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1. Introduction and Overview of R&D status
The major technical challenges in ITER are:
"
•
•
•
•

the unprecedented size of the superconducting magnets and structures;
high neutron flux and high heat flux at the first wall / shield blanket;
extremely 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 overall philosophy for the ITER design has been to use established approaches through
detailed analysis and to validate their application to ITER through technology R&D.
including fabrication of full scale or scalable models of key components. All this R&D work
has been done for 1TER under collaboration among the Home Teams, with a total resource of
about 660 KlUA.
R&D issues for ITER-FEAT are almost the same as 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.
Their realisation 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. The R&D present status is
summarized in the following: details are given in Chap. 2 and Chap. 3.
Significant efforts and resources 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.
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 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 supporting R&D programmes on coil manufacturing technologies,
Chapter 1 Introduction and overview
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including electrical insulation, winding processes (wind, react, and transfer) and quality
assurance. 29 t of NbjSn 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 480 t of high performance
Nb3Sn strand as required for ITER FEAT.
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 has
been successfully achieved in the ITER dedicated test facility at JAERI. The stored energy of
640 MJ at 13 T has been safely dumped with a time constant as short as 6 s. By comparison,
the energy discharge time in the full size CS is 11 s. The insert coil has been also tested at
13 T. 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 ITER-FEAT Central Solenoid and the
maximum field and the coil current are 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 ITERFEAT 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
ITER-FEAT.
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 ITER-FEAT 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.
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.
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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 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 JAER1, 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.

Blanket Module Project (L4)
The Blanket Module Project aims at producing and testing full-scale modules of the first wall
elements and full-scale, partial prototypes of mechanical and hydraulic attachments, as well
as demonstrating prototype integration in a model sector. (Originally, R&D on the back plate
was planned but cancelled.) The key technology has been successfully developed, tested and
qualified.
•

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

•

A full-scale model, without the attachments, has been completed in JA.

•

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 HIP 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.

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 has been built by the four Parties. Plasma facing
components shipped from JA and the RF were installed in the divertor cassette body
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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/m2 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.

•

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
equipment and components 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 so as to reduce the risk and the cost compared with the development of full-scale
equipment. 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 removal of a simplified, dummy shield blanket module of 4
tons 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 motor, position
sensor, wire/cable, glass lens, electrical insulator, periscope and strain gauge have shown to
survive tests at 106 -10 7 Gy.
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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 ITER-FEAT.

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, diagnostic 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 continued in the RF.

"

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

•

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

•

Gyrotrons at 170 GHz have been developed and successfully operated at 0.5 MW x 8 s in
JA and at 1MW x Is in the RF.

•

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

•

Almost full-size negative ion sources and high voltage technology (1 MeV) have been
developed for NB injection in JA and the EU.

"

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 (170 kA is no longer required for ITER-FEAT).

•

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

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, and 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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2. R&D Resources Summary and New R&D for ITER-FEAT
1 Introduction
Total resources of 550kIUA (IUA = 103 89USS) have been committed by the Home Teams in
680 Technology R&D Task Agreements during six years from July 1992 to July 1998. To
date, about 660 Task Agreements have been completed with the appropriate task final reports
submitted by the Home Teams and accepted by the JCT. To maintain continuous progress of
the project towards its overall objectives, another 140 R&D tasks have been planned and are
expected to be completed during the three years extension period for an additional 1 lOklUA
in total.
These additional R&D are identified mainly in two categories (1) continuation and extending
of prototype testing to provide further data on operation margins, and (2) R&D associated
with cost reduction for the ITER-FEAT design. This last category is briefly described in 2.3.
2 R&D Resources Allocation
Table 2.1 shows the allocation of the R&D resources to the fifteen R&D areas including their
sharing among the Parties. The US contribution up to July 1999 are included in italic in the
table. The magnets, VV, in-vessel components and remote handling have been identified as
the most critical R&D areas and therefore are the focus of the "Seven Large R&D Projects".
Table 2.2 shows the distribution of the R&D resources among the Seven Large R&D Projects
and the sharing of the resources among the Parties. Table 2.3 shows a summary of the R&D
resources distribution in percentage among the different areas.

Table 2.1 Resource Allocation Summary for the R&D areas per Party
Unit: klUA
EU
JA
RF
US*
R&D Area
Total
66.6
69.8
11.8
32
Magnets
180.2
7
17.4
5.4
34.1
Vacuum Vessel
4.3
36.7
26.4
Blanket and First Wall
23.2
19
105.3
27.7
22.2
21.8
25.4
97.1
Divertor & PFC
36.7
34.1
0
[n-vessel Remote Handling
1.8
72.6
Fuelling & Pumping
5.5
0.9
2.5
3.4
12.3
8.7
5.1
2.2
5.9
Tritium System
21.9
3.2
1
7.1
0
Power Supply
11.3
3.9
0.6
0
2.7
7.2
IC H&CD
4.8
EC H&CD
9.8
6.8
2.6
24
4.4
2.1
13.5
0
NB H&CD
20
2.8
5.4
5.2
Diagnostics
2.5
15.9
5.2
5.3
4.6
6.9
Safety Related R&D
22
9.2
2.4
8
1.6
21.2
Miscellaneous
222.4
219.5
95.1
108.1
645.1
Total
1
US contributed until July 1999.
Chapter 2 Resources Summary & New R&D
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Table 2.2 Resource Allocation Summary for the Seven Large R&D Projects
Unit: klUA
RF
US*
Total
7L Projects
EU
JA
LI CS Model Coil
10
61
4
22
97
I
L2 TF Model Coil
41
40
0
0
L3 VV Sector
2
29
4
19
4
64
L4 Blanket Module
14
12
9
29
21
55
L5 Divertor Cassette
13
12
9
L6 Blanket RH
18
0
21
3
0
L7 Divertor RH
29
26
3
0
0
Total
125
127
29
55
336

Table 2.3 Percentage of Resources Devoted to the Different R&D Areas
R&D Area
Magnets (incl. L-l & L-2 Projects)
Vacuum Vessel (incl. L-3 Project)
Blanket and First Wall including Materials (Incl. L-4 Project)
Divertor & PFC including Materials (incl. L-5 Projects)
In-vessel Remote Handling (incl. L-6 & L-7 Project)
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

Chapter 2 Resources Summary & New R&D

%
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
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3 R&D Associated with the Design Changes or the Cost Reduction for ITER-FEAT
New R&D tasks associated with the ITER-FEAT design and the reduced-cost options have
been identified and detailed task specifications have been developed. Their objectives and
brief work descriptions are summarized below.
3.1 Magnets (about 5 klUA)
For the magnet system, two main R&D subjects have been identified to improve the database
and allow cost reductions. They relate to the materials and manufacturing technology
database for the Central Solenoid and the TF coil winding pack.
R&D for the CS Conductor
The CS conductor is required to operate under high cyclic stresses, up to 400 MPa of tensile
stress, for at least 30000 pulses in the ITER-FEAT design. In the CS Model Coil programme,
Incoloy is used as the conductor jacket material. There are some outstanding issues with this
material, in particular the weldability, for which R&D is underway in the EU. In addition to
the Incoloy jacketed conductor, two other conductor designs are under consideration:
(1) a conductor with a thin circular titanium jacket reinforced by steel U-channels;
(2) a conductor with a seamless circle-in square steel tube jacket.
These alternative designs could potentially satisfy the design requirements and thus need
R&D. The R&D for the first option should cover the U-channel material characterisation, the
Ti tube characterisation and joining, the demonstration of U-channel production and
assembly. The R&D for the second option should demonstrate the industrial production of
steel extrusions with an optimized metallurgical process to improve fatigue properties.
R&D of TF Coil Winding Pack
The use of radial plates in the TF winding pack employed in the 1998 ITER design is
expected to result in a more reliable conductor insulation. However, the fabrication cost of
the winding pack with radial plates is expected to be significantly higher than the cost of a
more conventional winding pack with square conductors. The R&D work should involve the
fabrication of a curved section of a radial plate with investigation of techniques leading to a
cost reduction.
Other R&D topics for ITER FEAT
i) R&D ofCS Conductor Helium Inlets
In ITER FEAT, the Central Solenoid consists of a stack of pancakes. The helium inlets are
placed at the high field inner bore at the point where the conductor transitions between
double pancakes. The inlet hole must be the minimum size compatible with a proper
distribution of the helium flow into the conductor. Measurements of the hydraulic
properties of the flow through the hole are required using various geometries to define the
smallest acceptable penetration.
ii) R&D of TF Coil Out-of-plane Support Concept
In ITER FEAT, the TF coil out-of-plane support requires the use of pre-compression rings
at each end of the inboard straight legs. These rings provide additional compression
between the coils in the region of the shear keys. This arrangement reduces also the
toroidal tensile load on the Outer Intercoil Structures. The most promising concept for the
precompression ring is a bonded unidirectional glass fibre reinforced composite. Data on
the allowable stress and creep behaviour of such composites is required and should be
obtained with the fabrication and test of a reduced scale model.
Chapter 2 Resources Summary & New R&D
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iii) Test of Central Solenoid (CS) joints in pulsed field
The CS joints are placed on the outside of the coil. With a lap joint configuration, the most
convenient orientation for the pancake to pancake joints is with the joint axis along the
circumferential direction and the contact surface normal to the vertical axis. This exposes
the joints at the top and bottom ends of the CS to transverse field that can drive eddy
currents across the joint surface. There is little data on the performance of ITER lap joint
in this configuration as it did not occur in the 1998 ITER design. The testing could be done
in the Pulse Test Facility (PTF) at MIT (USA) since it was built for the purpose of pulse
testing of joints. Several types of joint (lap and possibly butt) could be tested to allow a
final selection of the joint design for the CS.
A new R&D programme on NbTi conductors is not specific to ITER-FEAT. However, this
type of R&D was always considered as necessary but could not be included in the EDA
(1992-1998) due to resource limitations. The TAC-14 recommendations acknowledged this
situation and requested NbTi R&D. Therefore this useful R&D programme is also described
here.
R&D on NbTi conductors
The R&D programme includes the following items.
i) Investigation of strand coatings for AC loss control.
ii) Cabling trials and AC loss/ Transverse resistance measurements.
iii) Joint trials and resistance distribution measurements.
iv) Fabrication and test of a NbTi conductor/joint sample in SULTAN.
v) Production of strand and cabling for the NbTi Insert Coil.
vi) Jacketing of the 45kA NbTi conductor.
vii) Manufacture of insert coil.
viii) Test of NbTi coil.
Work has been started in the EU and RF and the results already available on items i) and ii)
above have allowed the selection of the preferred strand coating. Strand production is
underway for conductor and joint sample preparation. At a meeting held in March 2000,
agreement was reached with all Home Teams on the work programme and sharing of
activities for the NbTi Insert coil. The cable is to be produced in the RF and the jacketing and
coil manufacture will be carried out in the EU. The Insert Coil manufacture could be
completed in one year, and testing could then take place after July 2001. The preferred test
facility is the CS Model Coil facility at Naka but in view of the uncertainties regarding the
availability of this facility after July 2001, it was agreed to design the Insert Coil such that it
will fit in either the Naka or the TOSKA FzK facilities.

3.2 Divertor (about 5 klUA)
R&D on fabrication of the PFCs to reduce cost for ITER-FEAT:
During the EDA there was considerable success in constructing and testing full-scale vertical
target mock-ups. These were armoured with CfC in the region of the strike point of the SOL
and elsewhere with tungsten. However, driven by the requirements of ITER-FEAT to reduce
costs, this R&D aims to investigate the possibility of developing cost-effective alternatives to
the reference design. These include a simplified vertical target that uses a heat sink
employing annular coolant flow, and armour - Cu joining techniques suitable for use with
CuCrZr that overcome the need for HIPing. Furthermore, with the success of the tungsten
Chapter 2 Resources Summary & New R&D
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brush armour in accommodating the differential thermal expansion coefficients of tungsten
and copper, it has become apparent that it should be possible to manufacture a tungsten
armoured target with 20 MWrrr2 heat flux handling capability for the strike point of the
scrape-off-layer (SOL). This would reduce the tritium inventory in the vessel.
R&D on Water Radiolysis at Low Temperature:
The objective of this R&D is to assess the radiolytic decomposition of the water under ITERFEAT operation conditions, taking particularly into account the decrease of the water coolant
temperature to 100 °C.
R&D on modification of the Divertor Remote Handling to ITER-FEAT:
The divertor handling system of ITER-FEAT is conceptually similar to that proposed for the
1998 ITER design (involving radial motions to and from the RH ports together with toroidal
motions of the cassettes inside the vessel). The fact that the cassette is now handled in a
cantilevered way and that cassette to vessel supports has changed will not be studied by R&D
in the EDA. However, a new design for the RH pipe tools suitable for use with curved
coolant pipes instead of straight pipes is being studied, as are a laser viewing and metrology
system and a first wall inspection robot manipulator, both suitable for deployment through
the first wall at the divertor level.
3.3 Cryostat (0.5 klUA)
R&D on Elastmer Bellows
In the cryostat design of the 1998 ITER design, circular metallic bellows have been employed
to connect the interspace duct wall, which is attached to the vacuum vessel port, with the
cryostat port. These bellows are required to compensate the differential movements between
VV and cryostat. In ITER-FEAT, the same design cannot be used as there would then be
insufficient space left for accessing, for repair operations, the region between the equatorial
and divertor ports inside the cryostat. Two alternative designs have been proposed involving
either metallic, circular bellows that are attached outside the interspace, or rectangular
bellows made of reinforced elastomer material. The latter leave maximum space for
interventions inside the cryostat near the equatorial and divertor port regions. Hence the
incorporation of elastomer bellows is at present considered in the reference layout but their
applicability needs to be confirmed by R&D. Rectangular, metallic bellows are not
considered due to excessive space requirements.
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66

Ch.2 - 5

TAC-16 Progress Report - R & D

25-27 June, 2000

3.1 CS Model Coil Project (L-l) Progress Summary
1. Objectives
1.1

Overall Objectives

The overall objective is to develop magnet technology to a level that will allow the ITER
magnets to be built with confidence. The model coils will provide for the validation of design
and analysis, the demonstration of industrial manufacturing methods and of the performance
of each component integrated in the magnet, and the demonstration of reliable operation.
The model coils are also intended to drive the development of the ITER full-scale
conductor including strand, cable, conduit and terminations. In addition, the model coils
serve to integrate the supporting R&D programmes on insulators, joints, material
characterization, ac losses, and stability/ramp rate effects. These are to be realized by the
implementation of the test programme for the CS model coil and inserts.
1.2

Component Objectives

Stage
Strand

Production Objectives
• establish production rates
• find jc, hysteresis, unit length compatible
with large production
Cable
• gain production experience with long unit
lengths, full cross-section
Conductor
• establish jacketing method, welding, pull
through and critical parameters (gap,
force, cable protection, compaction)
• establish production rate
• establish jacket material production routes
and achievable tolerances
Coil fabrication • establish winding method for large current
conductors
• establish reaction heat treatment
conditions for conductor (inside & out)
• establish insulation application procedure
• demonstrate handling of reacted
conductors for assembly of coil
• demonstrate joint fabrication under
industrial conditions
Overall
• develop quality control procedures for
interfaces
• clarify shipping and customs procedures
Supporting R&D • produce representative components for the
ITER CS

Chapter 3.1 CS MC Project (L-l)

Testing Objectives
• develop reliable QA
procedures (standardise jc,
hysteresis tests)
• develop QA procedures
(sub-wrap, center channel)
• develop QA procedures for
jacket assembly (NDT, leaks
etc)
• demonstrate short length
conductor performance (jc,
AC losses)
• develop QA procedures for
conductor reaction
• develop QA procedures for
insulation testing
• develop QA procedures for
conductor handling
• develop acceptance test QA

• demonstrate joint
performance using full size
samples
• demonstrate insulation
materials performance
Ch.3.1-1
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Test Programme Objectives

The overall test programme goal is to validate and solidify the design principles, design
procedures, design criteria, operating margins, analysis methods and manufacturing
processes, including QA, which are employed in the CS model coil and inserts and are, in
essence, capable of application to the ITER magnets. The objectives of the test programme
are:
•

•
•
•
•
•

Perform model coil demonstration tests under ITER operational conditions:
- DC operation up to 13 T.
- Pulsed operation to simulate a scenario for the ITER Central Solenoid.
- Fast discharge
Characterization of the performance of conductors, joints and terminals.
Tests on AC losses, ramp-rate limitation, current sharing temperature and quench
properties.
Characterization of coil mechanical, thermal and hydraulic behaviors.
Tests of all inserts using different types of conductors.
A limited lifetime simulation with more than 10,000 cycles for the inserts.

To determine the actual margins which have been achieved in the design and manufacture
of the coils in selected areas, the CS model coil and inserts will be operated beyond the
design conditions in terms of current, temperature, magnetic field and variation of magnetic
field.
2. Achievement up to May 2000
2.1

Present Status

Inner and Outer Modules, CS Insert
The manufacture of the CS model coil inner and outer modules and CS insert was completed.
These were assembled together with the structures and helium plumbing in the facility at
Naka in 1999, as shown in Figures 2.1-1 and 2.1-2. Testing of the CS model coil and CS
insert started in April 2000, after the cooldown of the assembly.
TF Insert
The design of the TF insert was changed in October 1999. The conductor will use a titanium
conduit instead of Incoloy due to defects found in the longitudinal welds of the Incoloy tubes.
It should be noted that titanium is a candidate material for one of the CS conductor jacket
options. The development of a titanium jacket, therefore, is part of the new R&D programme
that addresses specific ITER-FEAT issues.
A new design of the TF insert, as well as manufacturing tools, are in progress in the RFHT.
The RFHT are aiming to complete the manufacture of the TF insert by the end of September
2000.
NfoAl Insert
Nb3Al conductor was fabricated and a trial winding using dummy conductor was also
completed. Trial heat treatment of NbsAI conductor with termination revealed a major
damage at the termination. The difference in the thermal expansion coefficients (from 750"C
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to RT) is a possible reason for it. A design modification is being performed with a
demonstration using small samples. The NbsAl insert is now expected to be delivered to
JAER1 in December 2000.
2.2

Major Achievements of the LI Project since June 1997

The following describes the major achievements of the LI Project since June 1997.
•
•
•
•
•
•
•
•
•
•
•
•
2.3

The last conductors were shipped from Ansaldo in August 1997 for the inner module and
in June 1997 for the outer module.
The first heat treatment for NbsAl formation was performed in May 1997 by the USHT,
and the last one was in March 1998.
The outer module was completed at Toshiba and delivered to JAERI Naka on November
11, 1998.
The inner module was completed at Lockheed Martin and left San Diego on Feb. 8, 1999.
It arrived at JAERI Naka on May 10, 1999.
Installation work at the facility in Naka started on May 10, 1999.
The CS insert arrived at Naka on May 21, 1999.
Installation of the CS model coil and CS insert was completed on October 14, 1999.
The first cooldown of started on November 29, 1999. However, due to a leak found in the
helium pipe of structure cooling, the coils were warmed up for the repair.
The second cooldown of the CS model coil and insert started on March 13, 2000, and was
successfully completed on April 6.
Testing of the CS model coil started on April 11.
The first test campaign of the DC and AC operations for the CS model coil was
completed on May 26, 2000.
Testing of the CS insert started on May 30,2000.
Details of the Achievements in the Test Programme

The test programme has been initiated. So far, a lot of significant achievements have been
obtained as follows:
Cooldown
• The cooldown took about 24 days, from March 13, 2000 to April 6, including an
interruption of two days due to the annual maintenance work of the power distribution
system in JAERI. Total cooldown mass is 176 tonnes.
• Detailed cooldown analysis is being performed to compare the results with simulations.
DC Operation of the CS Model Coil
• Ramp-up to the nominal current of 46 kA and generation of a maximum field of 13 T
(stored energy 640 MJ) with an inlet temperature of 4.5 K. No coil quench occurred, even
in the virgin run.
• Ramp-up to 13 T with elevated inlet temperatures of 5.3 K and 6.3 K to the innermost
turn (highest field layer) without quench.
• Fast discharge from 13 T with a time constant of 8.5 s, corresponding to a field change of
1.5 T/s, to simulate the operation of ITER CS at plasma breakdown phase.
• Fast discharge from 13 T with a time constant of 5.3 s (shortest), corresponding a
maximum filed change 2.5 T/s. The peak voltage of the coil terminals was around
4800 kV.
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Current sharing temperature (Tcs) measurements up to 46 kA for the innermost layers
(layer 1 and 11) of the inner and outer modules. A detailed comparison between the coil
layer performances and strand characteristics is being performed.
All 37 conductor joints (35 interlayer joints + 2 terminal joints) worked as designed,
generating around 4 W per joint at a current of 46 kA.
Preliminary estimates on the AC loss performance from the manual dump tests.

AC Operation of the CS Model Coil
The following pulsed operation was performed to simulate the ITER CS operation as closely
as possible within the facility capabilities:
•
•
•
•

Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s,
flattop of 5 s, followed by ramp-down to zero at 0.7 T/s (Figure 2.3-1).
Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s,
flattop of 5 s, followed by a fast discharge with a time constant of 8.5 s (1.5 T/s)
Ramp-up to 46 kA, 13 T, in 26 s (0.5 T/s), flattop of 5 s, ramp-down to 41 kA in 2 s
(0.7 T/s), flattop of 5 s, followed by ramp-down to zero in 18 s (0.6 T/s) (Figure 2.3-2).
Bipolar operation of zero to -11 kA in 6 s, 2 s flattop, -11 kA to +35 kA in 40 s, 4 s
flattop, and ramp-down in 19 s (Figure 2.3-3).

All of these operations were performed successfully without a coil quenches. The following
pulsed operation was performed to explore the operation margins:
•

Ramp-up to 46 kA, 13 T, with inlet temperatures of 6.0 K and 6.5 K. at 0.4 T/s, flattop of
5 s, followed by ramp-down to zero at 0.4 T/s. A quench occurred at around 45 kA
during the ramp-up in the 6.5 K. operation. The others were successful.
Ramp-up to 46 kA, 13 T, with an inlet temperature of 6.5 K at 0.6 T/s, flattop of 10 s,
followed by ramp-down to zero at 0.6 T/s. A quench occurred at around 41 kA during the
ramp-up.

•

Preliminary assessment indicated that these operational limits are relatively in good
agreement with the Tcs measurements of layer 1, which may mean that there is no obvious
"ramp-rate limitation" in the coil. Further assessment is required to draw final conclusions on
this subject.
2.4

Comparison between the Goals and Achievements

Component Development and Coil Manufacture
Table 2.4-1 summarizes the achievements in reference to the component objectives described
in section 1.2. All of these achievements, such as the component and tooling designs,
manufacturing procedures, and QA programs, are basically applicable to ITER-FEAT, and
provide solid technical basis for ITER magnet fabrication.

