenarios suffer from poor
wave accessibility, the multi-pass nature of the rays, and extremely far off-axis absorption (r/a ≥
0.95). Parametric scans in these studies were enabled by the πScope workflow [1].
*This work has been supported by an International Collaboration Grant No. DE ‐
SC0010492 from US Department of Energy.
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The ITER ICRF antenna is a port-plug antenna. There is a 15-20mm clearance gap
surrounding the antenna plug between the antenna plug walls and the vacuum vessel. Analytical
evaluation, numerical simulations [1] and experimental measurements on a reduced-scale mockup of the full ITER ICRH antenna [2] have shown that the frequency response of the antenna
array is perturbed by the excitation of a TE0,1 (p=1) mode in the ITER frequency band (around
45MHz) in the clearance gap in absence of any additional grounding.
Different grounding options have been proposed and both numerically studied and tested on
a scaled low-power mock-up of the ITER antenna. These studies however did not take the
Faraday screen into account. In view of the technical difficulties to implement the proposed
grounding options the present contribution will revisit the need for grounding also considering
the presence of the Faraday screen. It will be supported by gap voltage measurements on a
reduced-scale mock-up of the ITER ICRH antenna and numerical modeling.
1.
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In last campaign of EAST experiment, a high bootstrap fraction scenario with high βP
demonstrated for CFETR steady-state scenario is successfully sustained over 24s using pure RF
heating and current drive [1]. The issue of current alignment for such scenarios was unresolved
until recently. This work provides a solution for the first time with consistent evaluation on the
components of the current, which builds the foundation for further miscellaneous researches such
as transport, instability by energetic electrons, pedestal and so on. Compared to the drift-kinetic
code NEO, the well-known Sauter model overestimates the bootstrap current in the deep core
region (r/a<~0.5) as well as the pedestal region. A scaling formula of bootstrap fraction on βP
and plasma density is obtained based on the NEO simulations. The power for on-axis electron
cyclotron (EC) heating is greatly over the quasilinear criterion. The peak value of simulated
current profile driven by EC waves with a reasonable level of radial transport is still significantly
larger than the equilibrium current density. Introducing the cumulative effect on the EC wave
trajectories due to the density fluctuation at plasma edge can broaden the driven current profile
and reduce the peak value to a reasonable level. A large number of rays, a tail model expanding
the launch spectra and a 2D SOL model for collisional loss are included in the simulation for
lower hybrid waves. The synergy between EC waves and lower hybrid (LH) waves is included in
the coupled ray tracing and Fokker-Planck simulations. The iteration between calculated
equilibrium and the simulation for RF current drive yields a robust calculation of equilibrium
which matches the Faraday signals and the Shafranov parameter βP+li/2 from the diagnostics.
The difference between the calculated equilibrium with good current alignment and the
reconstructed equilibrium by EFIT yields only very small difference in temperatures which are
simulated with the TGYRO code including the turbulent transport by the toroidal gyro-Landaufluid (TGLF) model.
1.

X. Gong, et al, “Integrated Operation of Steady-state Long Pulse H-mode in EAST,” 27th
IAEA Fusion Energy Conference, EX3-1 (2018).

