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1 Introduction

In January 2000, the ITER Meeting (Tokyo) "accepted the ITER-FEAT Outline
Design Report, taking note of the TAC Report and recommendations and agreed to
transmit the report to the Parties for their consideration and domestic assessment".
Recognising the importance to optimise a single agreed design, the Meeting "asked
the Director and JCT to interact with the Parties during the course of their domestic
assessments with a view to optimising the design for approval following TAC
review, at the coming ITER Council meeting."

This note summarises, for ITER Council, material presented in detail to TAC, in the
report "Progress in Resolving Open Design Issues from the ODR", including:

• further investigation of Physics issues raised in the TAC report or in the
course of the Parties' domestic assessments, and

• features of the ITER design which reflect a resolution of choice of options.

In addition, the note summarises and illustrates recent progress in the programme of
validating technology R&D, as presented in the report to TAC, "ITER Technology
R&D Progress Report".

2 ITER Physics

2.1 Highlights of recent progress.
The TAC report (Dec 99) and subsequent interactions with the Home Teams in the
course of their domestic assessments indicated a number of questions and
recommendations of areas for further physics investigation. The design progress
report to TAC elaborates work undertaken by JCT and Home Team members and
other experts of the Parties, under the following headings:
• sensitivity analyses of inductive (Q=10), hybrid (Q=5) and non-inductive (Q=5)

scenarios to a range of assumptions or modelling;
• possible high Q (-50) and transient ignition with a short pulse heating;
• analysis of requirements for steady state operation;
• pedestal database used for ITER performance projections;
• divertor physics and, in particular, design robustness against ELM's;
• possible suppression of neoclassical tearing modes by ECCD.

The work reported has generally taken the form of further detailed modeling studies
using the latest experimental results, and further developments and analysis of ITER
databases. In some areas, work has included new approaches and new insights into
important physics issues. Highlights include:
• recent recognition of the relation between the H-mode pedestal temperature and

core energy confinement which has provided insights into the importance of high
triangularity in achieving good confinement at high density; a model has been
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developed to quantify pedestal energy content scaled from present experiments;
nevertheless, a better understanding of ELM phenomena is needed;
the sensitivity of plasma performance against density profiles (for the same
average density) confirms the need for the development and appropriate
modelling for pellet injection from the high field side.
the novel approach of a dimensional extrapolation technique based on a system
code applied to the ITER H-mode Energy Confinement Database tries to
overcome the problem of hidden interaction among certain parameters,
particularly when close to their limits.
recent work in Divertor modeling has included validation of the B2-Eirene code
against ASDEX-U and JET experimental results and an analysis of the effects of
divertor geometry which supports the adoption of a V-shaped target
configuration.
modelling using modulated ECCD to stabilise neo-classical tearing modes
suggests that NTM detection in the early stage of evolution allows the power
requirements on the EC power to be eased; further experimental work is now
required to verify the models used.

2.2 Continuing Physics R&D

The degree and quality of recent progress in ITER physics, bears witness to the
effectiveness of the framework of voluntary collaboration established for ITER
Physics activities, even if the need for more modelling and experimental work on key
issues is recognized to strengthen further the basis for extrapolation.

To a large degree, physics issues raised by TAC or during the course of the Parties'
domestic assessments have already been recognised through the ITER Physics
Committee system and are included in the list of Urgent and High Priority Physics
Research Areas that the Physics Committee has recommended to the Parties for their
experimental programming, (see Table 1 below).

It is most important to continue a co-ordination of the Parties' physics efforts in order
to maintain the focus on deepening and strengthening the physics basis for ITER in
preparation for possible operation and exploitation of ITER.
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Table 1 Urgent (Bold) and High Priority Physics Research Areas
Urgent: Essential to confirm the feasibility of the inductive Q=10 scenario for the

draft Final Design Report of ITER-FEAT at the end of 2000
High: Information valuable for design of ITER-FEAT, especially for establishing a