Table 2.4-1 Achievements in component development and coil manufacture.
Goal
Notes
Conductor Fabrication
Strand production for
25 tonnes of strand for CSMC produced by 4 Parties using 7
CSMC and CS insert
companies, according to the specification
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Cabling for CSMC and CS
insert
CS jacket material
production
Jacketing of CSMC and CS
insert conductor
TF jacket material
production
Demonstration of 960 m
pull through
Coil Fabrication
Reaction heat treatment
specification for CS
Winding of all layers for
CSMC
Terminations, heat
treatment, insulation of all
layers for CSMC
Factory acceptance of inner
& outer modules for
CSMC
Test facility Preparation

Structures & components
for assembly
CS insert fabrication
Overall
Interfaces

25-27 June, 2000

Cabling done in 4 Parties for two grades of conductor
6000 m of jacket material supplied by USHT in two types for
2 grades
Jacket welding, cable insertion & compaction by EUHT
2000 m of TF jacket material supplied by USHT to RFHT &
EUHT (turned out to be defective).
RFHT jacket welding, cable insertion & compaction of TF
dummy for full scale demonstration
Process specification development & demonstration for
Nb3Sn formation, consistent with SAGBO control
Demonstration of 2 types of tooling capability
Manufacturing demonstration of two types of terminations &
demonstration of Nb3Sn formation, consistent with SAGBO
control
Confirmation of manufacturing processes for geometry,
insulation, helium leak tightness and pressure proof by two
fabricators (JAHT & USHT)
Demonstration of reliable operation of 500 g/s Helium
circulation system and 50 kA power supply with protection
system
Provide for axial pre loading in the CSMC as well as
mechanical integrity of the assembly
Demonstration of winding, factory acceptance tests & QA by
third fabricator (JAHT)
Demonstration of interface control among four Parties,
including QA and licensing (e.g. JA High Pressure Gas Safety
Law)

Performances of the Coils
A lot of significant achievements are being made in the test program and data processing is
performed in parallel with the testing, as is mentioned in section 3 below. Table 2.4-2 shows
a summary of the achievements in comparison with R&D targets and relevance to ITERFEAT. These results obtained so far are very encouraging and it is confidently expected that
the coil performances will meet all of the requirements of ITER CS.
The tests of the CS insert tests, as well as the additional tests of the CS model coil, will allow
more detailed and precise assessments.
Table 2.4-2 Achievements of the CS model coil (as of May 31).
ITER-FEAT
R&D target
Achievement
Items
Design Values
Operation Current (kA)
46
42/45
46
13.5/12.8
Maximum Field (T)
13
13
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Current Ramp-up Rate

Current Ramp-down Rate
Fast Discharge
- delay
- decay time constant
Quench Properties (hot spot
temperature at cable space)
AC loss coupling time
constant (nx)
Joint Resistance
Operation Margin

25-27 June, 2000
0=> 13 T
at 0.027 T/s

-1.2T/sat 13 T
5s
20 s
150 K
2 5 - 1 0 0 ms
TF< 1.5 nQ
CS<6.5nQ
Stable operation
with 2 K Tcs
margin

0=> 13 T
at 0.4 T/s

-1.5 T/s at 13 T
To be performed
with an initial
normal zone
Same as above
- 100 ms
(tentative value)
1 - 2 nQ
(tentative value)
Stable operation
with Tcs margin
of s i K
(tentative value)

0 => 8 T*1
at 0.1 - 0 . 2 T/s
0=> 13.5 T*2
at 0.045 T/s
-1.2 T/s at 13 T"J
2s
7.5 s
150 K
50 ms
TF< 1.5 nfi
CS < 4.5 nQ
Stable operation
with 1 K Tcs
margin

for initial magnetization
at plasma breakdown
2.5

Schedule Delays and Technical Issues Overcame

In January 1995, the project schedule was reviewed and restructured in order to
accommodate a delay in the conductor fabrication and some difficulties happened in the
RFHT. Even so, the project still had a significant delay due to various technical reasons.
A delay of one year in the conductor fabrication is a result of the accumulation of the delays
in strand, cable and jacket material productions and jacketing work. This includes the
reallocation of strand production from the USHT to the JAHT in 1996 for layers 9 and 10 of
the CS model coil due to budget and schedule constraints in the USHT.
The coil manufacturers encountered a number of major and minor technical difficulties and
delays were due to the time required to overcome them. Details of the fabrication processes
of the CS model coil modules are summarized in the document attached to FDR in 1998,
Seven Large R&D Projects, "L-l CS Model Coil Project - Achievements -," July 9, 1998.
The main issues are as follows:
Conductor Jacketing
•

•

Unit length of Incoloy jacket sections supplied to the jacketing company was shorter
(5-6 m) than the specification (10 m). This was because part of the section had to be cut
at both ends to meet dimensional tolerances on the eccentricity. This substantially
increased the number of welds in the jacketing line.
Some butt welds of jacket sections showed small flaws after the compaction and bending,
and required repair. The welding technique was improved but the main problem was
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identified as incorrect weld wire supplied by the USHT. Recent trials by the EUHT with
new wire have identified that the problem is solved.
Winding Conductor and Lead Forming
• Fabrication of the first layer in two-in-hand configuration, including lead forming, took
much longer time than expected.
• The conductor winding was an unprecedented operation that needed to handle a heavywalled square jacket conductor. Significant modifications of the procedures and tooling
were performed to achieve the required tolerances and quality of the layer during the
initial manufacturing stages.
• In the USHT, each hand was wound in a coil separately and two coils were then
assembled by corkscrewing. For some layers the winding operation had to be repeated
several times until the final diameter was obtained. The first layer took more than seven
months for these operations, which should be compared with 1.5 months in the last (10th)
layer.
• In the JAHT, one hand was wound on the mandrel and second hand was wound between
the turn of the first hand. Because they used a winding mandrel, it was difficult to know
the actual winding diameter in the freestanding condition. The first layer took four
months and the last (8th) layer took only a month.
• Lead forming operation required bending of the conductor in 3 dimensions and correction
of conductor twist in order to provide a proper interface surface matching the lead of next
layer. The JAHT and USHT cooperated together to develop proper processes and tooling
for this operation.
Heat Treatment
• Incoloy was well known as a material, which causes SAGBO. Since the beginning of the
project, a lot of efforts were made by the JAHT and USHT to establish heat treatment
procedures, which should be consistent with SAGBO avoidance. These efforts included
trial heat treatments using short samples as well as full-scale dummy coils.
• Results had been successful until the heat treatment of one of the dummy coils performed
in March 1997 indicated serious damages due to SAGBO. The JAHT made extensive
investigation and to establish reliable precaution measures.
• Another trial heat treatment using dummy conductor identified the needs of an additional
heating step in the heat treatment in order to remove contamination on the surface of
strands. The detailed procedure was developed by the USHT.
• These problems caused only a few months of delay to start heat treatment since most of
the delay was hidden by the delay in winding operation. In addition, many trial
procedures minimized the delay in the actual production: there was almost no difference
between the 1 st and last layers.
Turn Insulation
• Turn insulation operation required stretching of the turns to allow the taping machine to
rotate around the conductor without imposing a strain of more than 0.2% on the
conductor. After the insulation, rubber pads were installed to provide pressure for curing
resin.
• Since these were complicated operations, experiences, as well as optimization of the
procedures and tooling, were required to provide sufficient quality and efficient work.
Both JAHT and USHT took about three months for the first layer and only one-month for
the last layer.
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Transfer and Assembly of Layers
• After the insulation, the layers were transferred onto the previous layer to form a module.
This operation consisted of stretching of the layer in diameter for insertion of the layer
and reduction to a final diameter on the assembly.
• These required large forces to stretch and to reduce diameters, resulting in a serious
damage of the protection wrap made of dry glass tape around the turn insulation.
• Shape of the clamps and pushing rollers were modified. Both JAHT and USHT took
about three months for the first layer and less than one month for the last layer.
During the testing some technical issues also occurred as follows:
Cold Leak
• A leak appeared in one of the cooling lines to the structure when the cooldown was
almost completed. There was no leak found in the inspections performed at factory and at
site. However, QA procedures at the manufacturer were identified to be not appropriate.
The leak caused a delay of three and half months in the test program.
Pre-loading
• The level of pre-loading of the CS model coil modules did not reach target values. This
was mainly due to improper estimate of the Young's moduli of the modules during the
design phase.
• The JAHT and US showed that this has no effect on the operation of the CS model coil.
Detailed thermal and mechanical analyses will be performed to explain this behavior and
to incorporate in the ITER CS design, which also requires pre-loading.
3. Additional Achievement Expected by July 2001
The following will be completed:
•
•
•

DC and AC operation of the CS insert to allow detailed characterization of the CS model
coil conductor.
Additional DC and AC operation of the CS model coil to perform a fuller assessment of
the limiting performance.
A limited lifetime simulation with more than 10,000 cycles for the CS insert.

With regard to the TF conductor and Nb3Al inserts,
• Completion of the fabrication
• Testing in the CS model coil assembly
To complete the testing and close the project, it should be ensured that all necessary data at
4 K are taken, and after that, the final reports to cover whole project have to be prepared.
These consist of:
1. Quality assurance records of the conductor
QA records of the conductors, including strands, cables, Incoloy jacket material, and
jacketing, are already available.
2. Manufacturing report
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The JAHT and the US have prepared the manufacturing reports of the inner and outer
modules, including Quality Assurance records. Most of these documents have been
delivered to the JCT.
3. Test results, analysis and implication for the ITER magnet design
A testing group, members of which are from the EUHT, JAHT RFHT, JCT and the US,
has been organized. The group is responsible for making a test plan, developing detailed
test procedures and conducting tests at site, as well as for an analysis of the results and
preparation of reports. The members include those on-site and off-site who can directly
access to the JAERI computer system remotely. The group is monitoring the progress of
the testing and making assessment of the results on daily basis. The reports are being
written as the tests proceed, and implications for the ITER magnet design are discussed as
appropriate.

Figure 2.1-1 The outer module is being placed outside the inner module
which has already been installed in the vacuum chamber.
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Figure 2.1-2 CS model coil and CS insert installed in the vacuum chamber at the test
facility in JAERI Naka. The preload structure (upper beams and tension rods), helium pipes
and top of the coils are shown. Behind is the vacuum chamber lid.

First Pulsed Charging of the CS Model Coil by 40.417s
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Figure 2.3-1 Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of
0.4 T/s, flattop of 5 s, followed by ramp-down to zero at 0.7 T/s. The outlet temperature
increased to 6.8 K after the pulse.
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Figure 2.3-3 Ramp-up to 46 kA, 13 T, in 26 s (ramp rate of 0.5 T/s), flattop of 5 s, rampdown to 41 kA in 2 s (0.7 T/s), flattop of 5 s, followed by ramp-down to zero in 18 s
(0.6 T/s). This run was performed to resemble the operation of ITER CS during the plasma
breakdown phase.
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Figure 2.3-3 Bipolar operation of the CS model coil: zero to -11 kA in 6 s, 2 s flattop, 11 kA to +35 kA in 40 s, 4 s flattop, and ramp-down to zero in 19 s. The run was performed
to simulate part of the CS operating scenario and to assess the effect of hysteresis loss in the
superconducting conductor, which become the largest when the coil current crosses zero.
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TF Model Coil Project (L-2) Progress Summary
1. Introduction
The L2 task consists of two main parts:
1) The fabrication of a racetrack shaped TFMC and its test in the TOSKA facility at FzK.
The coil has external dimensions about 3.6x2.7m, a stored magnetic energy of about
80MJ and a weight of about 30t (winding pack and case). The winding pack is formed
from 5 radial plates each containing a double pancake of the conductor, similar in
concept to those used in the TF coils. The conductor current of up to 80kA is greater than
the 68kA proposed for the TF coils and coil voltage levels are comparable to those in the
full size coil
2) The fabrication of two full size sections of the TF coil case and the qualification of the
welding procedures necessary to fabricate these sections into the full size case. Each case
section weighs about 35t after completion
The work is almost entirely within the EU HT and is administered by EFDA. The main
participants in the work are as follows:
Europa Metalli LMI: Conductor fabrication
AGAN Consortium (Ansaldo, Noell, Alstom): Coil fabrication, busbars and installation in
TOSKA. Within the consortium the work division is broadly:
Accel: programme management, analysis and QA
Noell: radial plates, support structures and installation
Ansaldo: winding, joint forming, conductor heat treatment, conductor insulation and
installation on the radial plates, radial plate insulation, internal joints
Alstom: assembly of plates into winding pack, joints between plates, winding pack
insulation, case fabrication, assembly of winding pack in case, instrumentation, busbars
and helium pipework
CEA Cadarache: Joint specification
FzK Karlsruhe: Test facility, current leads and testing in TOSKA
Belleli SpA: Case section fabrication. Kind (Germany) and Creusot-Loire (France) have been
major subcontractors in the work.
Outside EU
RFHT and VNIIKP (Moscow): Long length conductor jacketing demonstration
2. TF Model Coil
The main steps of the TFMC that have been completed are as follows:
-

fabrication of 4t of Nb3Sn strand with parameters suitable for the ITER TF coils
extrusion of 1.5km of austenitic stainless steel seamless tubing for the conductor jacket
fabrication of lkm of Nb3Sn conductor using a pull through technique
fabrication of 800m of dummy (copper) conductor in a single length using a pull-through
technique
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- fabrication of 5 radial plates, by forging as a racetrack shaped hollow disc and then
machining the grooves, with stress relaxation steps to avoid accumulation of out of plane
distortion
- winding the conductor into a mold for the heat treatment, with some undersize to allow for
distortion during the superconductor heat treatment
- wrapping the conductor with dry kapton-glass insulation, insertion in the grooves on each
side of the radial plate, closure of the groove with a cover plate retained by laser welding.
- soft soldering of the inner joint surfaces (between the two pancakes in the radial plate)
- wrapping the radial plate with an outer layer of dry glass-kapton insulation, impregnation
of this layer and the conductor within the groove by vacuum impregnation
- assembly of the five insulated radial plates into a winding pack, impregnation to bond
them together
- EB welding of the joint surfaces between the radial plates (soldering is not acceptable due
to high thermal stresses created in the TFMC geometry: this issue is not present in the full
size coil)
- Wrapping with ground insulation and impregnation
- Fabrication of the coil case from austenitic stainless steel by welding of curved plate
sections. The case shape is that of a 'U' with a flat lid (different from that proposed for the
TF coil itself)
- placing the coil in the case, filling the gap with glass grains and dry glass fibre (this
process may not be appropriate for the full size coil), closure of the case
- fabrication of a support structure for the TFMC in the TOSKA facility (to support the coil
on its own and to support the coil when tested next to the EU-LCT coil)
- preparation of the TOSKA facility including supply of 80kA current leads, power
supplies, cryogenic supplies and the operating and measurement systems for the testing
The following items remain to be done:
-

completion of the impregnation of the case-winding pack gap with epoxy resin
final machining of the outside of the coil case (including cooling channel grooves)
installation of the headers for the helium cooling system
leak testing
installation of instrumentation
delivery of the coil to FzK and installation in TOSKA

Delivery of the coil to FzK is officially scheduled for August 2000 but is unlikely to achieve
this date. The time schedule has been substantially delayed in the 4 years since the fabrication
started. The delay to the start of testing amounts to about 2 years (i.e. fabrication and
installation was originally foreseen to last 3 years but is now expected to take 5). Cooldown
of the coil is now foreseen for May 2001. The main causes of the delay have been
-

several failures of the heat treatment oven
longer than expected machining time for the radial plates
unexpected distortion of the joints during heat treatment
inadequate number of molds for impregnation of each of the radial plates, and improper
mold design that added extra tolerances to the plates in the out of plane direction
- delay due to vacuum chamber availability in EB welding of plate to plate joints
- MAG welding problems during closure of the coil case
- inadequate impregnation of the gap between winding pack and case
Much of the data from the TFMC comes from the manufacturing experience gained during
the fabrication, rather than the testing. TOSKA testing is limited to about 8T and steady state:
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only the high conductor current (up to 80kA) will provide new data on the conductor
performance. The manufacturing experience so far has confirmed:
- the feasibility of the pull-through method for conductor jacketing on lengths up to at least
800m
- the level of tolerances required for the conductor, radial plate grooves and radial plate
flatness
- the feasibility of laser welding to seal the cover plates over the conductor with acceptable
distortion of the plate flatness
- the feasibility of the transfer process of the reacted conductor from the heat treatment
mold into the grooves of the radial plates
- the dominant cost items in the fabrication of the radial plates and possible routes to reduce
these.

Fig. 2.1 Radial Plates, Blanks and during Machining of Grooves

Fig. 2.2 Winding Conductor into Mold
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Fig. 2.3 Tool for Transferring Reacted Conductor from Mold to Radial Plate

Fig. 2.44 Putting the Case over the Winding Pack

3. Case Sections
For the case sections, it was decided to make one forged case section to represent the curved
region of the TF coil inner leg (where the peak stresses occur) and one cast section to
represent the outer leg and outer intercoil structure, where the stresses are low. 316LN was
selected as the basic material but was modified slightly outside the ANSI standard for both
forging and casting, to improve the cryogenic strength and workability for each process
The achievements at present are as follows:
- two 50t ingots were procured, one from Thysen for the forging and one from CreusotLoire for the casting
- the inner curved section has been forged with a novel procedure, where the ingot was
formed into a hollow square tube which was then curved to the required radius. The
curved square tube was then cut lengthways to form the two U sections of the case, ready
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for machining. Both sections have been completed, including final machining and NDT
inspection
- the outer section (representing one U section of the case and two of the OIS flanges) has
been cast. The casting process was not fully successful due to incorrect mold design (the
single riser that was provided was inadequate and a cavity developed). However, enough
material is available for welding trials and it was not found necessary to repeat the casting
with a corrected mold.
- extensive welding trials on cast, forged and cast-forged joins have been performed and
appropriate fillers selected and qualified. For both the butt welding of the sections around
the perimeter of the coil and the final closure weld, EB will be used for the first 50mm,
followed by submerged arc for the remainder. NDT procedures for the welding are being
defined
- characterisation of the forging shows very good static and fatigue properties, close or
equivalent to those achieved with the specially developed cryogenic steels from Japan.
The casting shows reduced properties, as expected, but these appear fully adequate for the
outer part of the TF coil case.
The following work remains to be done:
-

the forged section will be cut and rewelded to demonstrate the butt welding procedure.
the two sections of the forging will be welded to demonstrate the case closure procedure
section of full thickness casting will be welding to each other and to forged section
a more extensive material characterisation (including the final welds) will be performed
the NDT procedures will be demonstrated on the welds.