P3.22
First divertor operation at Wendelstein 7-X:
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Electron cyclotron resonance heating (ECRH) provided by ten 140 GHz gyrotrons is the
dominating heating system at the world’s largest optimized stellarator Wendelstein 7-X. ECRH
is the default method for plasma start-up and heating with an overall heating power coupled to
the plasma of currently up to 7.5 MW. This includes all losses of the quasi-optical transmission
from the gyrotrons to the plasma vessel. In addition, the ECRH system provides wall
conditioning and electron-cyclotron current drive (ECCD). Even though a stellarator is operated
without a toroidally driven current, ECCD can be used to compensate or mimic a non-vanishing
bootstrap current during plasma ramp-up to prohibit an unwanted sweep of the strike lines over
the targets of the magnetic island divertor. Furthermore, highly localized ECCD was used to
induce considerable variations of the local rotational transform and study MHD-instabilities,
which can lead to a complete loss of confinement. To safely study divertor behaviour, W7-X was
equipped in its first divertor campaign (operational phase 1.2) with an uncooled graphite divertor
limiting the injected energy to 80 MJ per pulse. A main goal of OP1.2 was to develop ECRH
scenarios for long pulse and high performance operation in preparation of actively cooled
divertor operation starting in 2021. Up to a density of about 1020 m-3 2nd harmonic X-mode (X2)
heating is used, which has to be optimized with regard to finite beta and Shavranov shift. For
densities close and beyond the X2-cutoff density of 1.2
∙10 20 m-3, an advanced O2-heating
scenario was developed, which makes use of holographic reflection tiles to allow an overall
absorption of more than 90% by three beam passages through the plasma center. A central
density of over 1.3
∙10 20 m-3 was achieved with a heating power of 5.6 MW at a central
temperature of 3 keV for electrons and ions. Noteworthy is the successful use of O2-heating for
detached divertor operation, which demands high densities exceeding 1020 m-3. In this operation
regime the energy limit of the uncooled divertor was no issue and the discharge could be
sustained over a time period of 30s. To partially test the steady state capabilities of the ECRH as
well as of W7-X itself, a 100s discharge with a heating power of 2 MW was demonstrated at the
end of the campaign.
This work has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research and training programme 2014-2018 and 2019-2020
under grant agreement No 633053. The views and opinions expressed herein do not necessarily
reflect those of the European Commission.
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The ECH gyrotron system on the DIII-D tokamak presently comprises four gyrotrons,
three of which operate at 110 GHz with the fourth at 117.5 GHz. There were three
gyrotron failures during the 2018 campaign, one in the gun for a tube which had operated for
over 14 years, and two which resulted from collector leaks in gyrotrons which were in service
for four and five years. A repaired tube will be reintroduced into the system in mid-2019,
which will result in a five gyrotron system. The injected rf power was about 3.6 MW with 6
gyrotrons for many years before the recent failures and the system now is injecting 2.6 MW with
the four operational tubes. Transmission efficiency is 75-80% so we expect about 3.3 MW
injected during the 2019 operational campaign, once the fifth gyrotron is conditioned. The best
individual injection during 2018 has been 730 kW from the 117.5 GHz tube while it was being
conditioned in parallel with limited operations. This tube has generated 1.0 MW for 2 sec
pulse lengths and 850 kW for 5 sec pulses during conditioning, and 1.7 MW for short pulses
during factory testing. Contracts are in place for an additional 3 gyrotrons, planned for delivery
during 2019-2020. Both the new and repaired tubes will have a new collector design, which
uses CuCrZr alloy to give substantially longer collector lifetime than with OFHC copper.
Infrastructure for two additional gyrotrons is planned which will fulfill a long term goal of ten
operational tubes. The reliability of the system on an individual gyrotron basis has been
greater than 90% over entire campaigns during the past several years. This has been partially
due to the new FPGA based restart-after-fault capability. The DIII-D tokamak is resuming
operations following an opening to provide co- and counter-operation with one of the neutral
beamlines. During this period a new top launch microwave installation was added, which is
calculated to increase the single gyrotron microwave current drive efficiency by as much as a
factor of two. A series of experiments will study the top launch operation early in the 2019
campaign. A 1 MW low field side helicon system is also being developed in parallel with a 1
MW high field lower hybrid system.
This material is based upon work supported by the Department of Energy under Award
Number DE-FC02-04ER54698 and DE-FC02-99ER54512.
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Current drive in the ion cyclotron range of frequencies (ICRF) via the fast magnetosonic
wave, is a potential candidate for core current drive in high magnetic field tokamak concepts
such as the ARC device [1], which rely solely on radio-frequency (RF) actuators for heating and
current drive. Damping of the fast wave (FW) on electrons is proportional to (ne × Te)/B3 [2],
where B is the local magnetic field magnitude, ne is the electron density, and Te is the electron
temperature. Consequently, high field devices where B ~ 9-12T, represent a somewhat unique
parameter regime for FW absorption, relative to lower magnetic field nuclear science facility
(FNSF) concepts such as FDF [3], where B ~ 5-6T. Typically, the single pass electron damping
of the FW would be expected to be high in these devices because of the high density and
temperature. However, in a high field FNSF, the B-3 dependence of the damping tends to reduce
absorption strength. Thus we are motivated to carry out numerical simulations of these scenarios
in order to better characterize the electron absorption in terms of B, ne, and Te.
