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ITER TECHNOLOGY R&D DURING THE EDA
by T. Mizoguchi, ITER EDA Joint Central Team, Naka JWS

In the past nine years of the ITER EDA, the good collaboration between the Joint Central Team and the
Home Teams' many institutes, industries and universities has led to a comprehensive and coherent
technology R&D programme to qualify the ITER design. About 800 R&D Task Agreements were developed
and agreed between the Director and the Home Team Leaders. The total R&D resources committed in nine
years by the Parties amounted to about 660 klUA (1 klUA = 1 M$ in 1989). These R&D resources were
distributed to the various technology R&D areas as shown in the table below. Three quarters of the resources
have been devoted to the areas that include the seven large R&D projects, qualifying all the major key
components of the basic machine of ITEER and their maintenance tools.

Percentage of Resources Devoted to the Different R&D Areas

R&D Area _JL%

Magnets (incl. L-1 CSMC & L-2 TFMC Projects)
Vacuum Vessel (incl. L-3 W Sector Project)
Blanket and First Wall including Materials (incl. L-4 Blanket Module
Project)
Divertor & PFC including HHF Materials (incl. L-5 Divertor Cassette
Projects
In-vessel Remote Handling (L-6 Blanket and L-7 Divertor Remote
Handling Projects)
Subtotal
Fuelling & Pumping
Tritium System
Power Supply
IC H&CD
EC H&CD
NB H&CD
Diagnostics
Safety Related R&D
Miscellaneous (incl. Standard Component Development)
Total

27.9
5.3
16.3

15.1

11.3

75.8%
1.9
3.4
1.8
1.1
3.7
3.1
2.5
3.4
3.3
100.0

Total Resources: 660 klUA (1 klUA = 1 M$ in 1989). Contributions from the EU, JA, RF and US
Parties are about 1/3, 1/3, 1/6 and 1/6, respectively. The US contributed only up to July 1999.

Major developments, fabrication and tests have been completed. The technical output from the R&D
validates the technologies incorporated in the ITER design, confirms the manufacturing techniques and
quality sissurance, and supports the manufacturing cost estimates for important cost drivers. The testing of
models demonstrates their performance margins and/or optimizes their operational performance.

Valuable and relevant experience has already been gained in the management of industrial scale, cross-
Party ventures. The success of these projects increases confidence in the possibility of jointly constructing
ITER in an international framework.

The overall review of the ITER Technology R&D has been published in July 2001 in the journal "Fusion
Engineering and Design". A short overview of the ITER Technology R&D achievements is presented below.

The R&D programme in the area of Superconducting Magnets (Projects L-1 and L-2) consists of the
development of the superconducting magnet technology to a level that will allow the various ITER magnets to
be built with confidence. It drives the development of a conductor capable of very high current and field,
including the manufacturing of strand, cable, conduit and terminations, and the conductor R&D in relation to
AC losses, stability and joint performance. A total of 29 t of Nb3Sn strand, from seven different suppliers
throughout the four Parties, was produced and qualified. This reliable production expanded and



demonstrated the industrial manufacturing capability for the eventual production of the 4801 of high
performance Nb3Sn strand as required for ITER. The R&D programme covers coil manufacturing
technologies, including electrical insulation, winding processes (wind, react and transfer) and quality
assurance.

L-1 Central Solenoid Model Coil

For the central solenoid model coil, the next critical step, the heat treatment to react the superconducting
alloy without degrading the mechanical properties of the Incoloy jacket, was successfully completed by having
a very low oxygen content in the oven atmosphere, and low tensile stresses in the jacket. By using
approximately 25 t of the strand, the inner module (US), the outer module (JA) and the CS insert coil (JA)
were fabricated, then assembled in the ITER dedicated test facility at JAERI. In April 2000, the maximum field
of 13 T with a cable current of 46 kA was successfully achieved. The stored energy of 640 MJ at 13 T was
safely dumped with a time constant as short as 6 s. By comparison, the energy discharge time in the full size
ITER CS is 11 s. The CS insert coil was successfully tested with 10 000 cycles by August 2000 to simulate
ITER operation (0 to 40 kA cycles in a steady 13 T background field of the CS model coil). The size of the
CS model coil (3.6 m in diameter and 2 m in height) is almost the same as that of one of the six modules (4
m in diameter and 2 m in height) of the ITER central solenoid, and the maximum field and the coil current are
the same. The CS model coil is the largest high field, pulsed superconducting magnet in the world.