The work has been delayed by about 1 year behind the original schedule due to technical
problems during the forging (hot cracking required more frequent reheating and extra
machining) and the final machining (the material was harder than anticipated by the
machining company). It will be completed before July 2001.
The case section manufacture has provided extensive information for the manufacture of the
full size cases. For the first time, a material has been properly qualified both for its final
properties and also its welding and forming properties, on full size case sections. The casting
offers a cost saving alternative for the manufacture of part of the case, avoiding extensive
(and expensive) welding. The forging of tubes for the inner coil is also more efficient than the
fabrication of separate sections. The qualification of the NDT procedures for the sections and
associated destructive examinations are providing data to support procedures for assessing
the operational lifetime of the case.
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Fig. 3.1 Forging of Inner Leg Curved Section as Hollow Tube
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3.3 VV Sector Project (L-3) Progress Summary
1. Objectives
The issues associated with the fabrication of a Vacuum Vessel (VV) sector are being addressed
by the L-3 Project. The primary purpose of this project is to resolve critical VV issues and
provide the inputs required to complete the design. The biggest issues that could not be
addressed with small scale models were related to fabrication technology. The most critical of
these was the determination of the magnitude of welding distortions, dimensional accuracy and
achievable tolerances. The achievable tolerances for a sector will impact the positional accuracy
of in-vessel components, the required clearances to components on both the inside and outside of
the VV, and the design of the field joint used to connect adjacent sectors. Other important
objectives of the project are to verify the mechanical and hydraulic characteristics of the double
wall design, to demonstrate the assembly and field joint welding of the VV field joints located at
the center-line of the ports, and to demonstrate the integration testing of the port extension with
the sector.
The main part of this project is the fabrication of the full-scale sector model that has been made
by the JAHT. The other parts of the project include:
- The fabrication of the full-scale equatorial port extension which has been made by the RFHT;
The assembly and field joint testing by the JAHT;
The integration testing of the port extension with the full-scale sector model by the JAHT
and RFHT;
- The development of the advanced cutting, welding and inspection methods by the EUHT.
2. Achievement up to May 2000
2.1 Fabrication of Full-scale Sector Model
The full-scale sector model consists of two 9° half sectors which are designated sectors A and B
(see Fig. 2.1). Overall dimensions of the half sectors are 15 m in height and 9 m in width. The
material and geometry of the model is very close to that of the 1998 ITER VV. The basic
structure is a double wall design with the inner and outer shells made of welded plates, 40 to 60
mm in thickness and separated by ribs which space the shells 0.45 - 0.83 m apart. The design of
these two half sectors is different to allow several fabrication methods to be investigated. For
example, half sector A was poloidaly segmented into 9 parts during fabrication while half sector
B was only segmented into 4 parts. The two segmentation schemes will help assess the impact
of poloidal segmentation on sector tolerances. The weld schemes for the two half sectors were
also different. The technique selected for half sector A is tungsten inert gas (TIG) and electron
beam (EB) welding while TIG and metal active gas (MAG) welding were selected for half sector
B. Both half sectors have been successfully fabricated. The total duration of the fabrication took
approximately 22 months. Both welding techniques and poloidal segmentation schemes were
shown to be feasible. The fabrication technologies required to produce a high quality structure
are conventional and available to multiple qualified VV manufacturers. The magnitude of
welding distortions and achievable tolerances were determined. Overall achieved tolerances for
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the half sectors were less than ± 5 mm for the half sector height and ± 6 mm for half sector
width. Non-destructive testing (NDT) including PT, UT and RT was performed for about 10%
of the weldment and no defect was found. In addition, the pressure and leak tests were
performed and no pressure drop and leakage was detected. Mechanical testing of the sector
model under gravity loading resulted in deformations that were less than predicted with a FE
model. Testing of a 1/6 scale flow model indicates the variation in the mass flow distribution
from the slowest to the fastest channel is about a factor 4, which was consistent with analytical
results.
Compared to the ITER-FEAT VV, differences from the sector model are mainly the size and the
inclusion of the support structure of the blanket modules into the VV structure. However, since
the basic design of the ITER-FEAT VV is the same as the fabricated sector model (i.e., the
material, the basic torus shape, and the double wall structure with shielding and cooling water
between the shells), this R&D also validated the fundamental feasibility of the ITER-FEAT
double wall design. Additional R&D, such as the fabrication of a partial VV sector model
including the support structure of the blanket modules, may be required to confirm the
fabrication technology and associated tolerances for the ITER-FEAT VV.
2.2 Fabrication of Equatorial Port Extension
The equatorial port extension is a full-scale double wall structure 2.2 m wide by 3.4 m tall by 1.5
m long (see Fig. 2.2). The material is SS 304 and was selected to minimize costs. The welding
technique used is a combination of TIG and MAG. This model, like the sector model, was used
to develop fabrication technologies for the port extensions. The extension achieved tolerances of
~ ± 4 mm for height and width and ± 1 mm for the wall thickness. No flaw and leakage was
detected by the NDT and by the pressure and leak tests, respectively. The duration of
manufacturing activities for the port extension was 3 months.
Even though the extension for each port of the ITER-FEAT is a different size and shape, the
basic design and fabrication procedure should be common so the technologies developed for the
model should be applicable to all extensions for the ITER-FEAT.
2.3 Assembly and Field Joint Testing
Both half sectors were shipped to the Tokai Establishment in JAERI for the assembly and field
joint welding test. Alignment of the outer shell butt weld joint was accomplished by adjusting
the sector positions and locally jacking the shells into position. Alignment of the root gap and
root offset of this joint was achieved to < 0.8 mm. Automatic TIG welding machines mounted to
guide rails were used to make the weld joint (see Fig. 2.3). Two welding systems, which were
mounted on opposite sides of the vessel (in the poloidal plane), were operated simultaneously in
a symmetrical manner to minimize the deformation of the D-shape. A total of 11 to 12 weld
passes were required to fill the joint in the 40 mm thick plate of the main VV. A double shielded
and twin wire system has been developed for this application. The inner shell field joint includes
8 splice plates for the main shell. Before welding, the individual splice plates were adjusted to
fit the joint, installed and tack welded in place. Automatic TIG welding machines mounted to
guide rails were again used to make the weld joint on each side of the splice plate but a different
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welding head was used. The machines were single wire systems which were developed based on
the hot wire switching TIG process. Three systems were mounted in symmetric positions around
the VV and operated simultaneously. A total of 11 to 12 weld passes were required to fill the
joint along each side of the splice plates. Both the butt weld joint for the VV outer shell and the
splice plate joint for the VV inner shell were completed and inspected. The total time required to
make the outer shell joint and the inner shell joint were -320 hours and -280 hours using the two
machines and three machines, respectively. No unacceptable weld flaws were detected. High
deposition rates (> 30 g/min) and arc times (~ 20%) were achieved. Average deposition rates of
- 15-20 g/min and average arc times of -15-16% were achieved for the field joint welding of the
outer shell and inner shell, respectively. A poloidal distribution from average of the weld
deformation for the joint was controlled to be uniform to within 1 mm (total values were - 4-5
mm) for both butt welding of the outer shell and splice plate welding of the inner shell.
The welding deformation of the VV sector due to the field joint welding has been analyzed using
an FE method to establish an analysis method which estimates welding deformations. The
comparison of analyzed result with the measured welding deformation showed that the deference
is up to 30% in shrinkage and up to 40 % in sectional deformation, respectively.
The assembly and field joint welding required for the sectors is common for the 1998 ITER and
the ITER-FEAT VV. The technologies developed for the assembly and field joint welding
should be applicable to the ITER-FEAT VV. In addition, the analysis method to estimate
welding deformation will be used for the ITER-FEAT VV.
2.4 Integration of Port Extension with VV Full-scale Sector Model
The current L-3 project under the T412 (from 1999) involves the demonstration of remotized
welding, cutting and NDT systems on port extension field joints. The technologies under
development are fully applicable to the ITER-FEAT VV.
The remotized welding and cutting systems developed by the USHT under the T301 were
shipped to the JAHT. To transfer the technology of the systems from the USHT to the JAHT,
performance test of the welding system using the VV/port mock-up was conducted for three
months with the US's personal participation. Further performance test is planned for the cutting
system and the integration of the RFHT's NDT system. This allows the JAHT to fully replace
the USHT in this area.
The shape of the field joint between the sector model and the port extension is a rectangle 3.4 m
high and 2.2 m wide. A butt weld joint was employed for the outer shell field joint, while splice
plates were used for the inner shell field joint. For the outer shell connection, the welding
system developed by the JAHT and applied for the field joint welding between the half sectors
was employed. The US system was used for the inner shell connection. Prior to the integration
testing, the existing test stand of the full-scale sector model was modified to support the port
extension (see Fig. 2.4). Detailed dimensions of the sector model and port extension were
measured and the joint edge of the port extension was machined to achieve a better alignment of
within +1.5/-1.0 mm for surface-to-surface mismatch and within 0.5 mm for the gap. Automatic
TIG welding machines mounted on guide rails along the port perimeter were used to make the
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weld joint. A total of up to 15 weld layers were required to fill the joint in the 40 mm thick plate.
The total time required for the two welding machines to make the joint was about 8 weeks. An
assessment of weld shrinkage in the port axis direction indicates that the shrinkage was about 5.0
mm. NDT was performed for about 10% of the weldment and no defect was found.
Preparations for welding of the inner shell field joint (which includes splice plates) were
completed including detailed measuring of the joints, individually adjusting each splice plate to
fit the joint and installing and aligning the US welding system. The splice plate joints were
aligned within ± 2 mm toroidally and radially and tack welded in place. Welding of the joints on
each side of the splice plates took four months to complete. Two automatic TIG welding
machines mounted on guide rails were used (see Fig. 2.5). The inner shell field joint includes 12
splice plates for the main shell. The 40 mm thick splice plate joints required up to 15 weld
layers. Dimensional change observed for the port structure during the welding was up to ±1 mm.
NDT of the weld joints using the RFHT's system will be started in July, 2000.
NDT systems to be used for inspection of the weld joints were designed and fabricated by the
RFHT. The systems will be adapted to the US remote handling system in Japan and will be used
to inspect the field joints welded by the JAHT. The ultra-sonic testing (UT) system has been
selected for the purpose. The main feature of this UT system is high resolved defect
visualization that allows to determine defect sizes. It is expected that artificial defects as small
as 2 mm x 5 mm can be detected for the 60 mm thick plates. Two UT systems for straight flat
inspection regions (see Fig. 2.6) and for corner curved regions are to be used for the field joint.
Performance test of the UT systems using test samples is being carried out and the systems will
be shipped to Japan.
In parallel with the above activities, the advanced methods of cutting, welding and inspection for
the VV have been under development by the EUHT. The main objective of the part is to further
develop the methods of the cutting, welding/rewelding and NDT, which have the potential of
improved cost and technical performance, such as maintaining the stringent tolerances, tight
space constraints and reweldable surface conditions, applicable for the ITER-FEAT VV
assembly and disassembly. The investigated methods include NdYAG laser cutting and
welding, reduced pressure electron beam welding, and UT NDT system.
2.5 Overall Summary
The full-scale sector and port extension models have been fabricated, and the assembly and field
joint welding between the half sectors has been demonstrated. The fabrication and assembly
technologies required for the VV have been developed. The magnitude of sector fabrication
tolerances and welding distortions due to field joint welding have been determined.
Computational mechanical analysis provides a reasonable representation of the welding
deformation, while thermo-hydraulic analysis provides a reasonable estimate of the flow
characteristics for the VV. The feasibility of the field joint welding at the center-line of the ports
has also been shown.
Under the current phase of the L-3 project, shipment of the US remotized welding and cutting
systems to the JAHT and performance test of the welding were competed. The port extension
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has been aligned with the full-scale sector model and the field joint welded using the JAHT's
system for the outer shell connection and the USHT's system for the inner shell connection,
respectively. UT inspection systems have been designed and fabricated. A performance test of
the UT systems is being carried out and the systems will be shipped to Japan to be used for the
inspection of the field joints. In addition, the advanced cutting, welding and inspection methods
have been under investigation.
The L-3 Project, the Vacuum Vessel Sector Project, is the most important VV R&D during the
EDA, which is associated with the fabrication of a sector and demonstration of remotized
welding, cutting and NDT systems. The full-scale sector model, fabricated and tested, has been
providing critical information related to fabrication and assembly technologies required to
produce a high quality sector, and the magnitude of welding distortions, dimensional accuracy
and achievable tolerances. Since the basic design of the ITER-FEAT VV is the same as the
fabricated sector model, this R&D also validates the fundamental feasibility of the ITER-FEAT
VV design. Additional R&D, such as the fabrication of a partial VV sector model including the
support structure of the blanket modules, may be required to confirm the fabrication technology
and associated tolerances.

3. Additional achievement expected by July 2001
The current phase of the L-3 Project continues until the end of the EDA. Remaining activities
from June, 2000 include the NDT demonstration of the weld joints between the port and the port
extension using the RFHT's system, cutting sections of the field joint, and cutting and rewelding
a test piece. Deformation measurements will be made before and after cutting the port extension.
Mechanical test of the rewelded test piece will be performed. In addition, the NDT system will
be updated to be fully remotized for the VV application.
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Sector-B (1/2 sector)

Seclor-A (1/2 sector)

Fig. 2.1 Full-scale Sector Model

Automatic TIG Welding Head
Half Sector-B

Field Joint Welding between Outer Shells

Fig. 2.3 Field Joint Welding Test of W Sector Model
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Fig. 2.4 Port Extension Assembled to
VV Sector Model

Fig. 2.5 Inner Shell Welding for Integration of Port Extension

Fig. 2.6 UT Inspection System for Straight Flat Inspection Region
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3.4 Blanket Module Project (L-4) Progress Summary

1. Objectives
The L-4 main objectives are:
(1) The development of technologies required for manufacturing the blanket system.
(2) The assessment of the manufacturing feasibility, the performances and the integration
of the most important components of the blanket system.
From July 1998 the L-4 Project has been extended to include:
(3) The development and application of lower cost materials and technologies.
(4) The feasibility assessment of ITER-FEAT improved component design by
manufacturing new prototypes.
The L-4 objectives have also included the selection, development and characterization of all
the blanket materials and the experimental validation of the neutronics calculation tools, upon
which depend the shielding sizing of the reactor (reported in other presentations to the TAC).
2. Achievements up to May 2000
The materials and the manufacturing technologies, which have given the best R&D results in
terms of reliability and performance, have been selected as reference and used for
manufacturing prototypes and mock-ups of the most important blanket components.
2.1 Primary Module and Baffle Region Modules
2.1.1

Primary FW Be Armor to Cu-alloy Heat Sink Joining Technology

Hot Isostatic Pressing with Ti interlaver (800-850°C, 2h, 120 MPa, large Be tiles) is the
reference technology for low and medium heat flux and large surfaces. Main results:
• A first EUHT primary FW Be/GlidcopAl-25IG/SS mock-up, (dim.961x86wx59.4t mm; 1
large tile 9.4 mm thick) has survived 1000 cycles at 2.5 MW/m2.
• Two new EUHT prototypical primary FW Be/GlidcopAl-25IG/SS mock-ups
(dim.2501x66wx80t mm, Fig. 2.1) with several tiles dimensions (ranging from -40 to
-120 mm in length, 10 and 20 mm in thickness), withstood without damage 13,000 cycles
at a surface heat flux of 0.7 MW/m2 plus a 0.1 MW/m2 flux in channels inside the SS
back-plate to simulate the nuclear heating.
• A HIP technology is also being developed by the JAHT (Fig. 2.2). Strong bonding have
been obtained (e.g., up to —260 Mpa in 4 point bending tests so far using two methods:
• Coating the DS Cu base material with Cu (PVD, 10[im) and then HIP Be tiles at 620
°C, 140 Mpa for 2 h;
• Vacuum plasma spray Aluminum (0.7 mm) on Be, plus coating layers of Al+Ti+Cu
on the DS Cu base material (PVD, 10 jxm), and finally HIP using an additional
intermediate Al layer (0.1 mm thick at 555 °C 140 Mpa for 2 h).
• Three EUHT small scale mock-ups, with smaller tile dimensions 10x10 up to 20x20 mm,
for baffle region modules, were submitted to screening tests to assess the maximum heat
flux performance. The mock-ups resisted up to 4.5 MW/m2 when first tiles started to
detach. Some tiles withstood 7 MW/m2.
•

Four EUHT small scale qualification mock-ups for baffle region modules are being
manufactured in preparation of a large scale component. They include two straight mock-
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ups (one flat tile and one monoblock type) and two bent mock-ups (one flat tile and one
monoblock). For these mock-ups HIPing conditions with lower temperature (580 °C) are
being alternatively developed and tested. Diffusion bonding trials showed a shear strength
of 139 MPa at RT. The equivalent tensile strength is close to the UTS of Be (338 MPa at
RT).
2.1.2

Manufacturing Technology for the Primary FW Structure

Solid to solid HIP is the reference (main) manufacturing technology for the primary FW. It
has given the best results in terms of quality (e.g. tolerances) and performance either for
joining the Cu-alloy heat sink to SS tubes and structure or for joining SS to SS parts.
Thermo-mechanical tests including fatigue have shown the robustness of the joints far
beyond the specified values. Most of the FW mock-ups manufactured during EDA have been
provided with a relatively thick SS back-plate, and are therefore directly relevant for the
improved ITER-FEAT separable FW design. Main results:
• A JAHT mock-up of the structural part of the FW, consisting of a DS-Cu heat sink with
HIPed SS coolant tubes and a 7 mm SS back-plate (HIP conditions 1050 °C, 150 Mpa,
2h) withstood up to 5 to 7 MW/m2 for a total of 2500 cycles.
• Similar results have been obtained by testing four EUHT FW mock-ups; two were with
DS-Cu heat sink, one with a CuCrZr and one with a powder HIP CuCrZr heat sink. All
were provided with a thicker SS back-plate (60 mm). For these mock-ups two cycles HIP
were used, both at 940 °C, 140 Mpa, 2h.
• A medium scale mock-up (-580 mm h x 100 w x 85 t, Fig. 2.3) of the ITER-FEAT FW
(option B) has been already completed by the JAHT. The mock-up is manufactured by
HIPing the DSCu to the SS and is without Be armour, but includes the slot penetrating
through the 85 mm thick DSCu/SS made by water jet cutting (in most places except at the
outlet manifold region where the slot is only 35 mm deep inside the DSCu).
• Three additional mock-ups, manufactured by the EUHT (2 with DSCu and 1 with CuCrZr
heat sink) have withstood without any damage long thermal fatigue tests (30000 cycles at
0.75 MW/m2), Fig. 2.5.
2.1.3

Manufacturing Technology for the Shield Block and Module Manufacturing
Feasibility Assessment

Two main technologies are pursued for the shield block manufacturing, Forge & Drill and
Powder HIP, developed by the JA HT and EU HT respectively. The first is more suitable for
simpler geometry (i.e. the straight modules of the ITER 1998 design and ITER-FEAT), the
second can be more convenient for relatively complex module shapes and/or internal cooling
channel lay-out, when precise tolerances are not required. The EU and the JA HTs have
systematically developed these technologies by firstly manufacturing samples and small scale
mock-ups and then manufacturing several medium and large scale mock-ups. The final
assessment of the manufacturing feasibility of the blanket module is performed by
manufacturing prototypes. Main results:
• The JAHT has manufactured a full size primary wall prototype module (#8 ITER 1998
design, excluding the Be armour, Fig. 2.4 with dimensions ~930mm high x ~1600mm
wide x ~350mm thick. The shield block was manufactured by forge & drilling plus cold
bending (to shape). The FW was manufactured and attached to the shield block using one
step HIP (1050 °C, 150 Mpa, 2h). No decrease of pressure was observed during the
pressure tests (6 MPa, 30 min), and the leak rate was less then 10"9 Torr 1/sec during the
leak tests. The tolerances of the cooling channels were ±0.3 mm and ± 0.2 mm for the
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channels with 40 and 24 mm diameter respectively. The maximum tolerances on the pitch
were ±0.5 mm. The maximum deformations on the outer diameter of coolant tube are ~ ±
1.0 mm. No defects in the joints have been detected. Additional destructive examinations
are in progress to verify these results
A shield block prototype of the most complex (in shape and pipe gallery layout) shield
module (#11 ITER 1998 design) has been manufactured by the EUHT (Fig. 2.6). HIP
parameters used 1100 °C, 100 Mpa, 4h. After completion NDE was performed. Results
show that the deviations of the tubes in the first row are less than ± 2 mm for 65% of the
tubes. The remaining 35% have a maximum deviation of up to ± 5 mm. The main reasons
of these deviations are:
• A cold bending was necessary after HIP to correct a module manufacturing bowing,
and the final radius of the block was smaller than required. The subsequent
machining of the front surface to the required shape led then to slightly different
tube locations.
• Local deformations from the straightening process.
• Different shrinkage of local volumes involving different proportion of powder and
tubes due to the fact that the module design was not optimised for powder HIP.
It can be preliminary concluded that the use of the powder HIPing technology for the
shield block is a viable solution, but it requires that the design takes into account the
process requirements in order to meet the manufacture tolerances.

2.1.4

Plasma Spray

Be plasma spray coating has also been developed mainly as an alternatively bulk FW
protection material and possible "in hot cell" repair method of low heat flux, locally damaged
FW areas. Low Pressure Plasma Spray (LPPS) is the reference technique:
• LPPS results in high density coatings, approaching the thermal conductivity and the
theoretical density of bulk beryllium (-93%) from room temperature (RT) to 600°C.
Coating thickness of the order of 10 mm can be obtained.
• Mock-ups with and without special preparation of the Cu alloy substrate have been
manufactured by SANDIA/Los Alamos (US) and tested. They survived 3000 cycles at 1
MW/m2, with failure limit ~ 2.5 MW/m2.
• In heat shock experiments instead, cracks parallel to the coating layers occurred in
samples, particularly after irradiation. The failure is ascribed to the fabrication method
which caused the presence of non melted Be powder between each plasma sprayed layer.
An improved method is being developed during EDA extension
2.2 Limiter
2.2.1

Limiter Be Armor to Cu-alloy Heat Sink Joining Technology

Fast amorphous brazing of small tiles is the joining technology that has given the best
performance for high heat flux components such as the limiter. The RFHT has developed a
fast brazing technique (~ 800°C, for max. a few minutes) with amorphous CuInSnNi braze
and using small tiles, which results in a high performance, reliable and robust joint. The fast
braze cycles reduce the formation of intermetallics to a minimum. Additionally if a CuCrZr
alloy is used as heat sink there is no risk of material properties degradation. The fast heating
methods used are direct electrical heating and electron beam. Several mock-ups have been
tested. A mock-up with tiles 5x5x5 mm did not fail after 4500 cycles at 12 MW/m2. For this
technology the effect of the tile size on the durability of the joint has also been determined,
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Fig. 2.7. Tiles with size 20x20x5 mm detached at 12 MW/m , while tiles with size 5x5x5,
7x7x5 and 10x10x5 mm did not detach in this condition. Curved mock-ups have also been
tested: no damage has been observed after 1000 cycles at 11 MW/m2.
2.2.2. Limiter Module Manufacturing Techniques and Limiter Manufacturing
Feasibility Assessment
The relevant technologies necessary for the manufacturing the ITER limiter module have
been performed by the RFHT. The main manufacturing technologies are HIP to form the
plates and e-beam welding for joining the plates together on their rear side:
• All the mechanical parts for a total of 12 limiter plates have been manufactured by the
RFHT and used for specific R&D (manufacturing trials).
• Three qualification limiter plates have been HIPed (150 MPa, 1030+5 °C, 2.5 h):
- Two have been cut and used for metallurgical examination.
- One has been used for the optimization of the Be brazing process.
• The final two mock-ups (2501x250wx~45t mm), have also been HIPed with the same
parameters. One mock-up with DShG-200 Be 'fast' brazed tiles is completed, Fig. 2.9.
The second mock-up which will have the Be armour attached with a slower heating
technique (Bochwar) will be completed soon. The two plates will be joined together at
their rear side by e.b.welding and will be tested at TSEFEY facility, RF.
2.3 Blanket Attachment System and Assembly
2.3.1

Flexible Cartridge Manufacturing

The reference manufacturing technique developed by the RFHT for the Ti alloy cartridge is
machining from a plain rod to form the cartridge hollow cylinder and then milling to produce
the flexible spokes. Main results:
• Several flexible cartridges have been manufactured and tested by the RFHT (Fig. 2.8).
The thermal tests show that the maximum temperature in the spokes is 220 "C, (at
volumetric heating of 0,6 W/m3) when the supporting surfaces are at 100 °C. The
calculations give a different result (260 °C). The RFHT considers this difference to be due
to enhanced heat transfer because of the low vacuum used (1-0.1 Pa).
• Buckling tests, Fig. 2.10, show that the loss of stability of the flexibles occur at a
compression force ~2.6 times higher than the expected disruption load (tests were
performed at temperature and with pre-defined spoke displacements).
• The cyclic mechanical fatigue tests showed that the flexibles withstand 10,000 cycles at
the required 600KN loads. However during the tests a systematic loss of bolt pre-load
occurred, causing fatigue rupture. Further investigations are necessary because these
results may indicate the need for unscrewing devices in the attachment.
2.3.2

Assembly Testing

The EU HT has completed preliminary assembly test of the blanket module on the
attachment system of the ITER 1998 blanket design. Main results:
• Assembly of the central post alone (without keys) could be made with half of the required
tolerances (total gap in average 0.25 mm). The insertion path was linear but skewed so
that it required the contemporaneous movement of two translating devices.
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After metrology the big key-pads were machined to fit within tolerances and the assembly
of the central post together with the big keys could be performed with the required gaps
(0.5 mm).
Finally the assembly tests with central post, big keys, (dummy) flexibles cartridges and
branch pipes were successfully performed. The branch pipe guiding pins tend to jam
during disassembly. It is expected that a slight modification of the mating surfaces can
solve the problem.
Rather low pushing and pulling forces (~ 50 N for the insertion and 500 N for the
extraction) are needed for the module assembly in the tested conditions (ideal translation
movement with minor interference between the mating parts). When the module comes in
contact with the branch pipes a much higher force is required (6kN) to complete the
assembly. This hydraulic connection design may be a problem for the RH arm.

2.3.3
•

•

June 25-27, 2000

Bolting Tool

The EUHT has completed the manufacturing of the remotized hydraulic bolting tool
(Fig.2.11) and its instrumentation. It has also started to perform preliminary bolt
tightening tests.
It was not possible to self engage the bolt tool lance in the bolt head. At present this
operation is performed manually (the lance must be rotated until it can enter inside the
bolt head recess). The design of the bolt head should be modified so that the lance selfengages in the bolt head.