In this paper we describe full-wave electromagnetic field simulations of fast wave current
drive (FWCD) for parameters typical of the ARC device [a = 1.13 m, R0 = 3.3 m, B0 = 9.25T, Ip
= 7.8 MA, Te(0) = 27 keV, and ne(0) = 1.8 × 1020 m-3] using the TORIC field solver [4] coupled
to an adjoint calculation of the current drive efficiency [5]. Numerical results will be presented
that will illustrate the dependence of electron absorption strength and absorption profile shape,
FW coupling, and current drive efficiency, on magnetic field strength, ICRF frequency, parallel
wavenumber, ne, and Te. We will present results for parameters characteristic of both ramp-up
and flat-top times during the discharge.
*Work supported by U. S. Department of Energy Contract No. DE‐FG02-91ER54109.
1. B. N. Sorbom et al, Fusion Engineering and Design, 100, 378 (2015).
2. M. Porkolab, AIP Conference Proceedings 314, 99 (1994).
3. V. S. Chan et al, Fusion Science and Technology, 57, 66 (2010).
4. M. Brambilla, Plasma Physics and Controlled Fusion, 41, 1 (1999).
5. D. A. Ehst and C. F. F. Karney, Nuclear Fusion, 31, 1933 (1991).
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Frequency-domain full-wave solutions to the cold-plasma problem have become ubiquitous
in the study of radio frequency power in fusion plasmas. However, recent efforts at extreme
levels of geometric fidelity have revealed fundamental limits in the problem size which can be
solved by typical direct-solver based methods. This is of particular importance in the 3D study of
RF launchers where the number of degrees of freedom required can exceed 100 million. In such
cases, it would be advantageous to solve the system via iterative means, but due to the large null
space of the curl-curl operator, the convergence properties of algorithms like GMRES are poor.
Here we present a physics-based preconditioner in the form of a WKB solution and demonstrate
the iterative solution to the frequency-domain Maxwell's problem in 1D for a range of problems
which range from satisfying the WKB approximation to strongly violating it.
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The compatibility of ICRF system with the W wall in ASDEX Upgrade (AUG) has been
improved by using the boron-coated limiters on the two 2-strap ICRF antennas and the 3-strap
antennas in combination with the tungsten (W)-limiters. Following these developments, the
ICRF operating space could be further extended in 3 areas: power, phase control between the
antennas and frequency range.
The available ICRF power in AUG was increased by using an additional RF generator to feed
the central straps of the 3-strap antennas which typically require a 1.5:1 or 2:1 power ratio
between the central strap and the two outer straps (combined) to minimize the W sources
associated with the ICRF power. This increases the value of the total experimentally
achievable launched ICRF power in the optimized antenna configuration from ~ 4.5 MW up to
~ 5.7 MW.
A new phase control system enabled phase-locked operation of all 4 AUG ICRF
antennas in ASDEX Upgrade. This allows a better control of the launched k|| spectrum as well as
of the structure of the global RF field distribution within the AUG vessel. Measurements by the
RF magnetic field (B-dot) probes show that the RF field distribution can indeed be significantly
affected by the variation of the phasing between the ICRF antenna pairs. However its effect
on the core plasma, such as heating efficiency, and on the residual ICRF specific plasma-wall
interactions is small, for the cases so far limited to the H-modes at medium plasma densities. In
the low-density operational corner, little assessed so far, the effect on the power absorption and
on the plasma-wall interactions is expected to be stronger.
The available frequency range was extended and now covers four discrete frequencies (f):
30.0, 36.5, 41.8 and 55.1 MHz. In addition to the standard hydrogen (H) in deuterium (D)
minority on-axis heating scheme at the magnetic field (Bt) of 2.0, 2.5, 2.8 and 3.1 T, the RF
frequency range allows the use of the 3-ion D-(3He)-H and 4He-(3He)-H heating scheme at
Bt=2.5-3.1 T, f=30 MHz (off-axis and on-axis), on-axis 3ωc D heating at Bt=1.9T (f=41.8 MHz)
and at Bt=2.5T (f=55.1 MHz) and 2ωc H heating at Bt=1.9T (f=55.1 MHz). Examples of
successful application of ICRF power using the 3-ion (D-(3He)-H and 4He-(3He)-H) heating
scheme and the 3ωc D heating scheme at Bt=2.5T will be discussed.