scenario for steady-state operation of ITER-FEAT
Research Areas
Finite-p effects

Plasma termination and
halo currents

Sol and divertor

Diagnostics

Core confinement

Internal transport barrier
properties

H-mode power threshold
Density limit physics

Pedestal physics

Issues
Tolerable ELMs (dWAV<2%) with good confinement
alternate to type-I ELMs (e.g. type II, Type III+core
confinement)
Stabilisation of neoclassical islands and recovery of 8
Runaway electron currents: production and
quenching, e.g. at low safety factor
Achievement of high n^ and relation of nttp/<nc> in
ELMy H-modes
Carbone Chemical sputtering and deuterium
retention/cleaning methods
Determine requirements for q(r) and assess possible
methods that can be applied to ITER
Determine life-time of plasma facing mirrors and optical
elements(incl. Those in divertor)
Reassessment of measurementrequirements in divertor
region + recommendation of diagnostic techniques
Non dimensional scaling and identity experiments; effect
of finite p and flow shear
Determine dependence of tE upon shaping, density
peaking etc.
ITB power thresholds vs n, B, q, Te/Ti, Vrotation etc. for
strong reversed shear (qmin>3), moderate reversed
shear(q,,,in>2, and weak shear (qmin>l).
H-mode accessibility in ITER-FEAT , Data scatter
Confinement degradation onset density; its dependence
on aspect ratio, shape and neutral source
Scaling of pedestal properties and ELMs
Effects of plasma shape on pedestal and ELMs
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3 Engineering Design - assessments and choices.

The report 'Technical Basis for the Outline Design of ITER-FEAT Report" left a
number of engineering design choices open for further analysis and evaluation. TAC
comments and points raised in the course of the Parties' domestic assessments have
also been examined by the JCT and Home Teams.

The report presented to TAC sought to present the rationale for the design choices by
making the balanced judgement between a wide spectrum of considerations, like
operation performance, engineering margins, manufacturing costs, etc. Thus previous
design options have converged to a reference design for all the major system, in
particular:

1 for the magnet system in relation to:
• support of TF coils loads, with additional pre-compression rings to

improve the capacity to resist out-of-plane loads
• conductor and winding design issues, maintaining the radial plate

configuration for the TF coils and keeping two options for R&D
related to material for the CS conductor jacket.

• limits to elongation/triangularity

2 a separated manifolding for the blanket coolant system, limiting its
interaction with the VV

3 for the vacuum vessel design
• double wall vessel, reinforced by the cylindrical housings for the blanket

modules attachments, in addtion to the poloidal ribs
• analysis of VV load conditions and related structural assessments

4 materials choices for the divertor targets

5 building/services and hot cell design

214



4 ITER Safety

The extensive analysis base available in the ITER non-site-specific safety report
(NSSR) is being used to improve the implementation of safety in the design.
Specifically the confinement approach is being reviewed and refined to obtain a
balance of safety requirements imposed on the systems with, confinement functions, in
terms of required levels of assurance, reliability etc.

Working from the NSSR, the safety design focuses on confinement as the key safety
function whilst other safety-related considerations (such as heat removal, control of
chemical or magnetic energy, control of coolant enthalpy etc) are analysed from the
perspective of protecting confinement barriers. A "lines-of-defence" methodology is
being used to provide a systematic way to obtain the required level of safety while
balancing the requirements imposed on systems and components.

Appropriate design measures to control inventories and to reduce operational losses,
are being pursued so that project release guidelines can be met without needing a tall
stack. (A controlled, monitored release point will still be needed, the height of which
would be set as necessary to satisfy the regulatory requirements of the host.)

The target for the current phase of ITER is to provide the Generic Site Safety Report
(GSSR), which will document the safety assessment of the new design, as part of the
final output of the ITER EDA. The GSSR is also intended to provide a basis from
which to start preparing regulatory submissions for siting, subject to the further site-
specific design adaptations and host country specific safety assessments that will be
needed to obtain regulatory approval for construction.
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5 Status of ITER Technology R&D

The present status of technology R&D in the main areas of joint work during the EDA
was presented to TAC in a specific report; an overview is presented below. Selected
illustrations of the projects are appended to this note.

The major technical challenges in ITER are:
• the unprecedented size of the superconducting magnets and structures;
• high neutron flux and high heat flux in the first wall / shield blanket;
• very high heat flux in the divertor;
• remote handling for maintenance and intervention procedures for an activated

tokamak structure;
• unique equipment for fusion reactors, such as fuelling and pumping,

heating/current drive systems and diagnostics.