2.3.4

Laser welding and cutting tool

The EU HT has completed the manufacturing and testing of a cutting and welding tool able
to operate through a 30 mm module penetration. Main results:
• The EUHT has been successful in welding and cutting the branch pipes, as required.
• Several welds were performed. Metallurgical inspections show good weld quality.
• Cutting has also been performed successfully using the same tool (pulsed YAG laser).
• Additional tests were performed in order to have a substantial dross recovery. The tube
cutting was performed in two steps. First, an incomplete but deep kerf is made in order to
keep the slag inside the tube. Second, the final cut (0.5 mm) is performed. With this
technique most of the slag/dross is kept with the tube that is removed, but the cut surfaces
are not suitable for re-welding.
• Additional tests have been performed with a lmm misalignment of the welding and
cutting tool with respect to the pipe axis. The quality of the welding and the cutting
operations is considered satisfactory also in this case.
3. Additional achievements expected by July 2001
The L-4 main achievements expected by July 2001 are:
• The development and application of lower cost techniques and materials e.g.:
^ U s e of Be/Cu-alloy alternative joining technologies (e.g. brazing)
S Verification of proposed manufacturing methods for reducing costs (e.g. HIP with
less stringent requirements, use of alternative cutting methods, use of anti-diffusion
barrier for Be armour castellation).
•S Assessment of the use of CuCrZr with the reference manufacturing technologies.
•S Use of Be plasma spray
^Experimental verification of electrical straps and insulation coatings
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Demonstration of a comprehensive fabrication method for the ITER-FEAT improved
module design by fabrication of new prototypes. Separable FW panel prototypes and
large size shield block mock-ups are being manufactured with the new manufacturing
techniques by the EU and JA HT.

Fig. 2.1 EUTH FW Mock-up with HIPed
Be Tiles

Fig. 2.2 JAHT FW Mock-up with HIPed
Be Tiles

Fig. 2.3 JAHT ITER-FEAT FW Mock-up (option B)

Fig. 2.4 JAHT ITER EDA FW/Blanket
Prototype
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Fig. 2.5 EUHT FW Mock-ups subjected
to Long Thermal Fatigue Testing

Fig 2.6 EUHT EUHT Shield Block Prototype

Fig. 2.7 RFHT Mock-up with Be
Fast Amorphous Brazing

Fig. 2.8 RFHT Flexible Cartridge Prototypes

Fig.2.10 Flexible Cartridge After
Buckling Tests
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Fig. 2.11 Remotized Hydraulic Bolting Tool
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3.5 Divertor Cassette Project (L-5) Progress Summary
At the beginning of the project it was identified that in order to avoid the problems associated
with silver transmuting to the vacuum incompatible element cadmium, silver free joining
techniques needed to be developed for the armour to heat sink joints of the plasma facing
components. Initially, three candidate armour materials were proposed for the divertor
(carbon-fibre composite, beryllium and tungsten), although it soon became clear that
beryllium was unsuitable for use with the anticipated high heat flux. The achievements made
so far for the tungsten and carbon armours are summarised in figs 1 & 2, and highlight the
impressive progress made towards meeting, and in some cases exceeding, the 1TER-FEAT
goals. Future armour joining R&D will focus on adapting the manufacturing process and
design for use with the reference Cu for ITER (CuCrZr), simplifying the design in order to
improve reliability and reduce costs, and finally, developing reliable NDE for the joints.
Other R&D will study designs that mitigate the problems of tritium co-deposition and dust
management.
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The EU have built and tested a medium scale vertical target mock-up, which uses the armour
and heat sink geometry proposed for the 1TER-FEAT reference design. The reference design
(fig.3) uses a CfC monoblock near the strike point employing a swirl tape in a 10 mm bore,
12 mm OD tube and W macrobrush in the upper target/baffle region. Under high heat flux
testing in the Le Creusot e-beam facility, the mock-up sustained 1000 cycles at 15 MW.ra"'
on the W macro-brush armour and 2000 cycles at 20 MW.m"2 on the CfC armour. Finally,
the CfC armour was shown to survive > 30 MW.m"2 in a CHF test. The CuCrZr alloy is
preferred over Dispersion Strengthened Cu (DS Cu) for the heat sinks of the high heat flux
components, because its post-irradiation fracture toughness is much higher. Hence, the EU is
now concentrating its efforts on adapting the manufacturing cycle for the reference design to
employ low temperature hot isostatic pressing (HIPing) at ~ 500°C, a process that will avoid
over-ageing of the precipitation hardened alloy, but brings added manufacturing complexity.
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Fig. 3 The EU vertical target
prototype

25-26 June, 2000

Fig.4 Detail of EU vertical target prototype
after high heat flux testing

In line with the recommendation of TAC-13 design simplifications are being sought that can
both improve the reliability of the components and bring cost savings. To this end the JA HT
have instigated a programme of work to investigate the viability of using an annular flow
configuration in conjunction with a CfC monoblock. If successful this design would eliminate
the need for the return pipes that are a compromise between providing the flexibility to take
the thermal expansion of the monoblock and sustaining the e-m loads during plasma
disturbances. The JA HT has tested a 2-D CfC monoblock design (fig. 5) on a tube with a
large enough diameter to accommodate the annular flow (triplex tube, 21 OD, 15 ID, inner &
outer skin pure Cu, DS-Cu core). Part of the target was cycled at 5 MW.nr2 for 3000 cycles,
and a few tiles exhibited elevated temperatures characteristic of large CfC to Cu joint flaws.
A further two tiles survived 20 MW.nr2 for 1000 cycles (fig. 6). Unarmoured, annular flow
mock-ups have been built and flow and CHF testing of these is scheduled for the next few
months.

Fig.5 JA HT monoblock mock-up

Fig.6 Detail of monoblock mock-up after
HHF testing, showing erosion broadly in
line with predictions

The RF used a fast brazing technique for the W and beryllium armoured mock-ups as a
means of maintaining most of the good mechanical properties of the CuCrZr alloy. This
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method passes current through the mock-up to ohmically heat the components (fig.7). The
tungsten tiles (44 mm x 44 mm) used a pure Cu interlayer and the beryllium joints were
brazed without interlayer. During heat flux testing the W armour survived 1000 cycles at 5
MW.m"2 and the Be armour 1000 cycles at 1.5 MW.m-2 (fig.8). The RF is now developing a
method, which uses conventional high temperature furnace brazing but with cooling achieved
by introducing gas via the component coolant channels. If successful, it is expected that a
fast-quench will achieve near optimum mechanical properties in the CuCrZr and at a lower
cost than using HIP-ing.

Bc-tilw

Fig. 7 RF mock-up in the "fast"
brazing ohmic heating rig.

Tile with cracks

W-ii!es

Fig. 8 W and Be armoured mock-up
after heat flux testing.

Integration mock-ups from US, JA and RF were installed on the US cast steel, fabricated
cassette body mock-up of the inner divertor channel (fig. 9). Meanwhile, the outer divertor
channel, integration mock-ups from EU and RF are being installed on the EU weld fabricated
cassette body (fig. 10).
Development of suitable NDE for the brazed joints is important, if reliable components are to
be guaranteed. Ultrasonic testing in JA and EU, and thermographic testing using pulses of hot
water in the EU (SATIR facility at CEA) have shown promising results.
In summary, the progress made during the EDA has demonstrated the feasibility of building
divertor cassettes capable of handling the high heat flux anticipated in the divertor. The
programme to the end of the EDA is aimed at demonstrating reliability, and developing less
expensive manufacturing methods.
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Fig.9 Inner channel cassette body
flow test in US

Fig. 10 Outer channel of cassette body assembly under

Steady state goal and transient goal:
Code evaluations indicate that the normal operating mode of a partially detached plasma can
be expected at the envisaged operating density and scrape-off layer (SOL) power, leading to a
steady-state heat flux s 10 MWm'2 on the divertor target. In the case of off normal events, in
particular when the full power conducted into the SOL transiently lands on the vertical target
(loss of partial detachment), the predicted peak heat flux is ~20 MW m"2. These two heat
load conditions are defined as steady-state goal and transient goal" I Fig.3.5-1. During a very
short plasma transient such as ELM or disruption, a pulsed energy flux between 10 and 100
MJm"2 would be deposited in a very short period, e.g., lms. This heat load is simulated by a
pulsed plasma discharge or electron beam. Erosion due to 20 MJm2 has been studied with
CfC irradiated at 0.4 dpa. The erosion rate is about 2 times higher than that without
irradiation but no disruptive damage has been observed.
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3.6 Blanket Remote Handling project (L-6) Progress Summary

1. Objectives
The main objectives of the Blanket RH Project is demonstrate,
(1) proof of principle of the use of a transport vehicle on a monorail including development of
a large transporter system, having a large unsupported span, for the installation and
removal of blanket modules,
(2) Proof of principle of the adopted remote handling scenario involving the handling of inport assembly, use of double-seal doors as well as pipe welding and cutting equipment.
All remote handling equipment was installed in JAERI-Tokai and basic functions of IVT
system such as rail deployment, module replacement, and module transfer was confirmed by
the end of July 1998. The main objectives have been achieved satisfactory. Now, additional
R&D planed for the extended EDA are under going as follows;
(1) Verify the feasibility of the mechanically attached module replacement
(2) Verify the feasibility of sensor based control
(3) Verify the feasibility of the rail deployment of the cask based IVT for 1TER-FEAT
(4) Verify the feasibility of rescue operation
2. Achievement up to May 2000
2.1 Installation of Test Platform
Various equipment, a full-scale remote handling equipment (IVT), simulated reactor structure
such as maintenance sells, ports, back plate, two types of modules (one is for welding
attachment; the other for mechanical attachment), and control systems were installed on the
test platform by the end of February 1998 (see Fig.2.1).

The full-scale remote handling

equipment is composed of a vehicle manipulator with 13 degrees of freedom, multi-joint rail
for deploying into 180-degree in-vessel region, rail deployment and storage device at 0-degree
port, rail support and module receiver at the 90-degree port, rail to rail docking device at the
180-degree port, and measurement and control systems.
2.2 Integrated Performance Tests
Integrated performance tests, such as rail deployment, module replacement, and module
transfer using receiver, was carried out under manual and/or semi-automatic modes from the
control room.
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(1) loading test of vehicle manipulator
In order to verify structural integrity and measure the mechanical characteristics of the
manipulator including all mechanisms such as a traveling, telescoping and rotation, the loading
test was performed prior to the module handling demonstration. In this test, the loads are
applied in radial, toroidal or vertical direction to the manipulator axis or to the gripping axis,
and the displacements of various positions of the mechanism were measured as a function of
the applied load. In the vertical direction, the measured average stiffness is about 12 kN/mm
du to flexibility of the rotating mechanism while the stiffness of the manipulator arms and
telescoping mechanism is over 100 kN/mm which roughly meets the design value. The radial
and toroidal measured stiffness is about 800 N/mm which is also dominated by the rotating
mechanism since the stiffness of manipulator arms and traveling mechanism is over 30 kN/mm
equivalent to the design value. The measured backlash in the vertical, radial and toroidal
direction is 2 mm, 8 mm, 3 mm, respectively. These values can be represented from clearance
and backlash of gear mechanisms.

As a whole, it has been verified that the fabricated

manipulator and end-effector satisfy the module handling capability and the mechanical
characteristics including nonlinear behavior of the mechanisms are quantitatively evaluated
under the design loads.
(2) Rail deployment/storage test
The first trial of rail deployment and storage tests were carried out by manual and semiautomatic modes to demonstrate the mechanical feasibility of the integrated equipment, and to
obtain the suitable control parameters, such as positions and speeds of respective rail
deployment mechanisms during rail deployment and storage. This trial includes measurement
of the deformations of the rail during deployment, especially vertical and horizontal
deformations of rail at the 90 degrees port. The operation time for rail deployment and
storage was about four days each, including measurement, adjustment and teaching operation.
The vertical deformation of rail at the 90 degrees port results exceeded the specification of
100mm. This is due to mainly the backlash of the vehicle fixing arm which attached to the
front part of the rail deployment device at the 0-degree port. It has also verified that the
guide and docking mechanisms at the 90 and 180-degree ports can correct the deflected rail to
the correct position and fix the rail as the toroidal ring structure.
(3) Module replacement test
After deployment of the rail, the module replacement test was carried out using the vehicle
manipulator on the rail. The replacement operation was performed under manual and semiautomatic mode from the control room to assess the replacement procedures and mechanical
feasibility. The measured positioning accuracy was about 1 mm as repeatability. The vertical
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deflection of the vehicle manipulator under loading of the module weight during removal from
the back plate was measured to be around 60mm that was less than the target value of
100mm. Simulating the expected deflection and compensating for the deflection (Fig.2.3)
solved the problem of dynamic deflection during module removal. The load condition at
removal were based on the opposite load conditions encountered during module installation,
i.e., the respective position of the mechanisms of the vehicle manipulator were pre-defined,
based on those of the loaded manipulator during module installation.
(4) Module transfer test
After removal of the module from the back plate, the module was transferred from the vehicle
manipulator to the receiver located at the 90 degrees port and transported through the port
my manual and semi-automatic modes from the control room.
(5) Radiation hard component development and test
R&D for development and test of radiation hard component are under going in other R&D
task. The results of Gamma irradiation test relating with IVT L6 components are shown in
Table 2.1. Gamma irradiation dose rate in the vacuum vessel at 106 sec after reactor shut
down is about 2KGy/hr.
Table 2.1. Gamma Irradiation Test Results
Component

Hardness of dose

Electric motor

10-80MGy

Position sensor

10-30MGy

Image fiber

2-5MGy

Strain gauge

10-80MGy

3. Additional Achievement Expected by July 2001
3.1 Mechanically Attached Module Replacement
A blanket module of mechanical attachment type is under testing at the blanket maintenance
test stand. The module installation/removal test was successfully performed by using teaching
play back procedure under keeping 0.25 mm of positioning accuracy condition with an
intrinsic compliance of manipulator. Next step is to test with an advanced control system
using information from sensors to detect positions/reaction forces, because male-female
structures of the module requires a good accuracy of positioning less than 0.25 mm of
clearance in both side. The results of this test will be used for the sensor based control
system design and R&D.
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3.2 Sensor Based Control
The previous motion control units are changed to the universal control system based on VME
bus system which can be further extendable easily for the future R&D. This advanced control
system by using an information of position/reaction force detection sensors (including
position adjustment system) and Graphic user interface (GUI) system for real time observer
of IVT motion in place of viewing camera will be used for future handling testing.;
-

Preliminary test or sensor based control to detect the blanket position

-

Modifications/improvements of gripper

-

Installation of motion control system to the controller
Integration test of blanket handling

3.3 Cask Based IVT
Conceptual design of rail hinge structure, rail hinge-locking mechanism, rail joining mechanism,
and rail joining procedure were completed. The most important issue is rail links connection
with high accuracy. To guarantee sufficient accuracy of rail joint, once each rail links are
joined by using hinge-locking mechanisms in a remote handling cask, and then rail links are
jointed with assembling hinges. After that, rail hinges are unlocked and rail is deployed in a
vacuum vessel as basically same as FDR

(RH cell based IVT rail deployment

manner). An R&D item for feasibility confirmation of cask based IVT is focused on rail jointing
procedure in a port/cask.
3.4 Rescue Operation
The rescue operation is required in case of trouble on IVT system. Then, R&D of rescue
operation of IVT using rescue tool are planed. In this R&D, the rescue operation on typical
case will be demonstrated by using the full scale mockup model of IVT.
4.Summary
The required handling operations of IVT were performed till July 1998 and the basic
feasibility of blanket handling test was successfully demonstrated together with the collection
of the required database.
Till end May 2000, based on these data base, additional R&D resulting from design
improvement such as cask based IVT (which requires rail connection in W

port) and

mechanical attachment concept of blanket, and advanced R&D such as rescue scheme
demonstration and full automatic (sensor based) operation are planned and already
undergoing.
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Vehicle Manipulator System
for
Payload-4

Demonstration of
•Blanket module handling
Rail deployment

Fig. 2.1 Blanket Remote Handling Test Platform and Full-Scale Manipulator
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Fig. 2.2 Vehicle Manipulator under Operation
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Suppression of Dynamic Deflection for
Installation / Removal
Critical Issue
Installation without suppression control

Removal without suppression control
removal position without
module weight

' : \ , Vibration

Installation position
with module weight

Vibration

The dynamic deflection and
vibration of the vehicle manipulator
Sudden transfer of the
module weight (4 tonne)
Failure of mechanism
Fig. 2-3 a Issue of Blanket handling

Control scheme
/
Location of Module
//Installation

Location of Module
'Installation

(1) Module installation
Position of manipulator
A( Loading)
• B(Unloading)

.9

I

• Release of manipulator
(2) Removal
Position of manipulator
B(Unloading)

A(Loading)

Radial direction (mm)

Trajectory of end-effector

Removal of manipulator

Fig. 2-3 b Control scheme
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Without Suppression control during module installation
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Cask based IVT
Docking of intermediate ca
Deployment of Transfer ba
-Vehicle manipulator am
attached on swing arm £
transfer base-1.
Rail joint Positioning & docking mechanism
•

Rail t r a n s f e r
-Transportation c
transfer base-2&-

Transfer ca

Transfer base-1 with swing arm
Intermediate cask
Transfer I

Fig 2-4 Concept of Cask Based IVT
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3.7 Divertor Remote Handling Project (L-7)
1. Objectives
The divertor handling development (Project L-7) has two objectives, namely:
(1) To demonstrate the feasibility of divertor cassette replacement (in-vessel operation)
(2) To demonstrate the feasibility of divertor cassette refurbishment (hot-cell operation)

2. Achievement from August 97 up to May 2000
2.1. Introduction
Two experimental facilities have been built: the Divertor Test Platform (DTP) to achieve
Objective (1), and the Divertor Refurbishment Platform (DRP) to achieve Objective (2). Both
facilities are located in Brasimone (Italy). They have been developed by the EU Home-Team,
with contributions from the JA Home-Team for the DTP. Besides, alternative components for
divertor cassette replacement have been tested at JAERI.
Work for the L7 Project was completed during the EDA however, work within these facilities
is continuing in order to fully exploit their potential contribution to ITER R&D.
2.2. Divertor Cassette Replacement
2.2.1. Main achievements based on the 1998 ITER design (from August 97 to July 98)
The DTP based on the 1998 ITER design includes the following prototypes & equipment:
• The cassette toroidal mover.
• The radial mover system, including tractor, centra), second and standard cassette carriers.
• The RH auxiliary equipment including the cassette connections and the plug handling.
• A set of RH bore tools (welding, cutting and inspection) for 6 inch pipes.
• The DTP models and mock-ups including the platform proper (72° sector of the lower
vacuum-vessel), the experimental mock-ups (dummy cassettes, supports, rails and plug).
• The experimental hall.
• Control room remote from vacuum vessel mock-up
• The DTP test and measuring equipment.
In addition, a bi-directional fork mechanism and electro-mechanical jacks for the bidirectional cassette toroidal mover and second cassette carrier have been tested at JAERI.
The main results are:
• All the components have been designed and constructed on time and to the specifications.
• The tests in nominal condition have been successfully performed first at the supplier's,
and then at the DTP. In particular, these tests have demonstrated the ITER cassette
handling concept, the integration inside the vessel, the accuracy of cassette positioning,
the adequacy of the nominal gaps, the pay-load capabilities of the RH movers, and short
handling times. The design has been incorporated in the EDA Final Design Report.
• Technological data have been obtained through basics testing: friction, locking systems,
wheels, rails and rack-and-pinion.
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2.2.2. Further achievements from August 1998 to May 2000
As planned, further results have been achieved in relation with the 1998 1TER design:
• Successful testing of movers in limit conditions: misalignment and gap accommodation.
• Estimate of RH intervention time: based on the DTP experience, the RH time analysis
shows that the total duration of the in-vessel RH activities (i.e. excluding pipe
cutting/welding, port handling and cask operations, etc.) for the installation of 15
cassettes would result in approximately 32 hours.
• Minor hardware improvements: carriers wrenches.
• Improvements of the remote control and achievement of full remote operations, involving
the integration of: a supervision control system, a sensor-based control, a faster central
cassette carrier controller and graphical assistance.
• Integration to the DTP supervisory system and successful testing of a 3D computer
simulation model of the DTP using "TELEGRIP".
• Completion of a preliminary failure mode event analysis (FMEA).
In addition, the 1TER-FEAT design requires new R&D, and preliminary results are available:
• Bore Tool Systems: A Bore Tool System for the cutting and welding of the curved
divertor cooling pipes has been designed based on the assumption of 4" internal diameter
pipes with a minimum bend radius of 400 mm. System testing expected before July 2001.
• Viewing and metrology system: Design work on a laser based viewing and metrology
proof of principle system (IVV) suitable for deployment through penetrations at divertor
level started in January 2000. System testing expected before July 2001 (N.B.
deployment system not included in this work).
• IVP: Preliminary design work on a demonstrator robot manipulator (1VP) for access
through in-vessel viewing penetrations and allowing first wall inspection started in
January 2000. System testing expected before July 2001.
2.2.3. Other R&D needs related to the ITER-FEAT divertor maintenance not yet included
The timing of the new ITER-FEAT design and the time limits of the EDA extension could
not allow to adequately cover the full supporting R&D for the Divertor maintenance. New
R&D actions will be required after July 2001. It may be in particular the case in the following
areas:
• Cassette handling: radial cassette handling in a cantilevered manner, cassette toroidal
mover accommodating the new boundary conditions, umbilical management, in-vessel
manipulator arm, new cassette supports and rails. An on-going design task will provide
output by the end of 2000.
• Deployment system of the in-vessel viewing & metrology probes (on-going JCT design).
• Rescue operations.
• Further technological tests.

2.3. Divertor Cassette Refurbishment
2.3.1. Main achievements based on the 1998 ITER design (from August 97 to July 98)
The DRP based on the 1998 ITER design includes the following prototypes & equipment:
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The mock-ups of the divertor cassette, outer vertical target and alternative PFC
attachments systems (shear keys and multi-links).
The 3D metrology system for cassette measurement.
The experimental hall including an heavy manipulator (100 kg), 2 light manipulator arms
(20 kg), a bridge crane, cassette and target transporters, and the shear key insertion,
locking and extraction RH tools (water and electro-mechanical devices).
The test rigs for the shear keys development tests.
In-bore cutting and welding device.
The auxiliary equipment for the test and measuring equipment.

