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According to the progress made with above mentioned studies, the Committee will again discuss these items,
summarize the results in a report and make a recommendation for the decision on the Japanese attitude as a
final conclusion of the ITER project.

Future plans

Specialized investigations on the above mentioned items will be made during a period of about one year.

Depending on the progress in studying these issues, international discussion and the progress of EDA, the
Committee will resume its activities in summer 1999 and conduct its discussions aiming to reach a final
conclusion before summer 2000.

ITER RADIO FREQUENCY SYSTEMS
by Dr. G. Bosia, ITER Joint Central Team, Garching Joint Work Site

In ITER, auxiliary heating and current drive functions are likely to be shared among at least two of several
different methods. A (negative ion) Neutral Beam Injection system and three Radio Frequency Heating and
Current Drive (RF H&CD) systems: Electron Cyclotron (EC), Ion Cyclotron (IC) and Lower Hybrid (LH)
Systems, are being developed during the Engineering Design Activities (EDA).

ITER RF systems offer a range of complementary services satisfying all ITER operational requirements. They
can be used i) to access the H-mode confinement in D-T plasmas and to subsequently increase the plasma
temperature to ignition values; ii) to supplement alpha heating in finite-Q driven burn scenarios; iii) to assist
plasma start-up and shut-down; iv) to maintain sufficient plasma rotation to avoid locked modes and to
stabilize resistive instabilities. The above functions (to be applied to plasmas within the density range
ne0 ~ (0.3-1.5)x10 2Om"3and the temperature range 3-20 keV) may require a total auxiliary power of at least
100 MW. In addition, RF heating systems have several supplemental roles in the optimization of ITER
operation, ranging from wall conditioning to plasma-initiation assist.

On- and off-axis current drive capabilities are required for extending burn, for local control of the plasma
current profile, for stabilization of resistive MHD instabilities and ultimately, for steady state operation.
According to present modelling, non-inductive currents of few MA need to be generated and controlled on-
and off-axis, in plasmas with densities in the range of ne0 = (0.6 -1.5) x 1O2Om~3, and plasma current
lp= 12-21 MA.

Plasma heating and current drive functions need to be co-ordinated and controllable: multiple functions must
be provided underdosed loop control, in order to maintain a quasi-stationary burning plasma.

DESIGN

Five ITER equatorial ports may be allocated to the RF H&CD systems, and each system is designed to
provide 50 MW of output powers even if the actually implemented power will be smaller. The system designs
are now converging to a modular approach, which favours standardization and interchangeability. The level
of standardization is being further increased as the design progresses and common mechanical components,
structures and auxiliaries are being designed for the three systems.

In all systems, the launcher design incorporates a monolithic port plug assembly (Fig. 1) with ceramic
windows located at the main flange of the vacuum vessel port, to provide the primary containment boundary,
and similar mechanical interfaces with the vacuum vessel. All port plugs are composed of nuclear shielding
and power transmission components together with the mechanical assemblies needed to support these
structures. All plugs feature an all-metal construction, do not extend ITER vacuum boundaries, fit within a
standard remote handling transport cask and are designed to be assembled and disassembled in the hot-cell.

Electron Cyclotron
Electron Cyclotron (EC) wave absorption and propagation lead directly to electron heating and on- and off-
axis current drive. The EC wave, launched in vacuum, propagates into the plasma without attenuation or
interaction with the plasma edge and is absorbed by the electron population at the resonant layer.
Consequently, the launching structure does not have to be close to the plasma.
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F/g 1 Isometric view of the RF launchers seen from the plasma :
a) EC Launcher; b) IC Launcher, c) LH Launcher

The radial control of the location of the power deposition is obtained through oblique launch of the wave in the
toroidal direction. Extensive modelling has shown that the launch of a single frequency (170 GHz), elliptically
polarized, ordinary mode wave from the low-field-side is sufficient for both heating and current drive, over a
wide range of fields (4.0 - 5.7 T), provided that a modest steering capability is incorporated in the launcher
design.

Two equatorial ports are used to inject 50 MW of EC power for both heating and current drive. The same two
ports are also used for the EC start-up and wall conditioning system with one 4 MW system installed per port.
The launch configuration is consistent with the requirements for start-up and wall conditioning although in this
case, frequencies in the range 90-130 GHz are used and steerable injection is not strictly needed. An
upgrade to a total of -100 MW of injected power is possible without increasing the number of ports.