The new design of ITER relies mostly on technical solutions, which have been
qualified in the R&D programme launched previously for the 1998 ITER design.
Major developments and fabrication have been completed and tests have significantly
progressed. The technical output from the R&D validates the technologies and
confirms the manufacturing techniques and quality assurance incorporated in the
ITER design, and supports the manufacturing cost estimates for important key cost
drivers.

The testing of models is continuing to demonstrate their performance margin and/or
to optimize their operational use.

The realisation of major joint technology projects offers insights useful for a possible
future collaborative construction activity. Valuable and relevant experience has
already been gained in the management of industrial scale, cross-party ventures. The
successful progress of these projects increases confidence in the possibility of jointly
constructing ITER in an international project framework.

Significant efforts and resources (about half of the total) have been devoted to the
Seven Large R&D Projects which cover all the major key components of the basic
machine of ITER and their maintenance tools. All participants are to be commended
for their dedication and co-operation. The success of both the process and the
outcomes merit recognition and wide dissemination throughout the Parties as
exemplars of what focused international joint activities in science and technology
can achieve.

Central Solenoid (CS) and Toroidal Field (TF) Model Coils Projects (LI and
L2))

These two projects are working towards developing the superconducting magnet
technology to a level that will allow the various ITER magnets to be built and to
operate with confidence. The Model Coil Projects are intended to drive the
development of the ITER full-scale conductor, including the manufacturing of strand,
cable, conduit and terminations, and the conductor R&D in relation to AC losses,
stability and joint performance. These Model Coil Projects also integrate the
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supporting R&D programmes on coil manufacturing technologies, including electrical
insulation, winding processes (wind, react, and transfer) and quality assurance. 29 t of
NbsSn strand, from seven different suppliers throughout the four Parties, has been
produced and qualified. This reliable production expanded and demonstrated the
industrial manufacturing capability for the production of the 4801 of high
performance Nb3Sn strand as now required for ITER.

For the CS model coil, the cabling and jacketing technologies and winding techniques
have been established and all these activities have been completed. The next critical
step, the heat treatment to react the superconducting alloy without degrading the
mechanical properties of the Incoloy jacket, has been successfully completed. By
using approximately 25 t of the strand, the inner module (US), the outer module (JA),
and the insert coil (JA) were fabricated and assembled. In April 2000, the maximum
field of 13 T with a cable current of 46 kA and magnetic stored energy of 640 MJ has
been successfully achieved in the ITER dedicated test facility at JAERI. Pulse
operation has been experienced under conditions more severe than during ITER-
FEAT operation. The insert coil has been also tested at 13 T and more tests are
ongoing. The size of the CS model coil (3.6 m in diameter and 2 m in height) is
almost the same as a module (4 m in diameter and 2 m in height) of the Central
Solenoid in the new design and the maximum field is also the same.

For the TF model coil, forging and machining of the radial plates have been
completed. Cabling, jacketing, winding, reaction treatment and transfer of the reacted
conductor in the radial plates have also been successfully demonstrated. The coil is
fully assembled except for the final impregnation of the winding pack in the coil case,
which is underway. All the work has been performed in EU. The coil is expected to
be delivered to FZK, Karlsruhe in the summer of 2000. The Model Coil uses a cable
similar to the full-size TF coil cable and the cross section of the TF model coil is
smaller but comparable in size to that of the actual TF coil. The model coil will be
tested first on its own and later in conjunction with the LCT coil in the TOSKA
facility. With the LCT coil, a field of 9.7 T at 80 kA will be achieved. By comparison,
the peak field and the operating current are 11.8 T and 68 kA in the new design of
ITER.

In addition, a TF insert coil with a single layer will be tested inside the bore of the CS
model coil test facility at JAERI at a field up to 13T. This insert coil will be
completed in the RF this year.

A 1 km jacketing test, which exceeds the design requirements, has been separately
demonstrated in the RF.

For the development of the manufacture of the TF coil case, large forged and cast
pieces (about 30 t and 20 t respectively) have been produced in the EU. Investigation
of the properties of the forging has revealed values exceeding the requirements of
1000 MPa yield stress and 200 MPam"2 fracture toughness, with low fatigue crack
growth rates. The casting also shows properties adequate for the low stress regions of
the case (yield stress about 750 MPa). Welding trials have demonstrated successful
welding of the cast to forged sections.
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For the case assembly welds, electron beam (EB) welding is planned for the first pass
followed by submerged arc welding for the remainder, to minimise distortion. The
welding processes have been qualified, and preparations for the final welding
demonstration are underway.