The main results are:
• The prototypes have been completed according to the original specification and timeplan. The experience gained in this phase was incorporated in the ITER final design.
• In general the DRP has demonstrated that all the critical operations during the
refurbishment of the divertor are feasible and that the required precision in the positioning
of the plasma facing components can be achieved. The equipment involved can be
considered representative of the real system to be used in the hot cell.
• The feasibility of the cassette measurement was demonstrated by the metrology system
(accuracy and repeatability of less than 0.2 mm).
• The complete cycle of insertion and removal of the outer target, including the locking of
the keys (but excluding cooling pipe disconnection/connection) has been repeated several
times. This has allowed the implementation of several improvements to make the
operations easier and more reliable. The whole cycle can be completed in less than 6
hours.
• The fabrication of the prototypes has shown the large impact of tight fabrication tolerance
on the cost of the keys, encouraging the development of the cheaper multi-link concept.
• Technological data has been obtained through basic testing: friction, heat evacuation.
2.3.2. Further achievements from August 98 to May 2000
As planned, further results have been achieved since August 98:
• Shear key attachment tests: tests to optimise the PFC removal and replacement processes
were successfully completed in June 1999 involving near fully remote operations.
• 3D metrology: an upgrade to the system started in March 2000 to allow "line" or
"continuous" measurements to be obtained.
• Further technological tests on shear key sub-assemblies: repeated insertion/extraction of
wedges, articulation tests, vibration tests, load/deflection test (completion in June 2000).
• Development of a cheaper PFC-to-cassette attachment, the "multi-links" involving Al.Br
pins and stainless steel housings and links: requirements, design, analysis, optimisation,
expansion process and testing are on-going. The mechanical tests indicate a significant
strength margin with respect to the requirements. Electrical tests will take place soon.
• "Multi-link" mock-ups and tooling are being used since November 1999 to develop RH
methods and procedures. Design, fabrication, assembly and commissioning of
prototypical tooling for PFC removal and replacement with the "multi-link" attachment
scheme have been carried out. This tooling includes water hydraulic pin expansion tool,
an electrically driven pin removal drill, and upper and lower target alignment tools.
2.3.3. Other R&D needs related to the ITER-FEAT divertor refurbishment not yet included
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The successful achievement of the EDA extension R&D on cassette refurbishment will allow
pursuing the development towards more hot-cell activities:
• Optimisation of remote handling cycles in hot-cell: cassette and PFC movements,
manipulators & specialised tools, man-in-the-loop versus automated operations.
• Testing of pipe welding and inspections with RH tools.
• Simulation of rescue operations.
• Contribution to the definition of the hot-cell layout.
• Contribution to the possible refurbishment of diagnostics components.

Fig. 2.1 Pipe Cutting and Welding Tools
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Fig.2.2 Top view of the Divertor Test Platform (top left), Central Mover (top right)
Duct Vehicle (bottom left) and Cassette Toroidal Mover (bottom right)
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Fig 2.3 Overview of the Divertor Refurbishment Platform (top), Heavy and Right
Manipulators at operation of the DRP (bottom left) and Divertor Target Mock-up
after remove (bottom right)
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3.8 Fuelling and Vacuum Pumping System R&D Progress Summary
1.

Introduction

The R&D programmes that were initially implemented to support the design of the 1998
ITER have required little redirection to adapt them for ITER-FEAT. However, the fuelling
programme that was originally being conducted solely by the USHT has had to be
reorganised and is now being undertaken by the RFHT. While some of the basic R&D
conducted in this earlier programme will useful a considerable amount of work will be
needed to bring the programme back to the level that was reported in the FDR for the 1998
ITER design.

2.

Fuelling System

2.1. Programme Objectives
The primary objectives of the work to be undertaken on the fuelling system are:
•

to develop a tritium compatible pellet injection system of proven reliability to satisfy
plasma fuelling requirements,

•

to develop the design parameters for a curved flight tube to allow HFS pellet launch,
and

•

to conduct experiments to establish/ confirm the design parameters of the gas injection
line needed to satisfy plasma fuelling response requirements.

2.2. Achievements up to May 2000
•

Pellets were fabricated and the mechanical and thermal properties of D2, DT and T2
pellets measured. Pellet extrusion and injection experiments were conducted on D2, DT
and T2 for pellet sizes up to 10 mm diameter. These experiments showed that pellets of
this size could be fabricated and delivered at speeds up to 1 km/s and that the extrusion
forces needed were -1.5 and 2.5 times higher for DT and T2 respectively when
compared with D2.

•

A long pulse multi-piston extruder was fabricated and tested to demonstrate that the
required extrusion rate, equivalent to 100 Pa m 3 /s, could be achieved. This type of
extruder was at this time considered as the baseline for the pellet injector, however,
towards the end of the EDA a screw extruder, developed within the RFHT domestic
programme was being evaluated as a potential alternative to the piston extruder.

•

A preliminary experimental investigation was conducted on curved flight tubes
following the successful implementation of HFS pellet launch on ASDEX. While the
results obtained, it showed that pellet speeds in the 4-500 m/s range could be achieved
for pellets < 3 mm with the pellet remaining intact, and the speed for 10 mm pellets
was limited to < 300 m/s. It was also found that the flight tube radius had a significant
influence on the limiting speed before pellet fracture occurred. The pellet fracture
speed observed for difference flight tube radii correlated well with a simple model that
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had been developed for speeds < 4-500 m/s. However, above this speed the model
broke down and large errors were recorded.
•

Gas injection experiments were performed to demonstrated that the response rate
needed to satisfy plasma performance requirements could be meet at flow rates up to
200 P a m / s . Maintaining the gas injection line lengths to < 20 m (typically required
for installation) will allow a response times of < I seconds to 63.2% of demand to be
achieved.

All the proceeding activities were performed by the USHT and as was noted above the RFHT
has now assumed responsibility for this pellet injector R&D programme with this programme
re-launched in December 1999. At this time the opportunity was taken to make some minor
changes to the design parameters of the system to better reflect the requirements of ITERFEAT together with the experimental results and experience gained in the initial part of the
program.
•

The first prototype of a tritium-compatible pellet injector has been designed, fabricated
and is being prepared for tritium testing. The injector consists of a repetitive singlestage light gas gun integrated with a pellet generator based on a continuous solid
hydrogen isotope screw extruder. The light gas gun is being used for expedience in
these tests, the purpose of which is to examine the performance of the extruder.
Successful tests have already been completed using D2 demonstrating continuous
injection periods over 100s. Work has now commented on the design of a full scale 6
mm extruder conforming to the requirements for 1TER-FEAT.

2.3. Applicability of the R&D Programme to ITER-FEAT
The R&D programme that is in place is directed towards the development of a tritium
compatible pellet injection systems that is completely relevant to the ITER-FEAT design
parameters.
•

Deep fuelling by pellet injection at fuelling rates up to 50 Pam/s are required, and to
limit plasma density perturbations to <10% the pellet size is limited < 6 mm. Injection
frequencies of up to 10 Hz are required for the smaller pellet sizes with a goal to
increase this frequency to 50 Hz. These design parameters form the basis for the design
of the hardware that is being developed in this R&D programme.

•

The implications of HFS launch has had a positive impact on the requirements of the
pellet delivery system allowing the pellet velocity to be reduced from 1,500 m/s to 500
m/s with a target of 1,000 m/s. However, the use of HFS launch has resulted in the
need to develop the necessary technology for curved flight tubes, and this is a key
element of the pellet injector programme.

•

The experimental programme conducted to confirm the design parameters for the gas
injection delivery lines established analytical has been satisfactorily concluded and
remains relevant to ITER-FEAT.

2.4. R&D Programme up until July 2001
•

Work will continue towards the development of major components of the pellet
injector with system integration of the development unit occurring towards the end of
this period. In parallel with this activity experimental work will commence on the
curve flight tubes with design parameters being established during this time.
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Pumping

3.1. Programme Objectives
The primary objectives of the work conducted on the vacuum pumping system are:
•

to develop a tritium compatible batch regenerating cryogenic pump of proven
reliability to satisfy plasma exhaust requirements,

•

to confirm the performance predictions for a roughing system using multi-stage roots
blowers,

•

to evaluate the advantages of alternate roughing and high vacuum pumps to those
selected for 1998 1TER design and now adopted for ITER-FEAT, and

•

to conduct experiments to establish the feasibility of using of spiking for the
identification of leaking water cooled circuits and the subsequent development of such
methods if feasible.

3.2. Achievements up to May 2000
•

Substantial testing has been conducted on charcoal coated cryogenic panels of reduced
size but similar to these to be used in the cryogenic pump being developed. These tests
included the investigation of pumping speed, gas load capacity and the adhesion of the
charcoal layer following repetitive thermal cycling and tritium exposure. Tritium
testing was conducted on small test coupons of- 40 mm in diameter.

•

Following the successful demonstration of the pumping performance and adhesion
tests on the reduced size panels a 50% full size model pump has been designed and
built and installed in the new cryopump test facility. This pump has now completed
acceptance testing and is in the process of undergoing a full range of performance tests
over the complete plasma exhaust operating envelope.

Fig. 3.1 ITER model pump on the way to the test facility TIMO
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•

The performance of scroll pumps has been investigated. These pumps were considered
as a possible replacement from the piston pump/roots blower combination selected for
the 1998 ITER and retained for ITER-FEAT. However, the performance of these
pumps when operating in a roughing mode has been shown to be extremely poor due
to high blank-off pressures especially for light gases. While multi-staging does
improve the blank-off performance, multiple pump trains operating in parallel would
be needed to meet the throughput requirements of the cryopumps during regeneration.

•

Test were performed on a compound mechanical pump/roots blower combination
nominally 25% of the 3,500 m3/hr capacity needed for cryopump regeneration. The
test results obtained confirmed that the model used to predict the pumping speed
performance for a multi stage pump/roots blower combination was reason and could be
used to develop the time line of the cryopumps during fast regeneration. The majority
of these tests were conducted with light gases the most critical from a performance
stand point.

•

Test were conducted on a small scale cryomechanical pump which provided a speed of
0.25 Pa-m3/s at 0.50 Pa. This pump is basically a compound molecular pump operating
at cryogenic temperatures. The test results obtained would indicate that a pump scaled
up to ITER size could satisfy the plasma exhaust requirements but the ultimate
pressure achievable was less than would be needed for plasma breakdown at the start
of the shot.

•

Following an initial design assessment of alternate high vacuum pumping schemes to
minimise tritium inventory a mechanical based pumping system using helical grooved
pumps was selected as a potential option to cryopumps. Since pumps of existing
design were unsuitable because of poor performance for light gases, a 2-stage helical
grooved pumping system (GX150M and GX30M in series) was developed. These
pumps incorporated magnetic bearings and the pumping speeds were optimised not
only for H2, D2 and He, but also for N2. The first stage GX150M was designed to have
a large pumping speed for H2, whereas, the second stage GX30M was a designed for
high compression ratio. The GX30M showed a compression ratio of ~ 40 for H2 at a
backing pressure of 700 Pa, 100 times larger than the maximum backing pressure of
helical grooved pumps of existing design. The 2-stage pumping system was shown to
exhibited a maximum pumping speed of 0.19 m3/s and an ultimate pressure of 10"3 Pa
for H2.

•

Preliminary experiments were conducted to assess the mobilisation of dust during an
up to air event, and a preliminary assessment of the filter needed to prevent the
mobilisation of dust into the pump ducts completed.

•

Following the positive results of initial design studies into the effectiveness of spiking
as a potential method for the identification of leak of water-cooled circuits an R&D
programme has been recently launched to confirm feasibility. While this task is
proceeding no progress can be reported at this time.

3.3. Applicability of the R&D Programme to ITER-FEAT
•

The R&D programme that is being conducted to develop the cryopump needed for
plasma exhaust is complete relevant to the design parameters of ITER-FEAT. The test
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results obtained to date would indicate that the pumping speeds and capacities needed
to satisfy plasma exhaust requirements could be met. Thermal cycling and tritium
exposure testing has demonstrated the resilience needed for the charcoal bonding
materials and the process for its application.
•

The roughing pumps in a multi-stage pump/roots blower combination are used to
regenerate the cryopumps during regeneration. During a fast regeneration sequence,
needed for long pulse operation, accurate prediction of the pump-down time, which is
limited to < 75s, is essential. Due to the criticality of this pump-down in the
regeneration time line substantiation of the analytical model used was needed,
especially for light gases. This validation was provided by the tests conducted on the
multi stage pump/roots blower combination at 25% ITER scale.

•

The experimental programmes conducted on alternate pump types for roughing and
high vacuum applications have clearly demonstrated the limited choice that is available
when pumping speed, especially for light gases, over the pressure ranges needed is
considered. These bench mark tests clearly demonstrates that at this time no viable
alternative exists to the pumping system initially selected for 1998 ITER and now
adopted for ITER-FEAT. The programmes undertaken to substantiate the performance
of these pump options, especially for light gases, was essential in confirming the
selection of the pumping system that had been made. The disadvantage of using
throughput pumps is further compounded by the added conductance losses of the
filters needed to protect the pump close running clearances from dust, and in the case
of the cryomechanical pump by the added complexity of cooling of the pump duct and
pump to cryogenic temperatures.

•

Dust transport has a significant impact on the design and selection and sizing of
equipment for the torus pumping system. This work has allowed nominal filter sizes to
be developed, which are needed for system layout purposes, and allow estimates of
pressure drop and conductance to be made for system sizing.

•

The initial design phase to evaluate the potential use of spiking has shown that both
soluble chemical tracers and gas tracers could work in the ITER environment.
However, since the proposed method is a new one, it has not been possible to be
precisely sure how sensitive the technique will be in practice and further experimental
work is necessary to define the potential and limitations of this technique. The initial
phase of the leak detection R&D programme will be a feasibility assessment to assess
the viability of the proposed spiking method for the location of leaks in water-cooled
circuits and to develop the necessary background information to define a detailed R&D
program that will allow the development of this technique if successful for ITER.

3.4. R&D Programme up to July 2001
•

Completion of the performance testing of the model pump and development of the
design parameters of the full scale pump required for ITER-FEAT and the completion
of further tritium testing on representative cryopanels.

•

Completion of the proof of principle experimental program for spiking for both gas
and aqueous solutions.
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3.9 Tritium System R&D
1.Introduction
Throughout the EDA a considerable R&D programme has been maintained to develop
processes, equipment and instrumentation for the tritium plant. The main results of recent
work are described hereinafter.
2. Objectives and Achievements
2.1 Development of Tritium Measurement Instruments
(1) Objectives
This task is intended to provide experience and demonstration of the operation of a simulated
ITER fuel cycle including plasma exhaust processing and cryogenic isotope separation and
ZrCo based storage system, with real-time measurement systems composed of remote laser
Raman analysis, micro gas chromatographs and other instruments. Particular interest is
focused on the behaviour of ZrCo storage beds for rapid supply, recovery, and accountancy
of the fuel to/from ITER-FEAT tokamak.
(2) Achievement up to May 2000
The following results have been obtained.
(i)

(ii)

(iii)
(iv)

For the rapid recovery, ZrCo beds could store almost full capacity of hydrogen gases
within a few minutes without any difficulty even though the temperature of the ZrCo
hydride itself was increased by hydrogenation.
For the rapid supply, the storage beds are heated at operational temperature while
tritium supply requires additional heat for dehydrogenation. The test beds do not have
enough heating power to meet the full supply requirement (200 Pa.m3/s) with one
bed. A supply of nearly 20 Pa.m3/s was demonstrated for one bed.
For rapid accountancy, using in-bed gas flow calorimetry, accuracies of ± 1.5 %
within 24 hours, and ± 3.5 % within 12 hours were obtained.
A relatively strong isotopic effect of the hydride beds was observed that manifested
itself in a wide variation in isotopic composition of the evolving mixed hydrogen
species during unloading of beds. This is an important effect that is under further
study.

(3) Implications for ITER Design
ZrCo beds are being used in the design of the ITER T-Plant for the storage and delivery
system. Rapid recovery and supply is essential for inventory and cost minimisation.
The above R&D results show that rapid recovery of tritium using hydride beds is feasible for
ITER. However, for rapid supply the observed speed is not yet sufficient. Heat transfer to
the ZrCo hydride powder needs considerable improvement.
(4) Programme up to July 2001
Work on rapid recovery, and especially rapid delivery are being continued, the latter aiming
at improving the capacity of heaters and their thermal coupling to the ZrCo powder. The
isotopic effect is also being further quantified.
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2.2 Development of Decontamination Technique for Highly Tritium Contaminated
Wastes
(1) Objectives
Establishment of effective techniques to remove tritium from selected highly contaminated
tritium processing components and optimisation of tritium decontamination processes.
Investigation of tritium re-deposition (identification of tritium compound formation and rate
constant, re-deposition rate of different tritiated species, etc).
(2) Achievement up to May 2000
Establishment of effective techniques to remove tritium
Using samples of artificially produced co-deposited layers UV light exposure released large
quantities of hydrogen, carbon and hydrocarbons without production of tritiated water. It is
concluded that the combination of heating and UV irradiation is an effective way to
decontaminate tritium from the surface of co-deposited materials.
Investigation of various decontamination methods
Various decontamination methods such as purging with three different moisture
concentrations, UV irradiation, oxygen baking and oxygen RF-plasma exposure have been
investigated. It was found that UV irradiation is the most effective, although not by a very
large margin as compared with dry nitrogen purging, of the methods used in this study. On
the other hand, oxygen RF-plasma exposure removes tritium from 2-dimensional CFCsamples ten times more effectively than oxygen baking at the same oxygen pressure.
Investigation of tritium re-deposition:
To identify the reaction products and process in the reaction of T2-CO 1:1 mixed system,
infrared adsorption spectroscopy was applied. Spectral measurements of the reaction
products showed the reaction products to be aldehydes (RCTO), alcohols (ROT) and
carboxylic acids (RCOOT) in solid phase and tritiated water and methane in gas phase.
Tritium accumulated in the condensed reaction products and was estimated to move into the
condensed phase from the gas phase at about 5% per day.
(3) Implications for ITER Design
Effective techniques for the removal of tritium from FW components are a pre-requisite for
successful ITER operations. Hence this work, that has started on artificial samples, will be
widened to include materials from tokamak vacuum vessels. In case the techniques prove
effective, they should be developed for the specific use in ITER.
Dry decontamination methods, that avoid the generation of tritiated water, are planned to be
used in ITER on components that have been contaminated with tritium. These include not
only exchanged parts and components from the tritium plant, but also remote handling
equipment, etc. The methods that have been investigated are rather straightforward and
simple and achieve surface decontamination factors of an order of magnitude. The results
have shown the importance of smooth surfaces to minimise contamination. This is of
particular importance for components of remote maintenance equipment that require handson maintenance.
Experiments of tritium re-deposition showed the occurrence of solid, tritiated products. The
results indicate that the removal of tritium from mixed hydrogen/carbon layers, using
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oxidation could have a severe drawback by depositing tritiated solid material along the
extraction lines. It is clear, therefore, that this phenomenon should be fully understood before
any co-deposit layer removal by oxidation should be applied in ITER.
(4) Programme up to July 2001
Actual tiles used in a tokamak will be exposed to the UV laser. Further parametric tests on
decontamination of artificial co-deposited layers will be performed using UV laser, oxygen
baking and oxygen RF-plasma exposure.
Some materials including elastomer O-rings, CFRP (carbon fibre reinforced plastic),
electrical cables, optical fibre and lubrication grease will be used in tritium decontamination
experiments.
The reaction mechanisms of the T2O-CO2 1:1 system will be further investigated.
2.3.3 Tritium Plant Safety Enhancements
(1) Objectives
This scope aimed at tritium inventory reduction in key systems, the development of advanced
tritium measurement systems and monitors and reduction of tritium in waste materials.
(2) Summary of the Current R&D Status
Development of a plasma exhaust processing system for all tokamak off-gases has focussed
on a catalytic gas phase process. The required high decontamination factors (DF's) of the
three process steps (front end permeator, main impurity processing loop, and final polishing
step) were determined individually and it was demonstrated that the overall DF of 10
specified by ITER can be achieved. In addition the first two process steps, that is the frontend permeator and catalytic impurity processing, have been investigated on semi-technical
scale with tritium. In another series of tests, detritiation factors achievable by isotopic
swamping in a batch type mode process were measured as well as in a counter current mode
using a combined permeator/catalyst component.
(3) Implications for ITER Design
The exhaust system tested with the counter current polishing step is now the ITER reference
system and the basis for the ongoing detailed design. The results of the testing are therefore
in full applicable.
2.4 Isotope Separation Development
(1) Objectives
The goal of this task was the evaluation of a range of improvements to reduce the 1SS
inventory.
(2) Achievement up to 2000
Characterisation of cryogenic distillation packings for ISS was completed. This work
included determination of HETP (Height of Theoretical Equivalent Plate) for candidate
packing materials, and of maximum throughputs attainable before the onset of flooding
conditions.
(3) Implications for ITER Design
The obtained ISS data, due to the specific configurations used, may not be fully applicable to
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the re-designed ISS for ITER FEAT.
2.5 Long Term Integration Test of Tokamak Exhaust Processing System
(1) Objectives
Development of reliable processes and components for tokamak exhaust processing.
(2) Achievement up to 2000
The test facility upgrade, which involves the addition of a technical scale counter current
isotopic exchange reactor in a separate glovebox, has been completed. The facility is fully
commissioned for tritium experiments. A new catalyst has been developed for the isotope
exchange component. In addition to these activities in the tritium laboratory in Karlsruhe, a
counter current isotope exchange reactor unit has been supplied to the Active Gas Handling
Plant at JET which will permit cross-checking of results.
For the dynamic response tests of cryogenic distillation columns, the modification of an
existing test column at Ontario Hydro Technologies is well advanced and the test programme
has been agreed.
(3) Implications for ITER Design
The upgraded facility is expected to deliver the final process data for the detailed design of
the exhaust processing system. That design effort is now underway. The ISS for ITER FEAT
will be operated predominantly in a dynamic mode. The results of the dynamic tests are
therefore fundamental for demonstrating the feasibility of this approach as well as for the
selection of the control configuration.
(4) Programme up to July 2001
Testing of the exhaust processing system will be carried out over the full range of parameters.
The ISS dynamic test programme will be started imminently and should be completed by end
2000.
2.6 Development of Process Analytical Techniques
(1) Objectives
Development for the ITER tritium plant of a range of analytic instruments to support the TPlant operations
(2) Achievement up to 2000
A laser Raman spectrometer has been tested and shown high sensitivity. Tritium monitors
based on gas and solid scintillation principles have been fabricated for installation in tritium
handling facilities for performance evaluation under conditions relevant to ITER applications
over extended periods.
(3) Implications for ITER Design
Following successful testing, the above instruments will be adopted for analysis and
monitoring function in the ITER tritium plant.
2.7 Development of Methods for Ex-situ Recovery of Tritium from Plasma Facing
Components
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(1) Objectives
Investigation of a range of techniques to promote the release of tritium from graphite and
CFC tiles, and tritium assay of the detritiated samples to quantify the residual tritium levels.
(2) Achievement up to 2000
Depth profiles of the tritium concentration in a total of-250 samples have been determined.
Data obtained on the JET tiles showed that the in-vessel tritium inventory is mainly within
co-deposited layers near the divertor region, whereas the amount of tritium stored on tiles
throughout the remaining volume of the machine is a relatively small percentage of the total.
(3) Implications for ITER Design
The results of the work conducted by both the EU and the JA HT are expected to be
fundamental in deciding on the final strategy for recovery of tritium from co-deposited layers
in the ITER machine.
2.8 Tritium Recovery from Solid Wastes
(1) Objectives
Development of techniques to verify, on a technical scale, decontamination factors achieved
in screening experiments and to quantify residual tritium concentrations.
(2) Achievement up to 2000
A strategy for the routine regeneration of molecular sieve beds used for atmosphere
detritiation systems, with beds containing a total of several tonnes of molecular sieve material
have been processed and returned to service.
Tritium components removed from test rigs during maintenance operations are being
categorised according to size, weight, material, and tritium concentration and stored prior to
detritiation (where appropriate) and disposal.
(3) Implications for ITER Design
The data obtained in this task will be directly applicable to defining ITER waste management
strategies.
2.9 Characterisation of ZrCo Metal Hydrides
(1) Objectives
This work is of particular importance for the defining the operation conditions of the hydride
beds.
(2) Achievement up to May 2000
It has been demonstrated that disproportionation of ZrCo can be avoided by choice of
suitable operating parameter combinations. A significant result of this is the need to use
pumping to deliver tritium from the beds to avoid simultaneous exposure of the hydrided
material to high temperature and pressure. In addition it has been demonstrated that if
disproportionation should occur, the intermetallic compound can be reproportionated at
temperatures of around 600C, which are compatible with the mechanical design of the bed
and its containment system. Investigation of time evolution of gas composition during
delivery of gases of mixed isotopes is under way for the compositions 50/50 and 10/90 DT,
as a basis for design of the ITER storage and delivery system.
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3.10 Power Supply R&D Progress Summary
1.