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We present a detailed mathematical analysis of the tensor Ponderomotive Force calculation
in 3D, from fundamental principles. We are primarily interested in applications of this to
tokamak configurations with ICRF, helicon, and/or LH RF sources. The tensor analysis includes
force terms in both the poloidal plane and in the toroidal plane, which can result in either
perpendicular force x B poloidal-plane convection or parallel force that can lead to rarefaction,
or other toroidal displacements when coupled with an equilibrium code.
We also present the implementation of the tensor ponderomotive force calculation in a 3D
finite-difference time-domain (FDTD) simulation tool (VSim [1]) which can model 3D antenna
and launcher geometry. We use this code to illustrate several examples, starting from geometryfree simplified cases, in either the poloidal or toroidal plane, and working up to realistic antenna
geometry, including Faraday screens. Particular attention is paid to the strength of the force,
normalized to the power launched, in each situation, and to processing the 3D vector force for
use in equilibrium and turbulence codes.

1.

Chet Nieter and John R Cary. “Vorpal: a versatile plasma simulation code.” Journal of
Computational Physics 196(2):448–473 (2004).
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High-power plasma waves in the lower hybrid range of frequencies (LHRF), which is the
range between the ion and electron gyrofrequencies fci<<f<<fce in a magnetized plasma, are
being used for non-inductive current drive in experiments around the world. In this frequency
range plasmas can support waves with two different polarizations, a quasi-electrostatic wave
known as the "slow wave" or simply the lower hybrid wave, and a quasi-electromagnetic
wave referred to variously as the "fast wave in the LHRF", "whistler", or "helicon". In an
inhomogeneous plasma such as a tokamak discharge, the wave polarizations and wavelengths at
a given applied frequency vary with the local plasma parameters. The two polarizations can
become identical at a certain location in the plasma, leading to coupling between the two waves,
i.e. mode conversion. An improved qualitative understanding of how fast and slow waves in
the LHRF propagate can be gained by studying the Clemmow-Mullaly-Allis (CMA) diagram
[1] and the wave normal surfaces plotted therein. Although a careful interpretation of the
properties of the wave normal surfaces in the LHRF [2,3] yields an explanation of how the
waves propagate near such a mode coupling point, characterization of the 'pedal surface' of the
wave normal surface, (the 'inverse wave normal surface' or IWNS) gives a more straightforward
result. The qualitative properties of the ray trajectories follow directly from the shape of the
IWNS, such as the small angle that the slow wave ray makes with the static magnetic field
(the resonance cone) over a wide range of parallel wavelengths and the upper limit in that
propagation angle for the fast wave (well known in the magnetosphere context where the wave
is a 'whistler'). The changes in the shape of the IWNS as a ray approaches a mode coupling
point are shown to lead to the radial turning around of the ray there. Examination of the
IWNS in the scrape-off layer shows a propagating wave that is trapped in the very low-density
region with a long parallel wavelength (|n|||<1), which may be easily excited and could be
important as a power loss mechanism for antenna with non-negligible power in that spectral
region. The relationship between such modes and the true X-mode surface wave described in
Ref. [4] is explored. The possible consequences of these effects for the planned experiments
with fast waves at 476 MHz and with high-field- side-launched slow waves at 4.6 GHz on
DIII-D are discussed.
T.H. Stix, "The Theory of Plasma Waves" (McGraw-Hill, New York) 1962
R.I. Pinsker, "Fast Wave Current Drive Experiments on the Princeton Large Torus",
Princeton University, Ph.D. dissertation, January 1988, chapter 1
3. H. Takahashi, Physics of Plasmas 1, 2254 (1994)
4. R.I. Pinsker and P.L. Colestock, Nucl. Fusion 32, 1789 (1992)
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The travelling wave array (TWA) antenna has been proposed for the ICRF heating of the
reactor in view to decrease the antenna power density [1]. The reduction of the antenna voltage
and associated electric field and current is compensated by the increase in the number of
radiating straps minimizing at the same time the number of feeding lines.