Vacuum Vessel Sector Project (L3)

In the Vacuum Vessel Sector Project, the main objectives are to produce a full-scale
sector of the ITER vacuum vessel for the 1998 FDR design including the equatorial
port, to establish the tolerances, and to undertake initial testing of mechanical and
hydraulic performance. The key technologies have been established and, in relation
to manufacturing techniques, two full-scale vacuum vessel segments (half-sectors)
have been completed in JA industry, using a range of welding techniques, within the
required tolerances. At JAERI, they were welded to each other and the equatorial
port fabricated in the RF was attached to simulate the field joint planned to be done at
the ITER site during assembly of the machine. Remotised welding and cutting
systems prepared by the US were also tested and applied; remotised tools for non-
destructive testing will be soon experimented.

Blanket Module Project (L4)

The Blanket Module Project aims at producing and testing full-scale modules of the
first wall and shield elements and full-scale, partial prototypes of mechanical and
hydraulic attachments. The key technology has been successfully developed, tested
and qualified.

• A range of crucial material joints such as Be-Cu and Cu-stainless steel have been
successfully made by using hot isostatic pressing (HIP) and other advanced
techniques inside each of the four Parties.

• A full-scale model module, without the attachments, has been completed in JA by
using mainly forging and drilling.for the shield block manufacturing.

• The module attachments have been developed and tested in the RF.

• A full-scale module with attachments is under fabrication in the EU. The full-size
shield block has been completed by using powder HIP. After the first wall is
attached to this block, the module will be tested to confirm that it meets the
requirements for anticipated loads, electrical insulation and remote handling
together with the necessary accuracy of positioning.

• A port limiter mock-up with Be tiles has been fabricated by using a fast breezing
technique in the RF.

• In parallel with these fabrications, heat cycle and irradiation tests have been
performed for the base materials and the bonded structures and have demonstrated
that the performance is well within the acceptable level.
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Divertor Cassette Project (L5)

The Divertor Cassette Project aims at demonstrating that a divertor can be built within
tolerances and withstand the high thermal and mechanical loads.

• A full-scale prototype of a half cassette based on the 1998 ITER design has been
built by the four Parties. Plasma facing components shipped from JA and the RF
were installed in the divertor cassette body fabricated in the US, and hydraulic
flux and mechanical tests were performed at Sandia National Laboratory.

• Various components for high heat flux were fabricated and tested in the four
Parties. High heat cycle tests show that CfC monoblock survives 20 MW/m x
2000 cycles (EU) and W armours survive 15 MW/m2 x 1000 s (EU / RF). A large
divertor target mock-up with CfC attached to DSCu through OFCu has been
successfully tested with 20 MW/m2 x 1000 cycles from a large hydrogen ion beam
with a diameter of 40 cm, a performance consistent with ITER operational needs.

• Irradiation tests have been also performed. For example, CfC brazed on Cu
survived 20 MW/m2 x 1000 cycles after 0.3 dpa irradiation at 320°C. Tests with
pulse heat deposition simulating the thermal load due to disruptions have
demonstrated erosion but no disruptive failure of CfC armours even with 0.4 dpa
irradiation. (The average neutron fluence of 0.3 MWa/m2 at the first wall gives
0.38 - 0.59 dpa on the CfC divertor target.)

Blanket Remote Handling Project (L6) and Divertor Remote Handling Project
(L7)

The last two of the Large Projects focus on ensuring the availability of appropriate
remote handling technologies which allow intervention in contaminated and activated
conditions on reasonable timescales. These technologies should provide the
flexibility needed for ITER to pursue its scientific and technical goals whilst
satisfying stringent safety and environmental requirements. In this area, full-scale
tools and facilities have been developed. Their testing will be extended over a long
period of time including the ITER operation phase. This is necessary not only for
developing the right procedures but also for optimizing their use in detail and
minimizing the intervention time. Rescue procedures and equipment to recover failed
equipment are also being developed. The facilities will also allow training of
operators.