Power is injected into the torus through 7 slots in the shield-blanket by means of steerable mirrors, located
behind the shield-blanket. Each row of 8 mirrors is actuated individually. Wave guides feeding the mirrors are
offset relative to the slots in order to reduce direct neutron streaming which is further reduced by a "dog-leg"
introduced in the wave guide run and sandwiched between segmented blocks of shielding to form a shielded
labyrinth.

Corrugated circular wave guides are used for power transmission. A careful design of the transmission
system is needed to accommodate wave guide distortions, (e.g. due to the relative radial motion between the
vacuum vessel and the cryostat), which can cause "mode conversion" and thus enhanced power dissipation.
The calculations performed have been verified by experiment on a scaled wave guide run. The net measured
mode conversion in these tests is less than 2%.

Ion Cyclotron
Ion Cyclotron Frequency is most suited for bulk ion heating and central current drive. Plasma heating is
performed using well demonstrated heating schemes: the WHe3 minority heating scheme for non-tritium
plasmas and the 2WT scheme for D-T plasmas. Both scenarios use the same frequency (57 MHz at full
toroidal field). The system is however designed for a frequency range (40-70 MHz), which allows a
substantial flexibility with regard to BT changes and includes the WD minority scheme.

Fast Wave Current Drive (FWCD) is simply obtained by asymmetrically phasing the IC array, without in-
vessel hardware changes. Current drive projections for on-axis current drive are also based on a well
established experimental database, with current drive efficiencies up to 0.04x1020A/Wm2 and a linear
dependence with Terj, in very good agreement with theory. In the frequency window selected for FWCD in
ITER (f ~ 62 MHz), the electron absorption is in competition with 2Wj (on the high field side) or with 2WD (on
the low field side) ion resonances and the CD efficiency is optimized by properly locating the position of the
two resonances out of the wave path. The extrapolation of current drive efficiency values to ITER leads to
h=(0.15-0.25)x1020A/Wm2, with current profile peaked on-axis.
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The system uses four equatorial ports for coupling 50 MW. Each array consists of eight current straps fed by
one coaxial transmission line and tuned at the two ends by a pair of pre-tuners. The feeder is connected not
far from the centre of symmetry of the strap, at a point where the capacitive admittance of the long section is
compensated by the inductive admittance of the short one. A resonant 1/2 double loop antenna results,
whose electrical length can be adjusted for different frequencies. The (resistive) input impedance is matched
to the feeder characteristic impedance. A nominal power of 2MW/strap (or a total of 64 MW) is available. The
maximum operating voltage depends on plasma coupling. Present estimates show that a total of 50 MW can
be delivered to the plasma at an operating voltage < 42 kV.

The Main Transmission Line is a conventional rigid coaxial line of 30 W characteristic impedance, water
cooled and pressurized at 300 kPa pressure, with dry air used as dielectric gas and operated at relatively low
voltage (< 20 kV peak ).

Lower Hybrid
The Lower Hybrid (LH) wave system is proposed for: i) extension of the pulse length in the commissioning
phase of hydrogen discharges, ii) stabilization of sawteeth in the standard ignition case, iii) steady-state
operation and control in advanced scenarios, iv) current profile control during ramp-up and shut down.

LH waves are known as the best current drive system in present experiments and have the potential to be an
important element for the ITER current profile control. Current drive efficiency is already high at low
temperature and values exceeding y = 0.3x1020 A/Wm"2 have been obtained. In ITER, LH is predicted to
retain the highest efficiency for off-axis current drive (r/a 3 0.5).

Recent experiments have demonstrated the efficiency of LH H&CD in creating and maintaining reversed
shear configurations (FT-U, JET, JT-60U, Tore Supra), in establishing a local transport barrier, and in
achieving an improved global confinement. Thermal barriers established in this way have displayed the same
enhanced performances when strong central plasma heating was subsequently applied as those prepared by
fast ramp-up or early NBI heating.

However, LH waves can not penetrate to the centre of a nominal ITER plasma (the accessibility limit being
neTe=(10-15)keVx1020nrf3). Therefore it cannot be considered a principal ITER plasma heating method.