WEST represents the ideal device to test a reactor relevant TWA due to its long pulse
capability and full metal wall configuration. The already installed ICRH high power launchers
allow a direct comparison between a classical in-port antenna [2] and the TWA.
This paper reports the progress in the design of an actively cooled high power mock-up of
the WEST TWA antenna that will be tested in the TITAN [3] facility. The main objective is to
assess the voltage stand-off of the antenna at a power level relevant for future operation. In order
to be installed and operated in WEST, the antenna design proposed in [4] has to comply with the
specific machine requirements, in particular active cooling, magnetic configuration and interface
with existing auxiliary heating systems.
In first step the radial and poloidal location of the antenna is selected based on physics and
operational constraints. The toroidal magnetic field ripple and its influence on the array RF
property are investigated. Based on simulated and reconstructed equilibria, the trajectory of field
lines connecting the antenna with other plasma facing components and the particle heat loads are
evaluated by means of the PFCflux code [5]. The thermal load on the antenna is estimated
considering plasma radiation, RF losses and energetic particles loads. The RF losses on the
antenna are computed for the foreseen input power level, based on the choice of the feeding
circuit and the constraint on the maximum allowed power for the existing vacuum feedthrough.
An initial assessment of mechanical compatibility in case of vertical displacement events (VDE)
is performed. In conclusions, the next steps and implications of the project are outlined.
This work has been carried out within the framework of the EUROfusion Consortium and
has received funding from the Euratom research and training programme 2014-2018 and 20192020 under grant agreement No 633053. The views and opinions expressed herein do not
necessarily reflect those of the European Commission.
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Coupling of ion cyclotron range of frequency (ICRF) is an essential issue for the steadystate high performance operation on EAST. In this talk, we present the 3D simulations of ICRF
power injected into EAST plasmas via the high performance Finite-difference time-domain
(FDTD) model in VSim software [1]. Realistic 3D ICRF antenna module and box in B-port on
EAST have been constructed as geometry in the simulations. Wave pattern is affected by the
shape of current strap. Edge power loss is significantly reduced by the up & down structures of
the antenna box.
In order to identify the reflection wave, we construct a MAL (Matched Absorbing Layer)
outgoing wave boundary on the end of simulation side. We discuss the reflection ratio in the
simulation and compare to the experiments. When we move the plasma closer to the antenna in
the simulation, the gapout (width of cut-off layer) decreases so that more ICRF power transmits
into the plasma core, which is consistent with experiments on EAST [2]. The toroidal curvature,
including magnetic field curvature and first-wall shaping, can be represented in the simulation by
importing EQDSK or g-files, or by applying an approximate analytic expression. We show the
effects of toroidal curvature on ICRF coupling with EAST plasma.
1. D. N. Smithe, “Finite-difference time-domain simulation of fusion plasmas at
radiofrequency time scales,” Phys. Plasmas, 14, 056104 (2007).
2. J.H. Zhang, et al., “Experimental analysis of the ICRF waves coupling in EAST,”
Nucl. Fusion, 57, 066030 (2017).
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under Contracts Nos 11705236 and 11475220.
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The China Fusion Engineering Test Reactor (CFETR) is the proposed next-generation fusion
facility in China. To meet the scientific goals of CFETR, during two operational phases, the
electron cyclotron resonance heating and current drive (ECH/ECCD), high field lower hybrid
current drive (LHCD) together with off-axis negative-ion neutral beam injection (NBI) will
be developed. The study of electron cyclotron heating system, as a key design activity of
auxiliary heating mix for CFETR was carried out. The main missions assigned to the EC system
are start-up assistance, heating, current drive and MHD instability suppression. Recently, the
size and magnetic field of CFETR are increased to R = 7.2 m, a = 2.2 m and BT = 6.5 T. Based
on the physical requirements, the frequency is chosen to be 170GHz in order to benefit
from the technologies development for ITER, the preliminary design of the EC system will be
presented in this paper.