The Blanket Module Remote Handling Project aims at demonstrating that the ITER
blanket modules can be replaced remotely. This involves proof-of-principle and
related tests of remote handling transport scenarios, including opening and closing of
the vacuum vessel, and of the use of a transport vehicle on a monorail inside the
vacuum vessel for the installation and removal of blanket modules. At first, the
procedures were demonstrated at about one fourth scale. Work is now in progress on
a full-scale demonstration. The fabrication of the full-scale equipment and tools, such
as a 180° rail, a vehicle with telescopic type manipulator, and a welding / cutting /
inspection tool, have been completed in JA. The simulation of installation and
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removal of a simplified, dummy shield blanket module of 4 t has been successfully
performed by using a teach and play-back procedure. The dummy module was
installed with only 0.25 mm of clearance between dummy keys and keyways using
the intrinsic compliance of the manipulator. Integrated tests in a blanket test platform
which simulates the full-scale structure of a 180° ITER in-vessel region are providing
comprehensive validation of the remote handling system so as to allow completion of
the detailed design of the components and the remote handling equipment. The real
in-vessel operation will be done in a gamma field of 104 Gy / h. Key elements such as
motors, position sensors, wires/cables, glass lenses, electrical insulators, periscopes
and strain gauges have shown to survive tests at 106 — 107 Gy.

In the Divertor Remote Handling Project, the main objective is to demonstrate that the
ITER divertor cassette can be installed and removed remotely from the vacuum vessel
and remotely refurbished in a hot cell. This involves the design and manufacture of
full-scale prototype remote handling equipment and tools, and their testing in a
divertor test platform (to simulate a portion of the divertor area of the tokamak) and a
divertor refurbishment platform (to simulate the refurbishment facility). Construction
of the necessary equipment and facilities has been completed and successful tests
carried out with the remote handling transporters and tools procured in the EU,
including a central cassette carrier from JA and a transporter from Canada. The
system is based on a toroidal transporter that moves on the same rails to which the
individual divertor cassettes are attached. This can move a cassette in front of a
remote handling port from where the cassette is extracted with a radial transporter that
is deployed from a transfer cask. Redesign of equipment is underway commensurate
with design changes to the divertor cassette that were necessary for the reduced size
of the new ITER.

Other R&D

In addition to the Seven Large R&D Projects, development of key components for
fuelling, pumping, tritium processing, heating / current drive, power supply,
diagnostics, as well as safety-related R&D have significantly progressed.

• For example, a tritium pellet injector has been tested with a total amount of 36 g
T2 and 28 g DT and ejection of a large pellet (10 mm) from a 80 cm radius curved
guide tube has been successfully achieved with 285 m / s in the US. Further
tritium pellet injector development is being continued in the RF.

• A full-scale cryogenic pump for DT, He and impurities has been completed and is
under testing in the EU.

• A tritium processing system with 180 g T was successfully operated for 12 weeks
in the US.

• Key components for the ICRF antenna and the transmission line have been
developed and tested at a higher voltage than the expected operational voltage.

• Gyrotrons at 170 GHz have been developed and successfully operated at 0.5 MW
x 8 s in JA and at 1 MW x 1 s in the RF. More developments are needed to reach
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the objective of reliable CW operation at 1 MW per tube. Diamond windows
capable of transmitting multi-megawatts at 170 GHz have been developed in the
EU.

• Almost full-size negative ion sources and high voltage technology (1 MeV) have
been developed for NB injection in JA and the EU. Final objectives of CW
operation under specified performance have been only partially achieved, and
more experimental improvements and tests are needed.

• Mechanical bypass switches and fast-make switches have been developed and
successfully tested at 66 kA and explosively actuated circuit breakers at 66 kA
and 170 kA at Efremov Institute (although 170 kA is no longer required for
ITER).

• Irradiation tests of key components of diagnostics have provided values required
for shielding of components and planned replacement. The unexpected radiation-
induced emf (RIEMF) effect especially on measurement by magnetic probes is an
important issue and is under study. Lifetimes of mirrors set near the plasma will
be limited by deposition / sputtering and are under investigation.

• Safety-related R&D, such as characterisation of dust in tokamaks, tritium co-
deposited with carbon, and experiments on steam-material reactions, has provided
inputs for the key phenomena and data for ITER safety assessments. The current
R&D emphasis is now on verification and validation of data, models and
computer codes. Measurement and removal of radioactive and tritiated dust in the
vacuum vessel are under investigation.

• Neutron shielding tests by using a 14 MeV neutron source in JA and the EU
demonstrates that the accuracy of shielding calculation is within 10 %.
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