L-2 Toroidal Field Model Coil

The TF model coil was fabricated in the EU. It has a cable similar to the full-size TF coil cable of circular
cross-section and a thin stainless steel conduit. The diameter of the TF model coil is smaller but the cross-
section is comparable in size to that of the ITER TF coil. After being assembled in the test facility at
Forschungszentrum Karlsruhe (FKZ), the TF Model Coil was ramped up in July 2001 to the maximum current
allowed by the facility of 80 kA, corresponding to a maximum field of nearly 8 T. By comparison, the peak
field and the operating current are 11.8 T and 68 kA in ITER. The behaviour of the superconductor and the
joint resistance are in line with expectations. The NbTi busbars carried 80 kA at a maximum field of about 3 T
at 5 K, and the joints at that field level behaved better than expected. The test programme will continue to
explore the operational limits of the coil and validate the design codes in particular by assembling the TF
Model Coil inside the bore of one of the large LCT coils to explore higher field values and out of plane loads.
In addition, a TF insert coil with a single layer is now being tested inside the bore of the CS model coil test
facility at JAERI at a field of up to 13 T. This insert coil had been completed in the RF in early 2001 and was
assembled inside the bore of the CS Model Coil in August 2001.

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 MPa m1'2 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 when the level of manganese is high enough in the steel and/or in the welding filler metal. For the
case assembly welds, electron beam welding is planned for the first pass followed by submerged arc welding
for the remainder, to minimize distortion. The welding processes have been qualified, but non-destructive
testing of welds in cast metal remains a difficulty.

L-3 Vacuum Vessel Sector

In the vacuum vessel sector project, the main objectives were to produce a full-scale sector of the ITER
vacuum vessel, including the equatorial extension 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 by JA industrial firms, using a range of welding techniques, within the required tolerances. At
JAERI. the half-sectors were welded to each other and the equatorial port fabricated by the RF was attached
to the vessel to simulate the field joint which will be made at the ITER site during the assembly of the
machine. Remote welding and cutting systems prepared by the US were also tested and applied.



L-4 Blanket Module

The blanket module project was aimed at producing and testing full-scale modules of the first wall elements
and full-scale, partial prototypes of mechanical and hydraulic attachments of the modules to the vacuum
vessel, as well as at demonstrating prototype integration in a model sector. The key technologies have been
successfully developed, tested and qualified.

o Material interfaces such as Be-Cu and Cu-stainless steel have been successfully bonded by using hot
isostatic pressing (HIP) and other advanced techniques.
In parallel, heat cycle and irradiation tests have been performed for the base materials and the bonded
structures, and have demonstrated that the performance in power flux on the armour material (Be) is
well within the acceptable level.

• A full-size shield blanket module has been completed by using powder HIP. After the first wall has been
attached to this block, the module will be tested.
A full-scale primary shield blanket module, without Be armour and attachments, has been completed in
the JA and demonstrated fabrication feasibility. Destructive examination for manufacturing defects was
performed by cutting up the module,

o Flexible mechanical attachments made of titanium alloy have been developed and tested in the RF.

L-5 Divertor Cassette

The divertor cassette project aimed at demonstrating that a divertor can be built within tolerances and
withstand high thermal and mechanical loads.

A full-scale prototype of a half-cassette has been built by the four Parties. Plasma-facing components
(PFC) shipped from JA and the RF were installed on the inner divertor cassette body fabricated in the
US, and hydraulic flux and mechanical tests were performed at Sandia National Laboratory. Other PFC
mock-ups fabricated by the EU and the RF were also installed on an outer divertor cassette body
fabricated by the EU.
Various high heat flux components were fabricated and tested by the four Parties. High heat cycle tests
show that carbon fibre composite (CFC) monoblock survives 20 MW/m2 x 2000 cycles (EU) and
tungsten armour survives 15 MW/m' x 1000 s (EU/RF). A large divertor target mock-up with CFC
attached to dispersion-strengthened copper (DSCu) through oxygen-free copper (OFCu) has been
successfully tested with 20 MW/m2 x 1000 cycles from a large hydrogen ion beam with a diameter of 40
cm (JA).
High heat flux tests have been also performed on irradiated components. For example, CFC brazed on
Cu survived 20 MW/m2 x 1000 cycles after 0.3 dpa irradiation at 320°C. Tests with pulsed 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 MW/m2 at the
first wall gives 0.38 - 0.59 dpa on the CFC divertor target.)