The Lower Hybrid System is composed of two launcher plugs installed in two equatorial ports each consisting
of two sections, one in the vacuum vessel (antenna plug) and the other in the cryostat interspace (secondary
plug). The antenna plug design is based on the concept of Passive-Active Multijunctions (PAM) wave guide
array. Four PAMs are used for each antenna. A PAM module is constructed by stacking thick copper plates
terminated at the plasma end by a short Be groove acting as a short circuited passive wave guide. The gaps
between adjacent plates constitute the active wave guides. The array N// spectrum is fixed at N// = 2 with a
directivity better than 70%. The operating power density of the antenna plug is about 23 MW/m2,
corresponding to an electric field inside the active wave guide of 2.8 kV/cm.

Each PAM is connected through an oversized wave guide section (Hyperguide) to 24 TE01.03 mode
converters. A transmission efficiency better than 98% is achieved for a converter length of 0.5 m. Two mode
converters are connected through a 3 dB hybrid junction to one rectangular Vacuum Transmission Line (VTL)
located in the secondary plug.

Each antenna is fed by 8 oversized (C10) circular waveguides operating in the TEOi mode (Main
Transmission Lines), connected to a 1-to-6 splitting network at the launcher end, and to a recombining
network at the generators end, to combine the power of 4 klystrons.

TECHNOLOGY

Electron Cyclotron feasibility relies heavily on the successful development of gyrotron and window
technology. The EDA goal is the demonstration of a 170 GHz, CW, -50% efficient, 1 MW gyrotron together
with suitable windows for use on the torus and tube. Great progress towards the major goals has been
achieved, albeit not simultaneously in a single tube:

• 1.75 MJ at 170 GHz in long pulse (10 s) operation;
• 3.1 MJ at 170 GHz in high power operation (6.20 s at 500 kW);



• Demonstration of depressed collector operation at 110, 140, and 170 GHz with
efficiencies up to 50%;

• Demonstration of 1 MW output at up to 2 s at 110 and 140 GHz.

Another major success has been the rapid development of a water cooled, single disk diamond window.
Within a two year period, the technology to manufacture large diameter diamond disks has been developed,
with such improved material quality that 2 MW CW windows are theoretically feasible. The technique to bond
dielectric to metal tubes has also been developed, a complete window assembly has been fabricated and is
currently installed and undergoing tests on a tube.

Ion Cyclotron relies on a more mature technology requiring, however, upgraded performance in transmission
and power generation equipment. EDA R&D development is focused on the validation of the IC array design
and on the development of prototypes for the most critical components. These include i) the vacuum pre-
tuners, ii) the vacuum transmission line all metal supports, which avoid the use of ceramic materials within
the ITER primary vacuum and iii) the (dielectric) vacuum window, complying with the stringent reliability
requirements of ITER vacuum and tritium boundaries. A full-size, single strap prototype antenna is being
developed for validation of the array design, to be optimised and tested at full design voltage (50kV) in
vacuum.

ITER relevant Lower Hybrid technology developments have been performed within the frame of the European
base program and focus on the development of the LH array components. The operation of the multi-mode
hyperguide section and of the associated TE0103 converters have been demonstrated at 3.7 GHz and the
electrical performance of a full size model of a PAM assembly has been experimentally evaluated in vacuum
tests. Plans are presently made for the installation of a prototype section of the ITER PAM array in Tore
Supra, for intensive tests in long pulse operation.

CONCLUSIONS

Three Heating and Current Drive RF Systems have been developed during the EDA to demonstrate their
basis for adoption in ITER. The designs are sufficiently developed to allow an assessment of feasibility, to
identify issues, and to examine solutions for specific problems. The associated R&D program has focused
on the development of the technology of basic components, when still not available, and on the validation of
design concepts. The three systems are able to fulfil ITER operational requirements and offer prospects for
an efficient and reliable operation.

Items to be considered for inclusion in the ITER Newsletter should be submitted to B. Kouvchinnikov, ITER Office, IAEA,
Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria, or Facsimile: +43 1 237762, or e-mail: c.basaldella@iaea.org

(phone +43 1 206026392).
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