Introduction

The purpose of the R&D performed on Power Supplies for the "1998 ITER", during the
EDA, is reported in Section 2. The results obtained so far are reported in Sections 3 and 4.
The assessment of the results and their comparison with the original R&D goals and with the
ITER-FEAT specifications, respectively, is done in Section 5. Finally, the additional
achievements, expected by July 2001, are reported in Section 6.

2.

Background Information

The ITER coil power supply systems are provided with switching networks and discharge
circuits the main purpose of which is to initiate plasma current, and to discharge the energy
stored in the coils when a quench is detected. For both applications DC circuit breakers rated
normally at 45-60 kA steady-state current and 10-15 kV voltage are required to commutate
current from the inductive (coil) circuits to discharge resistors. In addition, make switches
with similar ratings are used, in the switching networks, to reduce the resistance and, hence,
to control the loop voltage during the plasma initiation phase, and for protection of the power
supply components.
DC switches with the required characteristics could not be found on the market since the
combination of high DC currents and high voltages is not normally encountered in industrial
applications. Also in industrial applications the operating time is not of great concern.
Therefore, an R&D programme has been established with the overall aim to demonstrate
feasibility of the DC switches with the parameters required for ITER application. In
particular, prototypes of the following commutating devices had to be developed,
manufactured and tested:
•
Current Commutating Units (CCUs) for multiple operation in the Switching Network
Units (SNUs) and the Fast Discharge Units (FDUs);
The CCU is normally composed of a bypass switch, which carries the steady-state
current, and a DC circuit breaker rated at pulse operation but able to interrupt the
current and transfer it to a discharge resistor with the help of a counterpulse capacitor.
Explosively actuated circuit breakers (pyrobreakers) to be used as back-up circuit
breakers in the FDUs;
•
Multiaction Make Switch;
•
Explosively Actuated Make Switch to be used for protection, in case of component
failures.
The task to the EU Home Team (T333E) included the development of a mechanical bypass
switch (BPS) and of a vacuum circuit breaker (VCB) to be connected in parallel. The current
commutation from the first to the second switch is due to the arc voltage. Both switches are
based on industrial prototypes with lower current and/or voltage ratings.
The RF Home Team, in the framework of the R&D Task D334R, was assigned to develop
and investigate the following switches:
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- a multi-action mechanical bypass switch with arcless commutation to be used in a CCU
together with a thyristor circuit breaker;
- pyrobreakers rated at 60 kA and 170 kA (for the CS power supply system, not relevant for
ITER-FEAT);
- an explosively actuated make switch;
- a fast make switch.
It was anticipated that this work would be done on the basis of the large experience in the
field of high current commutating devices available at the Efremov Institute (RF).
A description of the main results of the R&D activities obtained to date is given in the
following sections.

3.

EU Home Team Task

3.1

Development and Testing of the Mechanical Bypass Switch with Arc Commutation
(60 kA)

This switch is foreseen as the bypass switch able to carry the steady-state current in the
discharge circuits. The Mechanical Bypass Switch has been developed from an industrial
high current, low voltage switch (~ 2 kV) produced by Ritter (Germany). The necessary
improvement of its high voltage withstand capability was obtained by increasing the open
contact, clearance and creepage distances. The decrease in the operating time (from 0.5 s to
0.25 s) was achieved by modifying the driving system.
The performance of the switch was first characterized with factory and laboratory tests in
1998. After this cycle of tests some minor modifications were made to improve its
performance. A second test cycle was made at JET in the autumn of 1999: 1000 pulses were
performed with current commutation (at 66 kA) to the parallel vacuum circuit breaker.
The Mechanical Bypass Switch passed the life tests without any remarkable problem. Minor
improvements were identified and agreed with the supplier.

3.2

Development and Testing of the Vacuum Circuit Breaker (60 kA)

This switch is foreseen as the circuit breaker able to commutate the current in the discharge
circuits. The Vacuum Circuit Breaker has been developed, by Siemens (Germany), from a
device used initially for industrial AC applications and then modified for use in fusion
laboratories to divert DC currents up to 50 kA. For the ITER application, the diameter of the
electrodes has been increased from 100 to 125 mm and the vacuum chamber inner diameter
(screen) increased from 154 to 174 mm. Each vacuum circuit breaker contains two bottles
connected in series to increase reliability.
The performance of the switch was first characterized with factory and laboratory tests (RFX,
Padova) in 1998. Among other tests, 1600 pulses with current commutation at 66 kA were
performed successfully. However it is worth noting that the expected I2t = 8.7x109 A2s had to
be reduced to 2.3x109 A2s to achieve successful current commutation: the I2t capability drops
dramatically with the current increase.
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4.

RF Home Team

4.1

Development and Testing of the Mechanical Bypass Switch with Arcless
Commutation (60 kA)

This switch is foreseen as the bypass switch able to carry the steady state current in the
switching networks. The Mechanical Bypass Switch (MBS) with arcless commutation is
connected in parallel with fast thyristors that act as circuit breakers. The MBS consists in
reality of two switches connected in series: the first two opening contacts commutate the
current to two fast thyristors, they limit the arc voltage and therefore the erosion to the
electrodes. The second two opening contacts open without current and sustain the high
voltage.
Several steps have been made in the development. Firstly a 40 kA prototype was built and
tested successfully. The experience gained allowed the construction of a second 60 kA
switch. All planned tests have been performed: minor modifications have been made in steps
to improve further the performance. Among other tests, 2000 pulses with current
commutation at 66 kA were performed successfully; moreover 7000 switching operation
(open, close) were done without current.

4.2

Development and Testing of the Pyrobreaker (60 kA)

This switch is foreseen as back-up circuit breaker in the discharge circuits. It is a very
reliable, single action, component triggered with a pyrocharge. It consists of two parts, each
triggered with separate explosive charges: a multigap pyrobreaker able to interrupt the current
and a disconnector able to withstand the high voltage. Their development is based on the
large experience existing at the Efremov Institute in this field.
All planned tests have been performed: minor modifications have been made in steps to
improve further the performance. Finally, 30 pulses with current commutation at 66 kA were
performed successfully.

4.3

Development and Testing of the Fast Make Switch (60 kA)

This switch is foreseen as the make switch able to carry the steady state current in the
switching networks and for protection of the power supply components. It consists of two
parts: the first is an industrial triggered vacuum spark gap with a turn-on time of less than
10 (is, and the second is a mechanical make switch able to close under relatively low voltage
(~ 1 kV).
Several steps have been made in the development. Firstly a 40 kA prototype was built and
tested successfully. The experience gained allowed the construction of a second 60 kA
switch. All planned tests have been performed: minor modifications have been made in steps
to improve further the performance. Among others, 2000 make (close) operations with
current at 66 kA were performed successfully; moreover 7000 switching operation (open,
close) were done without current.
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Development and Testing of the Explosely Actuated Make Switch (60 kA)

This switch is foreseen for protection of the power supply components. This Make Switch
was based on a prototype developed for a non-ITER application and improved to include
water-cooled channels which allow an increased steady-state current capability up to 60 kA.
All planned tests have been performed: minor modifications have been made in steps to
improve further the performance. At the end, 30 make (close) operations with current at
66 kA were performed successfully.

5.

Assessment

The R&D goals, defined during the early phase of EDA, included the interruption of 170 kA,
the current in the layer wound CS. The only reasonable solution for the multi-action switches
was their parallel connection. Tests were foreseen but delayed and the decision to abandon
the layer wound design allowed the cancellation of these tests. A 170 kA pyrobreaker was
designed: it consisted of two parts, the first was successfully tested in 1998; later also this
development was abandoned.
All other goals were achieved and therefore this R&D programme could be considered
completed. However, the design of the toroidal field coils has been modified and the nominal
current increased to 68 kA. In the past the commutation current of the switches (66 kA) has
been considered 10% higher that the coil current (60 kA). If the same approach is maintained
the new commutation current of the switches should be 75 kA.

6.

Additional Achievements expected by July 2001

New R&D Tasks were agreed with both EU and FR Home Teams in 1999. During the Task
Review Meeting, Garching, March 2000, it has been agreed, with both Home Teams, to test
the switches already developed at higher currents, aiming to 75 kA. The results will allow the
assessment of the margins.
Moreover, the complete operation of the current commutation circuit has been included in
both the EU and RF Tasks already agreed. The current will initially flow in the Mechanical
Bypass Switch, then it will be commutated to the circuit breaker (either the vacuum circuit
breaker or the thyristors) and finally to the resistor. In this way all components will be tested
in real conditions: in particular the real recovery voltage will be applied to the Mechanical
Bypass Switch.
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3.11 IC H&CD System R&D Progress Summary
1. Objectives
The target of the Ion Cyclotron H&CD R&D program is to validate the IC launcher design
and to demonstrate the launcher component feasibility.
2. Achievement up to May 2000
The R&D program included:
•

The construction of a full scale, single strap ITER prototype antenna including housing,
Faraday Shield and current straps.

•

A program of low power RF tests, including the antenna network analysis and RF B-field
mapping. The purpose is the electrical characterisation of the IC antenna, the comparison
of the current/voltage distributions against the one predicted by the models, and the
measurement of the RF E-fields, to identify field concentration and to optimise the
components geometry.

•

A program of High Voltage with the purpose of assessing the voltage stand-off of the
geometry of the prototype

•

The development of the essential matching system components:
dl) - the vacuum pre-tuner
d2) - the vacuum window
d3) - the VTL all metal support.

Point a), b), c) and d3) of the program have been performed on time before July 1997.
Point dl) and d2) of the program are being executed and expected to be completed before
July 2001.
a) Construction of the Prototype
The ITER IC antenna prototype is shown in Fig 2.1.
Details of the construction are to be found in R&D Task ITER/US/98/IV-RF-01 (T361 US)
final report.
bl) Vectorial Network Analysis Measurements
The vectorial network analysis measurements include:
a) Time Domain Reflectometry (TDR) impedance plot of the assembled antenna Vs
electrical length with and without vacuum feed through.
b) the module of the reflection coefficient in the frequency range of perfect match and a
Smith chart representation of the antenna complex impedance
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c) An electrical model of the structure having the purpose of assessing the parameters of a
transmission line antenna model used in the following to interpret the antenna electric
measurements.
d) Parameters scan to optimise the position of the feeder tap.

Figure 2.1 ITER IC Antenna Prototype

b2) Magnetic Field Measurements
3D magnetic field scans of the oscillating magnetic field have been performed using an
automated scanning device. 2D magnetic field scans for all B components have been
obtained at a distance of 45 mm from the Faraday Shield. Data are available with and without
Faraday Shield.
The comparison between measured and calculated values (with the method outlined above)
shows a position for the antenna septum two centimetres in front of the current strap rather
than 4-cm behind (actual geometrical position). With this corrections the decay of the field
components are in good agreement with the computed ones.
The B-field measurements are also in agreement with a 3D magneto static model of the
current strap, including the box and the FS, performed with the ARGUS code.
These measurement indicate that the electrical modelling of the antenna is correct and give
confidence to the models of plasma loaded antenna

cl) Power Tests
The power tests were performed in vacuum conditions in the RFTF (ORNL) device, using a
power source tunable from 40 to 80 MW MHz and capable of an output power up to 1 MW.
As foreseen in the program, the vacuum tuners, ceramic feed-through and all-metal supports
(expected to be delivered to ORNL by EU and JA HT for Phase 2), were substituted by
temporary equipment.
After bake-out of the antenna at 200 °C and conditioning procedures high power tests were
carried out reaching standoff voltage of 60 kV for 1 sec were obtained. There is evidence that
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this limit is not due to the antenna itself but to de-gassing of the (temporary) ceramic feed
through.
The power tests provide indications on the behaviour of the ITER operation of the IC
antenna. A 60 kV stand-off in vacuum provides a strong indication for a reliable operation on
plasma up to 45 kV, which is the upper limit of ITER IC antenna operation.
d3) Development of an All-metal Vacuum Transmission Line Support.
The purpose of the development was to provide the IC Array vacuum transmission (VTL)
line with one or more all-metal mechanical support (AMS).
The development of a full scale prototype of Vacuum Transmission Line including two AMS
is described and specified in the final report of the technical annex of R&D Task G 51 TT 05
96-01-05 FJ (T238.1). The VTL length was optimized so as to minimize the overall input
VSWR in the band 40-70 MHz, with a minimum at 60 MHz, when loaded by a 30 _ load.
A program of a) low and b) high power tests was executed on individual support(s) and on
the overall assembly, to demonstrate VSWR performances over the frequency range and
voltage stand off performances.
a) Low power tests:
Determine optimum length of coaxial between two supports with network analysis
Frequency:
40 - 70 MHz
Interval of length analyzed:
Imals2.5m
Step: 0.25 (0.125 around the optimum length):
VSWR <2
b) High power tests:
Determine max. operating voltage in the following conditions:
Output power of the generator:
~ 100 kW
Frequency
60 MHz
Pulse length
s 5 sec
Target max
a 40 kV
2. Fabrication
Full size mock-ups of AMS were designed with dimension based on the low power
measurements and on the mechanical analysis presented in R&D Task G 51 TT 05 96-01-05
FJ(T238.1).
The support has comparatively small dimensions: 370 mm in width, 280 mm in length,
and 520 mm in height and weights ~ 80 kg. The design requires vacuum capability; low RF
losses and high voltage stand off. All the parts of the AMS are welded and a standard
vacuum flange with metal gasket is used as interface to the coaxial line. Vacuum leakage
was tested with Helium leak detector to < 1.8xlO'9 Torr 1 / sec.
All RF facing surfaces are plated with 20 urn copper to minimise RF losses. Edges are
rounded to at least R=3 mm and smoothly finished for high voltage operation. Detailed
design drawings are available on paper and electronically in Mini Cad format.
An optimised section of VTL including 2 AMS is shown in Figure 2.2
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Fig 2.2 Prototype of Vacuum Transmission Line with All Metal Supports

3. Low Power Tests
Network analysis of two AMSs connected with 30Q coaxial line was performed in the
frequency range 40-85 MHz, to determine and optimise the frequency band of the assembly.
The SI 1 coefficient was measured for various distances between the two AMS (125 mm, 250
mm, two of 500 mm and 1300 mm coaxial lines and combinations of the above were used).
The optimum distance was found to be 1925 mm with a max. VSWR = 2 at ~70 MHz, in
accordance with previous estimates.
4. High Power Tests
High power tests were performed at the frequency of 60 MHz, using a driver stage of a
JAERI RF power source converted from its original frequency range 102 - 131 MHz. A RF
voltage in excess of 40 kV could be applied with - 1 1 0 kW of RF power, by using the
standing wave developed between a stub tuner and a short circuit, with the AMS located at
the voltage maximum and the overall assembly matched to the transmission line impedance.
Directional couplers (calibrated by calorimetric method) were used to measure forward and
reflected power in the high voltage section between the stub and the short circuit. The overall
system was evacuated to — 10"6 Torr with a 150 1/sec turbo molecular pump, whereas the
coaxial components between RF source and the vacuum boundary were filled of SFg gas at
300 kPa. 50/30 Q impedance transformers were used to match the AMS characteristic
impedance (30 Q). Arc light could be detected from the ceramic feed through or through the
AMS. One of the viewing ports was used to measure the temperature of the inner parts of the
AMS using infrared thermometry. Prior to the power test, the vacuum section of the test
circuit was baked at - 100°C for two weeks.
The achieved RF voltage standoff at the AMS was 55 kV for 1 ms, 45.5 kV for 0.1
sec, and 37 kV for 1 sec.
The voltages were not limited by the AMS mock-up but by arcing at a ceramic feed
through for — 1 sec cases, causing gas emission, with a peak vacuum pressure >1 x 10~5 Torr
in -1 sec pulse, against a base pressure of 2.5 x 10"6 Torr. The position of the feed through
was set near the peak of the standing wave in order to avoid multi-pactor discharges.
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The voltage was limited by the RF generator capability in short pulse conditions. In the
55-kV/l ms case, the generator output power (110 kW) was the limiting factor.
The stand-off test should be compared with the nominal operating voltage of the VTL:
11 kV. It is clear that the support is expected to reliably operate in ITER.
5. Additional Achievement Expected by July 2001
1. The EU Home Team is developing a Vacuum Pre-tuner under an R&D agreement lasting
on May 2001. A call for tender specification has been issued and tender-related
formalities are being implemented. A high power test program is foreseen in the Task
Agreement.
2. A new vacuum window design of the vacuum window will be performed, to suit the new
ITER-FEAT requirements. Results will be available in May 2001.
3. Modelling activity and mock-up development will take place in order to assess the
performances of the multi-segment IC antenna proposed for ITER-FEAT. Results will be
available on May 2001
In addition, it is noted that a proposal for the construction of an ITER-like antenna has
received phase 1 approval within the program of JET upgrades to be implemented starting on
2004. A detailed engineering design is being prepared for the final (phase 2) approval.
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3.12 EC H&CD System R&D Progress Summary
1. Objectives
The overall objective of the EC H&CD System R&D is to provide a 170 GHz, 1 MW, CW
(test performed in 10 sec), high efficiency (50%) and reliable gyrotrons and windows reliably
withstanding to a pressure of 0.2 MPa in case of in-vessel LOCA. (Possible improvement of
output power of 2MW/tube and frequency tunability)
2. Achievement up to May 2000
1. R&D of a window
1) A fabrication of a CVD diamond window has been established. A CVD diamond disc has
high thermal conductivity (2000 W/mK) and low tanS (2-4 x 10"5 at 145 GHz). Because
of this, 1 MW steady state RF window is now available.
2) A high pressure test proved that a diamond disc whose diameter of 70 mm and thickness
of 2.25 mm could withstand to pressure of 1 MPa, which is much higher than the expected
maximum internal pressure of 0.2 MPa in the vacuum vessel.
3) A diamond disc irradiated by neutrons up to fluence of 10 ' n/m shows no degradation of
dielectric loss (3 x 10"5 at 145 GHz) at operation temperature of 100°C and no change of
mechanical strength (Ultimate bending stress of about 400 MPa) except thermal
conductivity (~50%reduction). The location of the window will be located at the fluence
of 1020 n/m 2 , where the reduction of thermal conductivity is negligible (~6%reduction).
2. R&D of a gyrotron
1) The maximum output power obtained until now in 170 GHz is as follows; 1 MW, 1 sec
(RF) limited by a window. Improvement is under investigation. 0.5 MW, 8 sec (JA)
limited by unnecessary RF mode in a tube. Improvement has been done. Test will start
soon again.
2) A high efficiency of 50 % was demonstrated by a 110 GHz gyrotron with collector
potential depression (CPD) and the same improvement is applying to the present 170 GHz,
1 MW gyrotorons.
3) Maximum output power of 2.2 MW for 1 ms (at 1.2 MW up to 15 ms limited by the DC
power supply) at 165 GHz was accomplished by a coaxial cavity gyrotron (EU). The high
power generation capability, step tunability (134—170 GHz) and high efficiency of about
50% with a single depressed collector of the coaxial cavity gyrotron were proved
(Fig.3.12-3).
3. Additional Achievement Expected by July 2001
1) Output power of a gyrotron and transmission power of a diamond window: 1 MW,
10 sec at 170 GHz. (The operation condition becomes quasi-steady state in 10 second.)
2) Output power of a coaxial cavity gyrotron: 1.5 MW, 0.1 sec at 165 GHz.
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10 atm. Resistive Diamond Window (Fig. 2-1)
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3.13 NB H&CD System R&D Progress Summary
1. Objective
There are two key R&D's: the development of the ion source and the accelerator. The
objectives are as follows:
For the ion source R&D,
• Long pulse (~ 1,000 s) operation of the source with high D" ion current density
(extracted current a 200 A/m2) at low operating pressure (< 0.3 Pa).
For the accelerator R&D,
•

•

Acceleration of high current negative ions (~ 0.1 A D", at > 200 A/m2, or ~ 0.5 A H"
at > 280 A/m2) up to 1 MeV, with the ITER relevant beam optics of 3 - 5 mrad
divergence.
Demonstration of the 1 MeV ITER relevant beam for 100 - 1,000 shots of > 2 s.

The design change in ITER-FEAT is an adaptation of Vacuum Insulated Beam Source
(VIBS), instead of Gas Insulated one. The VIBS bushing is the interface between the
insulation gas (transmission line) and the ITER primary vacuum (around the beam source),
instead of gas to gas interface in GIBS. The objective of this R&D is the development and
validation testing of key technologies.