L-6 Blanket and L-7 Divertor Remote Handling Systems

The last two of the large projects focus on ensuring the availability of appropriate remote handling
technologies which allow intervention to repair or exchange damaged modules in contaminated and activated
conditions on reasonable timescales. In this area, full-scale tools and facilities have been developed. Their
testing will be extended over a long period of time until the ITER operation phase. This is necessary not only
for developing the right procedures but also for optimizing their use in detail and minimizing any intervention
time. Rescue procedures and equipment to recover other equipment and components in the event of failure
during the procedure are being developed. The facilities will also allow training of operators.

The blanket module remote handling project involves proof-of-principle and related tests of remote handling
scenarios, including opening and closing the vacuum vessel flange, and 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 V* scale to reduce the risk and cost. After successful operation of
the %-scale model, the fabrication of a blanket test platform with full-scale equipment and tools, which
simulates the full-scale structure of a 180° ITER in-vessel region and incorporates a 180° rail, a vehicle with
telescopic type manipulator and a welding/cutting/inspection tool, has been completed in JA. The simulation
of installation and removal of a simplifies!, 4 t dummy shield blanket module has been successfully performed
by using a teach and playback procedure. The dummy module was installed with only 0.25 mm clearance



between dummy keys and keyways using the intrinsic compliance of the manipulator. These integrated tests
in this blanket test platform are providing a comprehensive validation of the remote handling system so as to
allow completion of the detailed design of the components.

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 the design and
manufacture of a divertor refurbishment platform to simulate the refurbishment facility. Construction of the
necessary equipment and facilities has been completed in the EU and successful tests have been carried out
with the remote handling transporters and tools procured in the EU, as well as a central cassette carrier from
JA and a transporter from Canada. The system is based on a toroidal transporter that moves on the rails to
which the individual divertor cassettes are attached. The transporter can move a cassette to a remote
handling port through which the cassette is extracted by a radial transporter that is deployed from a transfer
cask docked to the port. Modification of equipment is under way to take account of the latest design details.

The real in-vessel operation will be carried out in a gamma field of 104 Gy/h. Key elements, such as motors,
position sensors, wire/cables, glass lenses, electrical insulators, periscopes and strain gauges, have been
shown to operate at up to 10° -107 Gy.

Other R&D

In addition to the seven large R&D projects, development of components for fuelling, pumping, tritium
processing, heating/current drive, power supplies and plasma diagnostics, as well as safety-related R&D,
have significantly progressed, as exemplified below:

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

o A half-scale cryogenic pump for DT, He and impurities has been completed and is under test in the EU.
A fully integrated fuel cycle system has been tested in the US using about 100 g of tritium throughput
under various operation conditions, including 25 days of around the clock operation.
Gyrotrons at 170 GHz have been developed and successfully operated in JA at 0.9 MW x 9 s with a
chemical vapour deposited diamond window from the EU, and at 1 MW x 1 s in the RF.
Key components for the ion cyclotron plasma heating antenna and the transmission line have been
developed and tested at a higher voltage than the expected operational voltage.
Almost full-size negative ion beam sources and high voltage acceleration technology (1 MeV) have been
developed in JA and the EU for neutral beam plasma heating.
For the magnet system power supplies, mechanical bypass switches and fast-make switches have been
developed and successfully tested at 66 kA, and explosively actuated circuit breakers have been
developed and successfully texted at 66 kA and 170 kA at the Efremov Institute.
Irradiation tests of key components of plasma diagnostics have provided the values required to design
shielding of components and to assess the need for replacement. The effect of radiation-induced EMF
(RIEMF) on wires of magnetic probe measurements is an unexpected issue and is under study. The
lifetime of mirrors positioned near the plasma will be limited by deposition/sputtering and is under
investigation.

Safety-related R&D, such as the characterization of dust in tokamaks, tritium co-deposited with carbon, and
experiments on steam-material reactions, has provided inputs for key phenomena and data for safety
assessments, and the current R&D emphasis is on verification and validation of data, models and computer
codes. Neutron shielding tests using 14 MeV neutron sources in JA and the EU demonstrate that the
accuracy of activation calculations is within 10%.