2. Achievement up to May 2000
2.1 Negative Ion Source
The KAMABOKO source (Fig. 2.1) R&D, which is a prototype of the ITER ion source, is
being carried out by collaboration between the EU and the JA Home Teams. The source
achieved the H" ion current density of 300 A/m2 at the pressure of 0.25 Pa at JAERI in
1995, and the D" current density of 200 A/m2 at 0.35 Pa at CEA Cadarache in 1996 (Fig.
2.2). However, both experiments were in the short pulses.
The key issue for long pulse operation is to maintain the temperature of the plasma grid, the
grid illuminated by the source plasma, at an optimum (~ 300°C) temperature for the long
pulses to maximize the negative ion production on the Cs coated grid surface. Long pulse
operation has identified all the "weaknesses" of the source and also of the test bed, and
some major modifications have been required. At present the ion source was operated
reliably for 1,000 s at the design parameters: 1,000 s pulses in H" were achieved in 1999.
However the current density is still modest (100 A/m H").

2.2 1 MeV Accelerator
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1. H" ions (25 mA) were successfully accelerated with the MultiAperture, MultiGrid
(MAMuG) accelerator up to 1 MeV by the JA Home Team in late 1997. The R&D is now
aiming at beam acceleration of higher current. So far 180 mA H" ion beams were
accelerated reliably up to 900 keV. The ITER relevant optics has been confirmed at the
energy level of 700 keV.
2. The SINGAP (SINGle APerture SINgle GAP) accelerator of the EU HT has accomplished
acceleration of 860 keV, 43 mA H" ion beams with the ITER relevant beam optics
properties by 1997. Further, the EU HT has tested acceleration of D" ions and succeeded
to produce 630 keV, 106 mA D" ion beams. The small divergence angle of ITER relevant
level is also confirmed in the experiment.
2.3 High Voltage Bushing
1. Two bushings are being developed: One is for VIBS bushing (mainly for SINGAP at
present) and the other is to isolate the transmission line from the power supply. Insulation
material of the VIBS bushing is ceramic or porcelain due to the foreseen radiation
environment. In order to hold the voltage in vacuum (inner surface of the bushing) several
insulator rings are piled up to form an insulator stack with the centre conductor at 1 MV.
The R&D is in progress at CEA Cadarache (EU).
2. An electrostatic design has shown that a prototype of slightly smaller dimensions than
required for the ITER-FEAT can be built. This component will fit in the available space
on the SINGAP test bed (Fig. 2.3). An insulator ring used in the prototype bushing is
shown in Fig. 2.4, its height is 94 mm, and in its first tests the highest voltage held without
breakdowns was 300 kV. Only 111 kV are required for the SINGAP experiment and the
ITER-FEAT design.
3. For the HV bushing to be placed between transmission line and HD deck the JA HT
developed a one piece, dish shaped, insulator with many metal conductors penetrating
through the insulator. Silicon impregnated epoxy resin is used, since low radiation is
foreseen on it. The insulation gas is present on both sides of the bushing; therefore
relatively high electric field on the surface is acceptable. Fig. 2.5 shows the mockup
bushing. Its diameter is 90% of the one required for ITER. The mockup bushing was
tested up to 900 kV without breakdown for >l,000 s, with SF6 gas at 3.5 Bar (Fig. 2.6).
The achievement of 900 kV by the 90 % reduced mockup is directly applicable to 1 MV
required for the full scale bushing.
3. Additional Achievement Expected by July 2001
1. To test the KAMABOKO source with Deuterium, the test bed control system has been
modified for remote control: 1,000 s D" operation is the target of this experiment.
2. The following is expected from the R&D on the accelerator:
• Increase of the beam current up to 0.5 A (280 A/m2 H") by MAMuG and 0.1 A (200
A/m2 D") by SINGAP at 1 MeV,
• Increase the pulse length of the beam up to > 2 s,
• Demonstration of about 100-1,000 pulses, with the 1 MeV beam at the prescribed
current, current density and pulse length.
3. Development of brazing technology of ceramic/porcelain to joint metal flanges.
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4. Other R&D Activity
4.1 The JT-60U Negative Ion Source
The negative ion source of JT-60U neutral beam injectors has semi-cylindrical
"KAMABOKO" shape with its dimensions of 1.22 m long and 0.64 m in diameter, which is
similar to the source designed for the ITER NB system (1.6 m long and 0.9 m in diameter).
The JT-60U source has been expected to achieve rated current (22 A) with the current density
~ 130 A/m2 and the pressure < 0.3 Pa. However, the status of the JT-60U source is still 85
A/m2 for D" ions (110 A/m2 for H") at 0.22 Pa, this is 65% of the rated value.
A recent measurement of the JT-60U beam profile near the accelerator exit revealed a low
beam output from the top and bottom part of the grid. The reason for this is considered to be
the non-uniform plasma production in the ion source. For production of uniform plasma
inside the source the filament power supply was modified in JT-60U so as to control each
filament group.
4.2 Radio Frequency Source
IPP Garching has investigated several versions of the negative ion sources driven by radio
frequency (rf): The latest one is called as "Type VI". This rf source has achieved so far the
H" current density of 200 A/m2 at 0.7 Pa as the lowest pressure. It is observed that the
presence of Ar gas in the discharge (20% of the H2 pressure) increases the H" ion current
density, more than the Cs effect with the plasma grid at the optimum temperature.
4.3 Plasma Neutralizer
The RF Home Team has already reached the design targets of the existing plasma neutralizer,
PNX-U (Table 4.1). From the latest results of the plasma neutralizer experiment, the
following improvements can be expected if the plasma neutralizer is adapted to the ITER NB
injector with minor changes of the design:
• The injection power could be increased to 22.3 MW/injector due to the higher
neutralization efficiency (80% instead of 60% expected with the conventional gas
neutralizer of the reference design).
• The gas flow from the plasma neutralizer could be reduced by a factor 3-5. This is an
advantage in the case of continuous operation.
However, the extrapolation from the present results to the plasma neutralizer for ITER NB is
large, see Table 4.1. Moreover the plasma neutralizer will add significant complexity to the
injector and possible reduction of reliability. Design effort is in progress on the PNX-SU
(Super Upgrade), as a good intermediate stage between the PNX-U and the PN-ITER.

Chapter 3.13 NB H&CD

Ch.3.13-3
141

TAC-16_Progress Report-R&D
Table 4.1

25-27 June, 2000
Summary of the PNX-U achievement
PNX-U
Design

Achieved
Axial length, 1 (m)
Volume, V (m3)
Line density, nl
(x 1018 ne/m3)
Ionization degree
rf power, Prf(kW)
rf frequency,
(GHz)
Conductor type
Magnetic field, (T)

2.5
0.5
1.8
(Ar plasma)

1.4

0.25
50x2
7 (Klystron)

PNX-SU

PN ITER

s2
-1.5
5

3
10
7

0.3
>0.3
50
500
7 (Klystron)
24 (Gyrotron)
+ 24 (Gyrotron)
Super conducting (NbTi)
1

Normal conducting (Cu)
0.36
0.5

SO

c
a>
Q

40

£E

30

r

20

II

0

Fig. 2-1 KAMABOKO source as a
prototype of the ITER negative ion source.
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Fig. 2-3 A 1 MV Ceramic SINGAP Bushing
- Prototype for ITER NBI.
Fig. 2-4 A porcelain insulator ring used in
Left: original epoxy bushing with present 9
the prototype bushing
stage, Right: section of prototype
(CELAREP c 120).
insulator/screen assembly.

Fig. 2.5 Mockup of the HV bushing II.
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Fig. 2-6 Test facility for the mockup
bushing, located between two SF6 tanks.
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3.14 Diagnostics R&D Progress Summary
1. Objectives
The diagnostic R&D programme has two major components: (a) irradiation tests on some
prototype diagnostic components and on candidate materials that could be used in diagnostic
construction; and (b) development of new diagnostic components where the performance of
existing ones is not adequate. The overall goal is to provide the data necessary for the design
and construction of the individual diagnostic systems that will be used on ITER. To satisfy
some of the measurement needs, developments in diagnostic physics, and development of
some new diagnostic techniques, are required. These developments are carried out through
the voluntary physics arrangements under the direction of the ITER Physics Committee.

2. Progress Up To May 2000
2.1 Irradiation Tests on Materials and Components for Diagnostic Construction
Many existing diagnostics techniques for magnetic fusion experimental facilities especially
tokamaks can be applied to ITER with some modification. However, irradiation effects,
which are not important in the present facilities, can be a critical issue in applications on
ITER. A substantial component of R&D on diagnostics has therefore been devoted to the
study of irradiation effects on key components. The selection or improvements of
components have been made on the basis of the results obtained. The radiation levels
experienced by the components depend on the location and the principal effects that have to
be considered depend on the material and the function. In Fig.2-1, examples of typical
locations of key components are shown with life times of these components derived from the
R&D programme. Some results of the irradiation tests are summarised in Table 2-1.
The principal materials and components examined in the irradiation effects programme are
ceramics, insulators, wires and cables, mirrors, windows, optical fibres, and bolometers. The
properties of concern include electrical resistance, dielectric loss, optical absorption and
emission, reflectivity, as well as mechanical and thermal properties. The main results are as
follows.
Ceramics, insulators, and wires/cables. Several diagnostics, for example magnetics, will
have components mounted in the vacuum vessel and these components will use ceramics,
insulators and wires. The influence of irradiation on the electrical properties of candidate
ceramics and insulator materials (AI2O3, Wesgo, and Vitox) is therefore important and has
been extensively investigated. The important physical effects are radiation-induced
conductivity (RIC) and radiation induced electrical degradation (RIED). In the case of invessel cables for low signal levels, the additional problem of radiation induced electromotive
force (RIEMF) must also be considered.
RIC has been studied for many years and an extensive database exists together with a sound
theoretical understanding. The data shows that the effects of RIC can be rendered negligible
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Neutron spectrometer
Diamond delector ~ 5x 10 s
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n

Mirror
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Fig.2-1 Life time of some key diagnostic components at 0.5 MW/m2 or 450 MW. The
fluence of 0.3 MWa/m2 gives 2 x 107 s burn at 450 MW. The life times are mainly limited
by radiation effects except where shown with ( ) .

by careful choice of materials. On the other hand, the mechanism of radiation induced
electrical degradation (RIED) is still not understood, but an extensive database has been
established. The effect has been found to occur only under very precise conditions (typically
electric field > 50 keV/m applied when the temperature is in the range 175±25°C or
600±50°C) and so can be avoided by design. RIEMF is also not presently understood. It has
been observed to occur in experiments in which MI cable and prototype magnetic coils have
been irradiated in test reactors. In general the observed RIEMF is current driven, and the
generated current is in the range of nanoamperes. In the experiments with magnetic coils the
asymmetric component of the induced EMF is of the order of microvolts and appears to be
influenced by several parameters including cable diameter (ratio inner/outer), insulator type
(alumina, magnesia), reactor power level, and cable configuration, although no clear
parametric dependencies have emerged. Since the magnitude of the effect is small it is
difficult to ensure that other effects - for example, thermoelectric effects and grounding
problems - are not causing systematic errors in the measurements. Although the effect is
small it could be significant in some applications, for example magnetic pick-up coils where
long integration times are involved, and so it is important that the experiments are continued
until it is understood.
Mirrors and reflectors. For many diagnostic systems the plasma facing optical element will
be a mirror. The lifetime of these first mirrors is therefore a key parameter. The mirrors will
be subject to intense UV radiation, neutron heating, particle fluxes arising from charge
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exchange atoms (CXA) (typically 2x10 particles/rrr/s with energies up to several keV), and
will be subjected to the deposition of material eroded from the divertor, first wall and shield
structure. Probably the most important effects are the CXA fluxes, which can lead to erosion,
and deposition. Mirrors of several metals (Be, Cu, SS, Mo, Ta, W) with different
microstructure (polycrystal, film, single crystal) have been bombarded for long periods
(sl5hrs) by deuterium ions of energy 0.07 to 1.5 keV and the optical properties of the mirrors
(specular and diffuse reflectivity and planarity) have been measured. The principal
conclusion is that suitably chosen metal film mirrors mounted on a metal substrate can have a
good resistance to the CXA flux. For example, Rh film mirrors of thickness -10 |j.m
mounted on Cu can be used in locations where the CXA flux onto the mirror surface will not
exceed 2-10l8atom/m2s (-1/10 of the CXA flux to the first wall). Moreover, single crystal
molybdenum and tungsten mirrors can maintain good mirror quality even when subject to
CXA flux similar to that at the first wall. On the other hand, even very thin layers (ha lOnm)
of a contaminating film can seriously reduce the reflectivity. Mitigating methods (baffles and
shutters) as well as potential cleaning methods (e.g. low energy discharge cleaning, laser
cleaning) are therefore being investigated in current work.
Windows. The principal properties of concern for diagnostic windows are the radiation
induced absorption, which has an instantaneous and a permanent component, and
radioluminescence. Mechanical damage is not expected to arise because the windows will be
placed in radiation fields well below the values at which mechanical deformations will occur.
Measurements have been performed on several materials including sapphire, and crystalline
and amorphous quartz. The results show that suitable window materials are available for
passive diagnostic systems operating in the wavelength ranges -400 nm to 5 u,m; for
example, the radiation induced absorption and radioluminescence are very low in K.U1
amorphous quartz. Suitable methods exist for bonding these materials to metal and so the
window problem for these diagnostics is essentially solved. At shorter wavelengths (< 400
nm) both effects are enhanced and further work is required to find the optimum window
material. At very short wavelengths (< 200 nm) the absorption is very high even in the
absence of irradiation and direct coupling is necessary. Active diagnostics that employ high
power lasers have a much lower tolerance to absorption since in this case even a very small
absorption (< 5%) can lead to unacceptably high power deposition. Further work is required
to optimise the windows for such systems. At longer wavelengths (>5 urn) there are two
possibilities, ZnSe and diamond. ZnSe is a relatively soft material and a special method of
making metal/window seals with a large diameter of 100 mm is being developed. For
microwave diagnostics, several suitable window materials exist and no problems are
anticipated.
Optical fibres. Because the optical path in the material is much longer, radiation induced
absorption and radioluminescence are even more significant in optical fibres. At high levels
of irradiation mechanical damage (embrittlement) can also occur. A substantial programme
has been performed in which the optical properties of potential fibres have been measured at
relevant radiation levels. The results have shown that optical fibres cannot be used inside the
vacuum vessel. However, the effects are sufficiently low at the radiation levels expected
outside the bioshield that fibres can be used there at visible and longer wavelengths. In the
intermediate region (the cryostat), it is highly desirable and may be possible to use fibres
especially at infrared wavelengths but more work is required to determine the optimum
material and the precise magnitude of the optical properties. A round robin experiment is in
progress to attempt to resolve some discrepancies observed in the different experiments.
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Table 2-1 Results of Irradiation Tests on candidate Materials for Diagnostic Components
Diagnostic
components
Ceramics
(electrical
insulators)
Wires
/Cables

Materials Tested

Accumulated effects

Single crystal sapphire and
polycrystal alumina
(AI2O3)
Ml-cabies: SUS, Inconel
(sheath)/MgO, AI2O3
(insulator)/ Cu, Ni (centre
conductor)

3 dpa in helium gas
(RIED: No catastrophic
degradation)
1.8 dpa
(RIED: No catastrophic
degradation)

Fused Silica/Quartz
(400-1200 nm)

lO"3 dpa
(Transmission; 5% degradation:
8 mm1)

Sapphire
(800-SOOOnm)

0.4 dpa
(Transmission; No degradation:
1 mm')

Optical fibres

Pure silica (core)/F doped
(clad)/Al jacket

10' Gy (under gamma)
(Transmission: 2-2.5 dB/m)

(Visible region)

(RF KS-4V)
Pure silica (core)/F doped
(clad)/Al jacket

]xlO~2dpa
(Transmission: 20 dB/m)

(JA F-doped)
Pure silica (core)/F doped
(clad)/Al jacket

1 dpa
(Transmission: 10 dB/m)

Windows

(Visible region)
(IR region)
Mirrors
/Reflectors

First mirrors:
Metal (Cu, W, Mo, St.St.,
Al)

Dynamic effects
104 Gy/s
(RIC:< IO' 6 S/m)
10 4 Gy/s
(RIC:<10' 6 S/m)
103 Gy/s
(RIEMF: < 10V)
Radioluminescence:
10' photons
/Gy.A.steradian.cm3
at410nm
Radioluminescence:
10 10 photons
/Gy.A.sterarian.cm3
at410nm
Radioluminescence:

Radioluminescence:

40 dpa (Cu) * 1
(Reflectivity: No degradation)
0.1 dpa (Mo)
(Reflectivity: No degradation)

First mirrors for LIDAR:
Single coated (Rh/V, St.St)
Dielectric mirrors:
(HfO2/SiO2, TiO2/SiO2)
LSMs*3: (Mo/Si, W/B4C
and W/C)

< 10' 2 dpa *2
(Flakiirg, Blistering)
< 10"2 dpa
(the shift of the peak reflectivity
to shorter wavelength)
I0" 2 dpa

X- ray crystals: (Ge, Si,
SiO2, Graphite)
*1 Imitation experiment using Cu* ions of 1 or 3 MeV
*2 Partially damaged. Dielectric mirrors are used as second mirrors.
*3 LSM (Layered Synthetic Microstructures): in well-shielded location and temperature control.

Bolometers. The first part of this programme has been to determine the radiation hardness of
existing bolometers and candidate bolometer substrate materials. The JT60 type bolometer
Which utilises a gold absorber on a polyimide substrate was found to be insensitive to gamma
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radiation but the resistivity is expected to change significantly under neutron irradiation. JET
type bolometers use mica as the substrate material and this is expected to be relatively
radiation hard. Tests on mica have been performed in the JMTR and no significant changes
in the physical properties have been observed up to a dose of 10'2 dpa. Bolometers based on
mica may therefore be suitable in ITER for at least the initial years of operation. In a joint
EU/JA investigation, an in-situ irradiation test of a 'JET' type bolometer employing a mica
substrate is planned to start in October 2000. Alternative potentially radiation hard substrate
materials, AI2O3, AIN, CVD diamond, natural diamond, KU1 and Si3N4, are also under
investigation. A new type of bolometer based on the ferroelectric effect has also been
proposed but is not yet under development.
1.2 Development of new diagnostic components and techniques
The principal components developed in this programme are a steady-state magnetic sensor,
enhanced NPA detector, neutron activation with fluid flow, bubble chamber detector,
diamond neutron detectors, and an active optical alignment system.
Steady-state magnetic sensor. For very long pulses, the classical inductive method for
measuring the poloidal magnetic field will become subject to unacceptable systematic errors
arising from integrator drift. A method of measuring static magnetic fields is therefore
required and a promising technique is being developed. A jxB device measures the field by
observing the torque on a current loop (Fig. 2-2). The torque is measured by a balanced load
cell (four strain gauges in a Wheatstone bridge arrangement). The initial work has shown the
basic viability of the technique. Current work is concentrating on establishing the linearity
and sensitivity. Radiation tests are planned.

rotating
"axis

6

Sensing Coil Support (Pivot Mechanism)
Strain Gauge (4 gauges)
Capsule of JMTR

Sensing Coil and Frame

Solenoid Colls and FrameD
for tests

D.
Fig. 2-2. Principle of Operation and Prototype Implementation of the Load Cell Type
Steady State Magnetic Sensor
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Fig. 2-3. Calculated Emissivity Functions for D and T and Typical ITERFEAT Conditions Showing that with the New NPA Detector Measurements of
n<|/nt Should Be Possible for r/a a 0.6.

Enhanced NPA detector. The NPA will be the main diagnostic for measuring the fuelling
ratio, nd/nt. In order to make measurements in the plasma core, it is necessary to measure
particles emitted with energies up to 100 keV (Fig. 2-3), but particle detectors presently
employed in NPAs cannot be used at high energies because of high sensitivity of the
detectors to neutron and gamma radiation. An upgraded NPA detector employing an
accelerator unit is therefore being developed. The accelerator has been designed, constructed
and tested with satisfactory results. The next step is to develop the analyser dispersion
system and to establish its compatibility with the accelerator.
Neutron activation with fluid flow. The neutron activation technique with encapsulated foils
is an established method for measuring the time-integrated global neutron source strength.
By using a flowing fluid it is in principle possible to make time resolved measurements. In
this case water in a flowing loop is exposed to the neutron source in one location and gamma
rays from the decay of I6 N are measured remotely (Fig. 2-4). The technique has the
advantage of requiring very simple hardware near the tokamak. Measurements with an
experimental loop of similar size to that which would be needed on ITER have shown that a
time resolution of 0.05 s can achieved. The delay in the measurement is about 0.9s.
Bubble chamber detector. The measurement of the confined alpha particle population will be
important on ITER and in principle it can be measured by analysing the 'knock-on' tail on
the neutron spectrum. The technique requires a neutron detector with a very sharp energy
threshold and bubble chambers are a good candidate. An initial feasibility assessment has
been carried out with promising results. Water and liquid CO2 are proposed as the
prospective working liquids and it is proposed to using flowing liquid to obtain the required
time resolution.
Diamond detectors for neutron measurements. Diamond detectors are a possible device for
measuring the DT neutron spectrum. They have the advantages of high energy resolution
coupled with small size and high radiation resistance. In principle both natural and synthetic
diamonds can be used. Thus far the performance of the natural diamonds is superior but the
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Fig. 2-4. Schematic of the Experimental Test of the Fluid Flow Activation
Technique and some Initial Results.

synthetic diamonds have the potential advantages of higher availability and more
reproducible performance. In this programme the performance of both natural and synthetic
diamonds is investigated. Radiation induced defects in the diamond could degrade the
performance and current work is concentrated at investigation this possibility in natural
diamonds and exploring possible restoration (e.g. annealing) techniques.
Optical alignment system. The optical paths of ITER diagnostics run through many relay
mirrors, lenses and other optical components which are mounted on different supports. The
supports are will be subjected to differential movements. A prototype active alignment
system suitable for application on ITER is therefore being developed. The system is being
develop specifically for the divertor impurity monitoring system but the techniques and
hardware could potentially be applied to other optical diagnostics.

3. Results Expected By July 2001
The main results expected in these topics by July 2001 are summarised in Table 3.1.
Table 3-1. Main Results in Diagnostic R&D Expected by July 2001
Topic
Ceramics, insulators, wires/cables
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Main results expected by July 2001
Systematic studies of irradiation effects on
ceramics and insulators will be continued
including studies of RIED, RIC, dielectric
properties, mechanical properties, thermal
conductivity and tritium diffusion. For these
effects sufficient data should be available for
component design. Results of a more detailed
investigation of RIEMF in MI cables will be
available.
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Topic
Mirrors and reflectors

Windows

Optical fibres

Bolometers
Steady-state magnetic sensor
Enhanced NPA detector

Neutron activation with fluid flow

Bubble chamber detector
Diamond detectors for neutron measurements

Optical alignment system
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Main results expected by July 2001
Results on the effects of deposited materials,
including the effect on specular and diffuse
reflectivity. Sufficient data should be available
to permit a choice of almost every diagnostic
first mirror.
Data will be available to support the selection
of a window material and mounting method for
every diagnostic.
More precise information on the potential
performance of optical fibres in the
intermediate (cryostat) region. Development
of more radiation resistant fibres.
Data to enable the choice of the bolometer type
for initial ITER operation.
Completion of radiation tests including in-situ
measurements of linearity and sensitivity.
Completion of development of enhanced
detector enabling measurements of neutral
particles up to an energy of 100 keV.
Full characterisation of prototype assembly
including comparison with calculations and
determination of the accuracy of neutron flux
measurements by this method.
Completion of development and evaluation of
prototype flowing fluid device.
Completion of the investigation of the effects
of radiation induced defects and exploration of
possible restoration techniques.
Full evaluation of prototype system for
divertor impurity monitor.
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3.15 Safety related R&D Progress Summary
1. Objectives
Safety related R&D up to the end of 1998 was primarily oriented to understanding safety
issues and investigating ITER related phenomena to obtain the basic data and develop models
and tools for ITER safety assessments. Since 1998, the safety related R&D has the objective
of verification and validation of data, models and computer codes used in the safety
assessments.
Tasks Validating Data used in Safety Assessments:
Objective
Task
Beryllium-steam
Perform Be-steam integral validation testing on first wall mockreaction studies
ups simulating the ITER first wall with a Be protection layer.
Tritium mobilisation
Obtain data for D/T mobilisation from co-deposited carbon
from co-deposited
films in air and steam for samples from tokamaks and produced
(soft) carbon films
in plasma test facilities.
Dust source term
Investigate dust characteristics, chemical reactivity of Be-dust
studies
with water/steam and air, hydrogen isotope behaviour
(accumulation, permeation, desorption) in plasma facing
materials, and consequences of chemical interaction between
carbon elements and Be-dust.
Tasks Validating Computer Codes used in Safety Assessments:
Objective
Task
Integrated ICE facility Demonstrate that the pressure-suppression system and its
for analysis validation design parameters are adequate for mitigation of Ingress of
Coolant Events (ICE) validate safety analysis codes and
methodologies.
Corrosion code
Experimental validation of the PACTITER code, which is used
validation
to model the transport of activated corrosion products, under
experiments
representative ITER conditions.
Thermohydraulic
Simulate physical phenomena occurring during water/steam
code validation
into the cryostat, in particular condensation on a cryogenic
experiments "EVITA" surface. Experiments should provide data on asymptotic ice
layer thickness to validate local thermo-hydraulic effect
correlations and models under water/steam and air ingress into
the ITER cryostat.
MAGS validation
Validation of the module CRESJ (Contact Resistance StrandJacket) in the MAGS code system by experiments on the
contact resistance between superconducting cables and their
jackets.
A related task is provides the necessary computer analysis and code support for validation.
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2. Achievement up to May 2000
Safety related R&D prior to 1998 had the objectives of understanding the issues, gathering
data on source terms, modelling underlying phenomena, and developing and applying
analytical tools for the safety analysis of ITER.
Fundamental to the safety assessment of a nuclear facility is understanding the hazards
involved and in particular the radioactive source terms and mechanisms for their
mobilisation. Considerable effort was focused on gaining this understanding. R&D on
oxidation driven mobilisation of activated materials (combined with decay heat estimates and
analytical modelling) showed that this would not be an issue for ITER. Dust from existing
machines and disruption simulations were characterised. Tritium implantation, permeation,
de-sorption, co-deposition and mobilisation were investigated and models supported by
underlying data developed for use in safety analysis.
An important issue for water-cooled plasma facing components with beryllium is the
beryllium-steam reaction that can occur during accidents when there is an ingress of coolant
into the vacuum vessel. Several tasks gathered basic data on the beryllium-steam reaction
kinetics and its dependence on temperature, form of beryllium, surface state, etc. In addition,
analytical models were developed to be able to predict hydrogen formation and the effect of
the exothermic reaction heat which could lead to a self-sustaining reactions. These models
and data were used in the NSSR-2 analysis.
Understanding decay heat is important in accident sequence modelling as it is a mechanism
to mobilise activation products and possibly damage confinement boundaries. Tasks related
to the validation of decay heat predictions included irradiation of stainless steel and copper
by 14 MeV neutrons. The uncertainties of 5-10% from these validations are incorporated in
the bounding decay heat estimates used in safety analysis.
The importance of activated corrosion products for occupational safety was recognised and
experimental and modelling efforts directed at prediction of corrosion product activation and
transport in order to be able to predict radiation levels around heat transfer system
components. Beryllium handling also raises potential occupational safety issues. Tasks
investigated beryllium handling at existing facilities and some additional R&D on Be
monitoring and waste handling, particularly the issues related to mixed activated-beryllium
wastes. Guidelines and good practices were identified and provided to relevant designers.
A significant effort during the pre-1998 R&D effort was the development of analytical tools
to undertake the safety analysis. These included development of new computer codes and
modification of existing ones for fusion applications. By 1998 we had a set of analytical
tools capable of analysis of transient behaviours of the plasma-wall interactions for accidents,
thermal hydraulic behaviour of the heat transport system under accident conditions including
discharge into vacuum and onto cryogenic surfaces, temperature and pressure dependent
chemical reactions for ingress of coolant into the vacuum vessel, and aerosol, dust and tritium
mobilisation and transport. In addition analytical tools were developed and underlying
failure rate data were collected to permit plant sequence analysis to be undertaken. These
analytical tools and data were essential for the safety assessment of ITER completed for
NSSR-2.
Preliminary results from current R&D have been obtained to validate data used in safety
assessments. For example, beryllium emissivity factors over a wide temperature range and
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different surface oxidation degrees have been obtained using different types of samples. Be
emissitivity is important in calculating the temperature of in-vessel components under
accident conditions where radiation cooling is assumed. Preliminary results of tritium and
deuterium releases from co-deposited layers are available which confirm the assumptions in
GSSR are bounding.
Results to date have not identified issues such as new phenomena to be included in the safety
assessments or non-conservative assumptions.
For code verification and validation, the set up of current experimental facilities is in hand.
Results for the water coolant ingress into the vacuum vessel obtained by the MELCOR,
INTRA computer codes and the ISAS system of computer codes have been compared with
the test results of the integrated ICE facility (Figure 13.5-1). Analysis of ICE tests and code
calculations has shown that calculated pressures are in a good agreement and calculated
vapour temperatures show a reasonable agreement with the test.
Validation and related benchmarking activities to date show reasonable agreement between
the predictions of the safety analysis codes against each other and against experiments.
3. Additional Achievement Expected by July 2001
The final set of results from validation of data is not expected until mid-2001. At that time it
will be possible to collate the complete set of data acquired by safety-related R&D and make
cross comparisons among the experiments and compare with analysis results to identify
uncertainties, margins and gaps in knowledge. Further R&D is likely to be needed in key
areas especially mobilisation and transport of in-vessel tritium and dust under accident
conditions expected for ITER. Related issue is validation of predicted decay heat under
ITER neutron spectra to validate decay heat analyses.
Computer code validation activity is under way and results will be available by mid-2001. In
addition to the ICE results mentioned above, the MELCOR and MAGS code models for the
water coolant ingress into the cryostat will be validated against the results of the EVITA
facility (simulation of water/steam condensation on cryogenic surfaces). Experiments
simulating activated corrosion product generation and transport will be performed using the
CORELLE facility and compared with the PACTITER code results.
Verification and validation of computer codes used for safety analysis needs to be related to
uncertainties and margins in the analysis results. When the current round of validation
experiments and benchmarking activities and ITER-FEAT safety analysis results are
available, it is planned to identify the codes used, the accidents sequences they were used in,
the phenomena that the codes model that significantly affect the results, and the experiments
and benchmarking available. This will provide a systematic view of computer code
validation specifically for fusion and may identify specific gaps where additional R&D is
needed.
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Figure 3.15-1. Assembled ICE facility
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3.16 Structural and Plasma Facing Materials R&D Progress Summary
The rationale of materials selection, their properties, effect of component manufacturing
cycle, environmental effect of the material behavior and irradiation effect on the material
properties are given in the reference ITER documents:
Materials Assessment Report (MAR),
- Structural Design Criteria (SDC) and
- Materials Properties Handbook (MPH).
The main objectives of the recent R&D are the following:
justification of materials grades and specific requirements to the materials ensured from
the components design,
full characterization of selected materials (including effect of components manufacturing
cycle), and
- providing required database for the components design.

Materials R&D for in-vessel components are performed for the support of ITER design, and
are included both in L4 and L5 Projects. Some of the data are generic, and can be used both
for divertor and for the first wall modules development. The other ones are performed in
support of specific components design (for example, bolt materials or Ti alloys for the
flexible cartridge).
The R&D comprises the structural materials (SS 316L(N)-IG, CuCrZr-IG, CuA125-IG,
Inconel 718 and Ti-alloys), plasma facing materials (Be, W and CFC) and joints between
SS/SS, SS/Cu alloys, Cu alloys/Be, Cu/W and Cu/CFC.
The main results (received during 1999 and May 2000) of R&D tasks for materials used for
ITER in-vessel components design are given below.

Cu alloys Characterization.
The investigations were focused on the CuCrZr-IG and CuA125-IG alloys proposed for the
ITER PFC components.
Achievements:
Tensile, fatigue, fracture toughness, crack nucleation, creep-fatigue, creep crack growth,
microstructure and electrical resistivity have been studied.
The design allowables Sm, Se and Sd have been assessed for both alloys on the bases of
available experimental data. Those stress intensities should be used for the structural analysis
of material to prevent fracture due to flow localization in materials with low work hardening
capability (due to irradiation effect). The results are presented in figure 2.
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Figure 2. Specification of Stress Intensity Limits for Cu Alloys
Issues:
* CuA125-IG
Low fracture toughness of CuAI25-IG is confirmed by various types of experiments, but
the crack growth is stable and fracture is ductile. However, the initiation of crack
nucleation does not appear to be instantaneous.
Preliminary results of creep-fatigue interactions and creep crack growth experiments
suggest that the time dependent cyclic phenomenon may play an important role in
determining the component's lifetime.
* CuCrZr-IG
Mechanical properties and thermal conductivity are sensitive to heat treatments (hence to
joining technology).
Fracture toughness of CuCrZr-IG decreases with temperature, but remains considerably
higher than in the case of CuA125-IG.

Cu/SS joints Characterization.
A chievements:
Generally good bonding of both CuCrZr and CuA125 alloys to SS was achieved. CuCrZr
joints require quenching with the following age heat treatment to obtain optimum properties.
Generally, the results obtained for the joints lead to the following relationship of fracture
toughness:
- base material > joint sample > irradiated joint sample,
- CuCrZr joints »CuA125 joints,
lower temperature data > same at high temperature.
However, results are geometry dependent, and the samples do not generally fail at the
interface.
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Successful thermal fatigue tests of first wall mock-ups were reported (EU), under the
following conditions: 0.75 MW/m2 @ 30,000 cycles, 5 MW/m2 @ 1000 cycles.
Understanding of mechanical behavior of joints, however, is complicated. The main factors
affect the Cu/SS joint properties;
mechanical properties of each of the base alloys;
difference in mechanical properties of base materials;
microstructure of the joint interface (joining method), diffusion, phase transformation.
Irradiation effects.
Last generation (EU, JA, RF) of HIPed CuA125/316L(N) and CuCrZr/316L(N) joints
demonstrate high level of strength and satisfactory (non-zero) ductility after irradiation to
0.4 dpa at 150°C and 300°C and to 2 dpa at 200°C. Low cycle fatigue tests of Cu/SS
joints irradiated to 0.4 dpa at 150°C and 300°C demonstrate that low-cycle fatigue life of
specimens decreases by 20-30%.
Numerical calculation demonstrates that irradiation increases the concentration of stresses
near to the joint line during bending tests (primarily at 150°C irradiation and testing)
Critical issues:
A possibility exist to use baking to recover the ductility of irradiated Cu alloys in the
SS/Cu joints. This should improve the plastic behavior of joints.

SS and SS/SS Joints Characterization.
Taken into account that most of data for wrought SS 316L(N)-IG is available, the
investigations were focused on the SS properties characterization after manufacturing cycle
(HIPing) and irradiation effect on the material with the proposed HIP cycle.
Summary of the last results on irradiation tests.
Irradiation effects on tensile properties are summarized in Table below.
Material
Wrought SS

Irradiation, 4-5 dpa
Hardening up to 200%
Saturation of hardening

Solid HIPed SS

Hardening up to 280%
Saturation of hardening

Solid HIPed SS/SS joints

Same as base metal

Powder HIPed SS

Hardening up to 270%
Saturation of hardening
Hardening up to 80%
Saturation in hardening

TIG welds

Irradiation ~ 10 dpa
Strain to necking < 1 %
Loss of strain hardening
capability
Strain to necking ~6-8 %
Retains capability to strain
hardening
Same as base metal
Strain to necking -3-4%
Low strain hardening capability
Strain to necking < 1%
Loss of strain hardening
capability

Irradiation by dose up to 5 dpa of wrought SS results in minor changes of the fatigue life time
(strain controlled) of 316L(N) SS. HIPed SS exhibited slightly lower life time after irradiation
by dose of about 3.8 dpa than unirradiated SS.
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HIP bonded SS/SS joints and powder-HIPed SS seems more sensitive to irradiation
degradation of the fatigue resistance in comparison with wrought SS.
The fracture toughness of SS decreases up to 5-6 times after ~A dpa irradiation and slow
decreasing with higher doses of irradiation. The conservative degradation rule suggested by
the EU HT is to use reduction factor of 0.1 at doses exceeding 1 dpa.
Investigations did not reveal susceptibility to SCC of irradiated by dose up to 10 dpa of the
316L(N)-IG SS both wrought cast materials and weld joints.
Critical issue:
Irradiation effect on the material and SS/SS joints after multiple HIP cycle.

Be and Be/Cu Alloys.
The selection of the reference grades as S-65 VHP and DShG-200 is confirmed. This
selection was based of the excellent behaviour of these grades at the thermal fatigue-thermal
shock conditions. The on-going R&D program is focused on the study of the performance of
these materials at ITER operational conditions, especially neutron irradiation effect on the
mechanical properties and thermal shock/thermal fatigue resistance and thermal erosion of Be
(with and without neutron irradiation). The EU and RF Home Teams mainly perform this
activity.
Main achievements:
- Neutron irradiation leads to strengthening and to decreasing of the ductility (Figure 3) and
fracture toughness; (For expected ITER conditions (damage - 1 dpa, irradiation T ~ 200300°C) it seems that the total elongation could be still in the level ~ 1%, (more activity is
still needed)).
S-65C Be grade showed slightly less thermal erosion in comparison with other grades and
weak dependence on neutron irradiation (at least for fluence < 0.3 dpa).
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Figure 3. Irradiation Effect on Tensile Properties of Be.
Further activities:
Further investigation of the irradiated Be under plasma disruption, VDE and consequent
thermal cycling are still required. It is important that irradiated Be should have -10001600 appm He and -1 -1.6 dpa.
Plasma sprayed Be also has to be included in the further investigations, because it seems
that this method could have some advantages (to be confirmed) for manufacturing of the
first wall.
Optimization of the Be/Cu joining technologies is in the progress. Based on the previous
results the following technologies are promising for the first wall components:
- HIP with Ti interlayer, EU HT;
- Brazing with CuInSnTi ("fast brazing", RF HT) and CuMnSnCe alloys (EU HT).
The high heat flux tests of the small-scale mock-ups are confirming this selection, also at
least for use of the CuMnSnCe alloy the resistance to neutron irradiation has been indicated.
Further activity includes:
- Optimization of the technology and high heat flux testing (different brazing alloys,
brazing temperature, Cu alloy heat sink, tile geometry, brazing time etc.) - RF HT;
- Neutron irradiation and HHF testing of HIPed Be/Cu joints for first wall application, EU
and RF HTs,
- Development of the HIP technology with reduced temperature (~ 550-620°), JA HT.

W and W/Cu Joints.
Up to the end of EDA the pure sintered W and W-l%La2O3 have been proposed as reference.
The ongoing activity is focused on the characterization of these materials as well as
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comparative study with other industrial grades and optimization of the W/Cu joining
technology.
Main recent achievements:
The results of the thermal shock testing of the different W grades (Fig. 2) shows that
weight loss of the W-l%La 2 O 3 is significantly higher than for pure W (JA HT).
The results of the thermal shock testing of neutron irradiated W demonstrated increasing
the cracks formation in W, however, preliminary, thermal erosion was not increased (EU
HT).
- Thermal fatigues tests at 15MW/m revealed no difference between pure W and l%La2O3
(EU HT).
Systematic study of the different W grades at thermal fatigue and disruption simulation
has been performed by the RF HT. All tested tungsten grades show good thermal fatigue
performance at proper armor design up to heat flux of 15 MW/m2. Rolled tungsten with
texture orientation perpendicular to heat flow direction shows tendency of delamination at
heat fluxes higher than about 5 MW/m2. Disruption simulation tests show that nearly all
tungsten grades suffer from surface cracking except for single crystal tungsten. Thermal
fatigue test at 20 MW/m2 of mock-up after disruption simulation demonstrated that there
is severe crack formation in almost all materials except for W-5Re-0.1ZrC alloy and W0.02 Re single crystal alloy.
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Figure 4. Thermal Shock Tests of W.
These results show that for current design of the W armoured divertor components the pure
sintered W could be selected. In case of the use of W in the strike point more activity is
needed.
Further activity includes:
Study of the neutron effect on the W properties ( EU HT);
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Optimization of the W/Cu joining technology as:
development of the W rods hot pressing technology (JA HT);
- neutron effect on the W/Cu joints (EU and RF HTs).

CFC. and CFC/Cu Joints.
Recommended materials are 3D CFC Sepcarb® NB31 (EU) and NIC-01 (JA), doped CFC
Sepcarb-inox NS31 (CFC with 10%Si) is also understudy.
Main recent achievements are:
The results of the thermal shock testing of the unirradiated and irradiated CFCs have been
reported: it was shown that neutron irradiation leads to increasing the thermal erosion of
-1.5-2 times for CFC, EU and JA HT;
Preliminary disruption simulation tests shows that (energy density - 15 MJ/m , t - 40 - 50
us) shows that Sepcarb-inox NS31 has lower thermal erosion, EU and RF HT;
HHF testing of the irradiated components demonstrated the excellent performance, EU
and JA HTs.
Further activity includes;
study of the neutron irradiation influence on the properties of reference CFCs, mainly
influence of the low irradiation temperature on the thermal conductivity ;
neutron effect on the CFC/Cu joints with reference technology, EU and RF HTs.

Ti Alloys Irradiation Tests.
The R&D activity on Ti alloys was focused on the investigation of the effect of the irradiation
on the tensile, fatigue and fracture toughness properties. The following material grades have
been tested:
- (a+p) - alloy, Ti-6A1-4V,
- (a) - alloys, PT-3V (RF HT) and Ti-5Al-2.4Sn (EU HT).
Achievements:
Tensile and fatigue properties have been investigated before and after irradiation (EU HT).
The properties measured before irradiation are satisfactory.
Preliminary results of investigation show that the yield strength of all Ti alloys increases on
irradiation. The value of irradiation hardening is different for different materials, irradiation
temperatures and material structure (for a+P-alloy). The increase of yield strength of Ti-5A12.4Sn a-alloy and of Ti-6A1-4V a+p-alloy at Tirr=Ttesl=50°C is -120 MPa and.~170MPa,
respectively. The increase of yield strength at T,rr=Ttest=350oC is about 70-75 MPa for Ti5Al-2.4Sn and 370-410 MPa for Ti-6A1-4V. Irradiation hardening in much stronger in the
a + p Ti-alloy. The irradiation hardening of the a + p alloy increases with the increase of
irradiation temperature. The elongation decreases significantly due to irradiation. However,
for all temperature range the uniform elongation is above 5% and total elongation is above
10-12%.
After irradiation, the fatigue endurance is better in Ti-5Al-2.4Sn alloy (results only after pirradiation at high strains). An asymmetry of the cyclic stress has been observed for all test
conditions.
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Critical issues:
Choice of a suitable heat treatment (in the case of a + p alloys) that (a) should be
compatible with the real component geometry and manufacturing cycle, and (b) should
provide optimal combination of properties (strength, ductility, fracture toughness and
radiation resistance;
- The chosen materials should be characterized in the actual dimensions of mill products.

Radiation Induced Stress Relaxation of Inconel 718.
High strength Inconel 718 is proposed for the bolts of the primary wall and first wall modules
fastening. Radiation induced stress relaxation is one of the critical issue for the bolts
feasibility. Two methods were used for in-pile stress relaxation measurement, pressurized
tubes and pre-stressed tensile uni-axial loading.
Achievements:
Irradiation by dose from 0.3 to 1.0 dpa and PIE is completed.
Material is characterized in unirradiated state. Results of stress relaxation investigation are
presented in the figure 1.
The following conclusion can be made:
Bolt for flexible cartridge fastening: dose of irradiation ~ 0.02-0.1 dpa
=> Stress relaxation will be ~ 80-90% from initial pre-load for the end of life,
So, required pre-stress should be ~ 800 Mpa;
Bolt of the primary wall fastening: dose of irradiation ~ 1.1-2.9 dpa
=> Stress relaxation will be -10-40% from initial pre-load for the end of life.
Intermediate tightening of bolts will be required for the bolted primary wall
option.
- 4 - k i . l n c o 718, R.Scholzand R.Matera, (p-irradiaiion)
—•—k2,lnco 718. R.Scholz and R.Matera. (p-irradiation)
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Figure 1. Results on Radiation Induced Stress Relaxation (EU HT).
(Note: kl=1.2*10", k2=0.6*10n)
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Ceramic Insulator of Tests.
Ceramic insulators are proposed to use for the limiter plates insulation and to provide
electrical insulation of the first wall modules. The electrical resistivity changes due to
irradiation have been studied within the R&D for diagnostic components. The objective of
this investigation was to study the structural integrity of irradiated coatings under impact and
compression loads and ability to maintain the electrical resistance after these loads.
Achievements:
Specimens with ceramic insulator coating have been manufactured and tested before
irradiation. These are AI2O3 and MgAbCh with different substrates.
Coatings manufactured by the JA HT have good mechanical properties in unirradiated state.
Preliminary impact tests have been performed. The 12 kgf weight falling from 20 mm did not
disintegrate of the coating.
Investigations of the ceramic coating properties before irradiation have been completed by the
RF HT. The available data show that break-down voltage is above 2500V, electrical
resistance ~ 10l0Q and compression strength >200 MPa.
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